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Advances in nanotechnology have boosted the development of more efficient materials,
with emerging sectors (electronics, energy, aerospace, among others) demanding novel materials
to fulfill the complex technical requirements of their products. This is the case of polymeric foams,
which may display good structural properties alongside functional characteristics through complex
composition and (micro)structure, in which a gaseous phase is combined with rigid ones, mainly based
on nanoparticles, dispersed throughout the polymer matrix.

In the last years there has been an important impulse in the development of nanocomposite
foams, extending the concept of nanocomposites to the field of cellular materials. This, alongside the
developments in new advanced foaming technologies, which have allowed the generation of new
foams with micro, sub-micro, and even nanocellular structures, has extended the applications of more
traditional foams in terms of weight reduction, damping, and thermal and/or acoustic insulation to
novel possibilities, such as electromagnetic interference (EMI) shielding.

This special issue, which consists of a total of 22 articles, including one review article, written by
research groups of experts in the field, considers recent research on novel polymer-based foams in all
their aspects: design, composition, processing and fabrication, microstructure, characterization and
analysis, applications and service behavior, recycling and reuse, etc.

To begin with, an important number of the research articles presented in this issue deal with
thermoset-based foams, owing to the fact that polyurethane (PU) foams are still the most important
polymeric foams in terms of production and consumption. Chen and co-workers [1] have considered
the improvement of one of the most important characteristics of PU foams for vehicle interior purposes:
acoustic performance. Namely, they have focused their work on the application of the grey relational
analysis (GRA) method and the multi-objective particle swarm optimization (MOPSO) algorithm
towards improving the acoustic performance of PU foam composites prepared with ethylene propylene
diene monomer (EPDM), setting as optimization objectives the average sound absorption coefficient
and the average transmission loss, and as design variables, compositional aspects of the foams such
as the content of modified isocyanate. The main conclusion of the authors was that the main factor
influencing the acoustic performance of PU foams is the content of added EPDM, with its hardness
having the least influence, with the optimum formulation of PU-EPDM foams being obtained by the
MOPSO algorithm.

Ma et al. [2] have focused on both experimental and theoretical methods to assess the mechanical
and flame spreading characteristics of rigid PU foams used as insulation materials in building façades,
clarifying some aspects of downward flame spreading over PU foams, with direct implications in the
design of safe vertical façades for high-rise buildings.

Linul and co-workers [3] have addressed the possibility of enhancing the compressive mechanical
performance of semi-rigid PU foams by considering the addition of variable amounts of aluminum
microfibers (AMs) coming from aluminum solid wastes. Up to an AMs amount of 1.5 wt %,
the compressive strength and energy absorption of PU foams increased with incrementing AMs content,
reaching improvements of 62% and 71%, respectively, compared to unreinforced PU foams.

Polymers 2019, 11, 1179; doi:10.3390/polym11071179 www.mdpi.com/journal/polymers1
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Although not taking such a practical and specific approach as Ma and co-workers [2] in their
PU-based façade construction, Chen et al. [4] have analyzed the possibility of enhancing the thermal
stability and flame retardancy of rigid PU foams using functionalized graphene oxide (fGO) in
combination with the well-known intumescent system formed by expandable graphite (EG) and
dimethyl methyl phosphonate (DMMP), experimentally demonstrating the improvement of the
thermal stability and a decrease in the flammability of PU foams even by adding extremely low
amounts of fGO, which acted to strengthen the intumescent char layer formed during burning. In a
similar way, Xi and co-workers [5] have used ternary flame retardant systems formed by aluminum
hydroxide (ATH), EG and [bis(2-hydroxyethyl)amino]-methyl-phosphonic acid dimethyl ester (BH) to
enhance the flame retardancy of rigid PU foams. Interestingly, the authors have demonstrated the
synergistic effect between these three components, the combination of the three increasing the limiting
oxygen index value, significantly reducing the peak value of the heat release rate, decreasing the mass
loss rate, and even inhibiting smoke release during burning.

Owing to the high interest behind the reuse of polymeric foams, especially those that generate a
great amount of waste such as PU foams, Gómez-Rojo et al. [6] have considered the possible reuse of
PU foam waste coming from the refrigeration and automotive sectors for building materials, focusing
on some of the required characteristics of said materials, namely mechanical performance, thermal
stability, and fire retardancy. This work comes as an initial study required to determine the main
characteristics and differences between PU foam residues coming from different industries and hence
their possible reuse for building materials.

Greatly expanded among the scientific community is the possibility of adjusting the properties of
foams by means of adding different types of (nano)reinforcements, and more recently the development
of almost tailor-made (nano)reinforcements for specific types of foams. In this sense, Ma and
co-workers [7] have considered the preparation and characterization of modified ethyl cellulose
(EC) for enhancing the mechanical performance and fire retardancy of phenolic foams. Specifically,
the authors directly attached 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and
itaconic acid (ITA) to the backbone of ethyl cellulose and added the modified EC to phenolic foams,
with the resulting foams displaying enhanced mechanical performance and improved flame retardancy.

Much in the same way as a great deal of other research groups, which have considered the
design of polymer foams with improved mechanical properties by adding secondary phases, trying
to counteract the inherent loss in mechanical performance after foaming, Back and co-workers [8]
have analyzed the possibility of enhancing the resistance to cleavage of epoxy-based structural foam
adhesives for automotive applications by adding core shell rubber (CSR) particles. Through a set of
experimental tests, the authors demonstrated that at relatively low amounts of foaming agent and
20 phr of CSR it was possible to maximize the impact resistance of the foam adhesive while keeping
the required expansion ratio, extending its use as high performance light structural adhesive.

Thermoset-based syntactic foams, especially phenolic- and epoxy-based, have a vast use with the
addition of hollow glass microspheres. Nevertheless, there is a high probability of rupture of these
glass microspheres during processing, hence the interest in replacing them with expandable polymeric
microspheres. In this sense, Martín-Gallego et al. [9] have considered the development of epoxy-based
foams using expandable polymeric microspheres, adding low amounts of carbon-based nanoparticles
for enhancing the transport properties, namely thermal and electrical conductivities. The authors have
demonstrated the viability of developing epoxy-based foams with considerable weight reductions and
electrical conductivities that were five orders of magnitude higher than the reference material at only
0.5 wt % of carbon nanotubes, while the thermal conductivity increased up to 20%, demonstrating
the possibilities of these foams as lightweight cores in sandwich-like structures or as EMI shielding
elements in electronic components.

Albeit less considered than melt-foaming, especially at the industrial level, solution foaming
is still a frequently used foaming technique, owing to some obvious advantages such as lower
processing temperatures and easier addition of secondary phases. The work presented by Wang and
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co-workers [10] has considered the preparation of polyamide 6 (PA6) foams by previously dissolving
PA6 and mixing sodium carbonate with formic acid, thus obtaining foams with hierarchical porous
structures with cells oriented along the foaming direction and sizes that ranged from hundreds of
nanometers to several micrometers, depending on the amount of sodium carbonate/formic acid. As a
consequence, PA6-based foams with variable mechanical performances and good thermal insulation
could be developed, opening up their use for engineering applications.

As a result of the generation and entrapment of a well-defined gas phase and cell formation,
foaming tends to result in a decrease in some mechanical characteristics of the material, such as
tensile or compressive strength, especially in the case of thermoplastic-based foams, where almost
all available industrial foaming methods are based on melt-foaming processing techniques. As a
consequence, a great deal of research efforts have been focused on counteracting these mechanical
losses, mainly by adding secondary phases that promote heterogeneous cell nucleation and favor
the formation of finer cellular structures with enhanced mechanical performance at equal density,
or that in some cases help to adjust the crystallinity of the polymer matrix, or secondary rigid phases
that act as mechanical reinforcement. This special issue includes works that deal directly with the
mechanical improvement of polymer foams using said strategies, as is the case of Gong et al. [11],
Yang et al. [12], and Wang et al. [13] articles. In all of these, the addition of secondary phases—in the
case of the first two, elastomeric in nature, and in the case of the third, a natural nanofiber—promoted
the formation of polypropylene (PP) foams having smaller cell sizes and higher cell densities by means
of heterogeneous cell nucleation, ultimately resulting in PP-based foams with improved mechanical
performance. Particularly, Gong et al. [11] have shown how the presence of an elastomeric phase
led to PP foams with much better impact performance at extremely low temperatures, while at
higher temperatures the higher impact strength was related to the finer cellular structure of the filled
foams. Yang et al. [12] and Wang et al. [13] have presented similar results for tensile and compressive
strengths, with PP foams containing the elastomeric phase in the case of the first, and cellulose
nanofibers in the case of the second, displaying significantly higher mechanical performance when
compared to their unfilled counterparts. In the same way, Aksit et al. [14] have shown how the
addition of small amounts of a foam nucleating agent led to extruded polystyrene (XPS) foams with
enhanced compression modulus by effectively favoring the formation of finer and more homogeneous
cellular structures while keeping the density low, the combination of which resulting in foams with
lower thermal conductivity with obvious applications as structural thermal insulating components.
Fei and co-workers [15] have considered the addition of lignin or carbon nanotubes/micrographite to
XPS foams in order to control the cellular morphology of the extruded foams, and as a consequence,
adjust their mechanical performance and acoustic absorption properties. Although the addition of
small amounts of carbon nanotubes/micrographite clearly led to improvements in the compressive
strength due to the formation of foams having finer cellular structures, the addition of high amounts of
lignin resulted in a decrease in compressive strength, which was related to a separation of lignin from
the PS matrix. Though displaying poorer mechanical properties, XPS composite foams containing
lignin displayed better acoustic absorption properties, showing promising characteristics for sound
absorption applications. Realinho et al. [16] have developed injection-molded ABS-based microcellular
foams with improved fire retardancy and enhanced storage modulus by adding a combination of
halogen-free flame retardants, which favored the formation of integral foams having a microcellular
core with smaller cell sizes and higher cell densities, resulting in foamed components with improved
mechanical performance.

One of the most popular topics of polymer composite foams considers the possibility of taking
advantage of their cellular structure and the addition of electrically conductive secondary phases
(besides additional magnetic third phases) to create novel lightweight components with enhanced EMI
shielding. In this special issue, a study by Li et al. [17] has focused on preparing cellulose-based foams
with improved EMI shielding by adding short or long carbon fibers. The authors demonstrated the
efficient formation of conductive networks by using both types of fibers during foaming, resulting in
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specific EMI shielding effectiveness values from 10 to 60 dB. In the same way, Yan and co-workers [18]
have considered the development of polymethacrylimide (PMI) foams with improved EMI shielding
performance, focusing on EMI absorption, by adding electromagnetic absorbers during foaming,
and combining said foam with metallic tubes to guarantee proper compressive performance, thereby
creating a component that could find interesting applications in electromagnetic wave stealth
load-carrying structural applications. Abbasi and co-workers [19] have developed microcellular
polyetherimide (PEI) nanocomposite foams containing low amounts of graphene nanoplatelets, being
able to reach high electrical conductivities while significantly reducing density, which could enable
their use in cutting-edge sectors such as aerospace or telecommunications for applications requiring
electrostatic discharge (ESD) or EMI shielding. Petrossian et al. [20] have taken this strategy and
created thermoplastic polyurethane (TPU)-lead zirconate titanate (PZT) piezocomposite foams with
lower electrical permittivity and improved voltage sensitivity, as foaming favored the dispersion of
PZT agglomerates during foaming, broadening the applications of piezocomposites while reducing
the minimum required amount of PZT particles.

Mansour et al. [21] have considered the interesting subject of polymer/surfactant layer interactions,
particularly segregation vs. interdigitation, as a way to understand the mechanisms behind the
dynamic interfaces between a solid continuous matrix and gas phase(s) in a polymer foam system.
Particularly, they have explored the nanoscale structures present at dynamic interfaces in the form
of air-in-water foams, demonstrating that weak solution interactions led to segregation at the foam
interface while strong interactions led to interdigitated layers, driving the characteristics of the final
foamed system.

To finish this special issue dedicated to polymeric foams, an interesting review of the shock-driven
decomposition of polymer foams is presented by Dattelbaum and Coe [22], with special importance
being given to the application of high-level state equations to analyze the decomposition products of
polymer foams under shock loadings.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Polyurethane (PU) foams are widely used as acoustic package materials to eliminate vehicle
interior noise. Therefore, it is important to improve the acoustic performances of PU foams. In this
paper, the grey relational analysis (GRA) method and multi-objective particle swarm optimization
(MOPSO) algorithm are applied to improve the acoustic performances of PU foam composites.
The average sound absorption coefficient and average transmission loss are set as optimization
objectives. The hardness and content of Ethylene Propylene Diene Monomer (EPDM) and the content
of deionized water and modified isocyanate (MDI) are selected as design variables. The optimization
process of GRA method is based on the orthogonal arrays L9

(
34), and the MOPSO algorithm is based

on the Response Surface (RS) surrogate model. The results show that the acoustic performances of
PU foam composites can be improved by optimizing the synthetic formula. Meanwhile, the results
that were obtained by GRA method show the degree of influence of the four design variables on the
optimization objectives, and the results obtained by MOPSO algorithm show the specific effects of
the four design variables on the optimization objectives. Moreover, according to the confirmation
experiment, the optimal synthetic formula is obtained by MOPSO algorithm when the weight
coefficient of the two objectives set as 0.5.

Keywords: grey relational analysis; multi-objective particle swarm optimization; acoustic
performances; Ethylene Propylene Diene Monomer; polyurethane foam composites

1. Introduction

Our living and working environment has been gradually perplexed by noise pollution due to
the rapid developments of modern industries and transportations. Vehicle noise is a major source of
noise pollution, which consists of interior noise and exterior noise. Recently, vehicle interior noise is
becoming one of the important indices for quality evaluation of vehicles because it not only imposes
danger on drivers and passengers’ health, but also decreases the comfort of driving [1,2]. Therefore,
with the development of social transportation, eliminating vehicle interior noise has involved current
and broad interests of automobile manufacturers. The use of acoustic package is an effective method to
reduce vehicle interior noise. Thus, the acoustic package design of automotive has become an important
research for the automobile industry.

There are mainly two kinds of acoustic package materials: sound absorption materials and sound
insulation materials. Sound insulation materials have a high surface density and can reflect sound
energy to the incident direction. However, the sound absorption materials are light and have a high
porosity, which makes the acoustic wave easily accessible to the interior of the materials [3]. It means
that the sound absorption ability and sound insulation ability of acoustic package materials are hard
to get the maximum value simultaneously. Polyurethane (PU) foam is a kind of effective sound
absorption material in automobile industry due to the effective sound damping and low-density
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characteristics. It has been widely applied in interior components, such as seats, inner dash mats,
and other acoustic trim parts. The acoustic wave propagation in PU foams mainly dissipates as viscous
friction on interconnected pores and thermal heat exchange on solid-fluid boundary [4]. However,
pure PU foam only shows great sound absorption ability in high frequency region due to the special
pore morphologies. Previous studies have shown that the acoustic performances of PU foams can be
modified by adding functional particles to PU foams or adjusting the chemical compositions of PU
foams [5–11]. However, it not only cannot get the optimum acoustic performances, but also cause the
waste of materials, if the materials are simply mixed together. Thus, this paper improves the acoustic
performances of PU foam composites by optimizing the synthetic formula.

Recently, many researchers put their efforts to improve the acoustic performances of acoustic
package materials by different optimization methods. Jeon et al. [12] used particle swarm
optimization (PSO) algorithm for optimal bending design of vibrating plate to minimize noise radiation.
Chen et al. [13] applied the grey rational analysis (GRA) with Taguchi method to optimize the acoustic
performances of the sound package. Jiang et al. [14] employed the Taguchi method base on orthogonal
arrays to conduct the experiments to improve the acoustic behaviors of PU foams. He et al. [15] utilized
the GRA method and multi-objective particle swarm optimization (MOPSO) algorithm to optimize
the acoustic package materials of firewall and floor. Pan et al. [16] dealt with the optimization of the
sound package by using a genetic algorithm to satisfy acoustical targets and packaging requirements
in the vehicle design process. Grubeša et al. [17] applied the genetic algorithm to optimize the
acoustic performances and economic feasibility of barrier cross section. The materials and cross section
shapes of the barrier are considered in the optimization process. Kim et al. [18] applied acoustic
topology optimization for sound barrier with rigid and porous materials by the finite element method.
Considering the sound absorption ability and sound insulation ability are equally important to reduce
vehicle interior noise. Both of them should be simultaneously maximized, which is a multi-objective
optimization problem inherently. Therefore, this paper applies multi-objective optimization method to
optimize the synthetic formula of PU foam composites.

The MOPSO algorithm is one of the evolutionary algorithms that based on the social behavior
of flocks of birds that adjust their movement to find the best food position. It has been widely and
prevalently applied to solve engineering problems in different fields due to the advantages of relatively
fast convergence and good handle continuous, discrete, and integer variables types [19–21]. Normally,
the analysis models of the acoustic performances of acoustic package materials are complicated,
and the normal optimization processes are of extremely low optimization efficiency. In contrast,
the surrogate models are more efficient and they can easily bridge the gap among multi-objective
optimization. Therefore, it has been widely applied in multi-objective optimization design [21]. On the
other hand, GRA method is a branch of grey system theory, which can be effectively used to analyze
the complicated interrelationship among the designated performance characteristics. By combing the
entire range of performance criterion values into a quantified value of grey relational grade (GRG).
It can be used to identify the major influencing factor and the dominant or subordinate relationship
from various factors of multi criteria problems [22–26]. Therefore, both the GRA method and MOPSO
algorithm are applied in this paper to optimize the formulation of PU foam composites for good
acoustic performances. The optimization process of MOPSO algorithm is based on the surrogate
model, and the optimization process of GRA method is based on the orthogonal arrays.

A previous study shows that the acoustic performances of PU foam composites are changed
when filled with Ethylene Propylene Diene Monomer (EPDM) of different content and hardness.
Meanwhile, in the synthesis process of PU foam, modified isocyanate (MDI) is a matrix material and
deionized water is used as blowing agent. Both have an impact on the acoustic performances by
changing the pore morphologies and the density of PU foams. Moreover, the acoustic performances of
PU foam composites can be evaluated by the sound absorption coefficient and sound transmission
loss. Therefore, the sound absorption coefficient and sound transmission loss of PU foam composites
are investigated in this paper by changing the content of MDI and deionized water, the content and
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hardness of EPDM. The aim of this paper is to obtain a synthetic formula of a PU foam composite
with high sound absorption ability and sound insulation ability under the condition that the sound
absorption ability and sound insulation ability are equally important for reducing vehicle interior noise.
Therefore, this paper uses the GRA method and MOPSO algorithm to optimize the synthetic formula
of PU foam composites, and then the actual samples are prepared according to the optimization
results for comparison to determine the optimal synthetic formula. Meanwhile, synthetic formula
optimization can improve the utilization rate of PU foam composites preparation materials and reduce
environmental pollution that is caused by waste EPDM.

2. Materials and Methods

2.1. Materials

In this paper, PU foam is synthesized using MDI and polyether polyols by a one-step
polymerization process. The polyether polyols include 330 N (OH-value: 33–36 mg KOH/g) and 3630
(OH-value: 33–37 mg KOH/g). MDI (diphenylmethane 4, 4-diisocyanate,) is used as matrix material.
A1 (mixture of 70% 2-dimethylaminoethyl ether and 30% dipropylene glycol), A33 (solution of 33%
triethylenediamine) and Tri-ethanolamine (TEA) are chosen as the catalysts for the gelling reaction.
Silicone oil is used as the surfactant. Deionized water is used as a blowing agent to produce CO2 gases
and amine functionalities. The TEA is obtained from Guangdong Wengjiang Chemical Reagent Co.,
Ltd., Guangdong, China. The other chemical materials are obtained from Jining Huakai Resin Co., Ltd.,
Shandong, China. EPDM is used as a functional particle introduced into PU foams. The EPDM of the
same size have three different hardness: 65, 70 and 85 HA. It is obtained from Dongguan Zhangmutou
Hongfa Plastic Raw Materials Business Department, Guangdong, China.

2.2. Sample Preparation

The materials except for MDI and EPDM are gradually weighed in a paper cup and pre-mixed at
1500 rpm for 60 s by using a mechanical mixer equipped with two impellers. Secondly, the various
EPDM are added to the mixtures separately and stirred for 30 s. Finally, MDI is added to this mixture
and stirred for 15 s. Then, the mixture is poured rapidly into mold. After curing 30 min at 50 ◦C in
drying oven, the foams are removed and saved at room temperature for 24 h. Table 1 shows the raw
materials used to prepare pure PU foams.

Table 1. Pure polyurethane (PU) foam formulation.

Raw Materials Content (g)

Polyols (330 N, 3630) 330 N = 60, 3630 = 40
MDI 28–32

Catalyst (A1, A33, TEA) A1 = 0.05, A33 = 1, TEA = 3
Silicone oil 1.8

Deionized water 2.5–3.5

2.3. Experiment Design

In this paper, the content and hardness of EPDM, the content of MDI and deionized water are
selected as design variables. The average sound absorption coefficient and average transmission
loss are selected as the optimization objectives. The paper aims to simultaneously maximize the
average sound absorption coefficient and average sound transmission loss. Table 2 lists the four design
variables and their levels. The content level of MDI and deionized water are selected according to their
function in the synthesis process. The content and hardness level of EPDM are selected according to
the engineering experiences.
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Table 2. Design variables and their levels.

Variables Parameter Code
Level

1 2 3

Content of MDI/g A 28 30 32
Content of EPDM/g B 2 4 6

Hardness of EPDM/HA C 65 70 85
Content of deionized water/g D 2.5 3 3.5

The first two columns of Table 3 show the details of the experiment schemes. In order to reduce
the number of experiments and satisfy the requirements of the surrogate models, the 15 experimental
samples are prepared in this paper. The first nine experimental samples are obtained by the orthogonal
arrays L9

(
34), which are used for the optimization process of GRA method. The other samples are

obtained by random selection. All of the experimental data are used to construct the surrogate models
for MOPSO algorithm.

Table 3. Experiment design and experimental results.

Runs
Variables

Average Sound Absorption Coefficient Average Transmission Loss/dB
A B C D

1 28 2 65 2.5 0.614 12.705
2 28 4 70 3 0.577 14.385
3 28 6 85 3.5 0.573 16.792
4 30 2 85 3 0.511 20.887
5 30 4 65 3.5 0.574 16.298
6 30 6 70 2.5 0.580 13.991
7 32 2 70 3.5 0.521 22.272
8 32 4 85 2.5 0.557 18.445
9 32 6 65 3 0.524 19.826
10 28 4 65 3 0.607 10.762
11 28 6 65 2.5 0.637 9.789
12 30 4 85 3 0.543 19.906
13 30 6 70 3 0.519 21.445
14 32 6 85 3 0.528 20.175
15 32 4 70 3.5 0.507 24.570

2.4. Measurement Method

The sound absorption coefficient of PU foam is defined as the ratio of the absorbed acoustic
energy to the incident acoustic energy. However, the sound absorption coefficient is different with
the frequency change. Therefore, the average sound absorption coefficient is widely used in order
to evaluate the sound absorption ability in engineering practice. In this paper, the average sound
absorption coefficient is the average value of the sound absorption coefficient at the 1/3 octave band
on the 100–4000 Hz frequency band. It is calculated with Equation (1):

αa =
α100 + α125 + · · ·+ α3150 + α4000

6
(1)

where αa represents the average sound absorption coefficient. α100 ∼ α4000 represent the sound
absorption coefficients at 100, 125, . . . , 3150, and 4000 Hz, respectively.

Sound transmission loss, as an inherent characteristic of acoustic package materials, can be used
to evaluate the sound insulation ability. The average transmission loss is the average value of the
transmission loss at the 1/3 octave band on the 100–4000 Hz frequency band. It is expressed as
Equation (2):

TLa =
TL100 + TL125 + · · ·+ TL3150 + TL4000

17
(2)
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where TLa represents the average transmission loss. TL100 ∼ TL4000 represent the transmission loss at
frequencies of 100 Hz, 125 Hz, . . . , 3150 Hz, and 4000 Hz, respectively.

The sound transmission loss and sound absorption coefficient of PU foam composites are
measured with SCS90AT acoustic materials properties measurement system (SCS, Padova, Italy),
which is based on the standard of ISO 10534-2:2009(E) [27]. The sound absorption coefficient is
obtained by using a two-microphone impedance tube, and the sound transmission loss is measured
by four-microphone impedance tube. Cylindrical 30 mm thickness samples with 100 and 28 mm in
diameters are tested for the frequency ranges of 100–1500 Hz and 500–6300 Hz, respectively. Then,
the average sound absorption coefficient and average transmission loss are calculated through the
equations. The results are shown in the latter two columns of Table 3.

3. Results

3.1. GRA Method

3.1.1. Grey Relational Generation

Firstly, the first nine experimental results in the latter two columns of Table 3 are transformed to
dimensionless sequences. The linear normalization preprocess is using the larger-the-better criterion
with Equation (3):

x∗i (k) =
x0

i (k)− minx0
i (k)

maxx0
i (k)− minx0

i (k)
(3)

where x∗i (k) denotes the normalized value of the ith value in the kth origin sequence. x0
i (k) denotes

the original value of the ith value in the kth origin sequence. maxx0
i (k) and minx0

i (k) represent the
maximum and minimum values of the kth origin sequence, respectively. k is the number of quality
characteristics. i is the row label of the experiments.

The average sound absorption coefficient and average transmission loss of the PU foam composites
are set into origin sequence x∗0(k) = 1, k = 1, 2. The second column of Table 4 shows the results of the
normalized sequences.

Table 4. Calculation results of normalized sequences, grey relational coefficient and grey relational
grade (GRG).

Runs

Normalized Sequences Grey Relational Coefficient

GRGAverage Sound
Absorption
Coefficient

Average
Transmission

Loss

Average Sound
Absorption
Coefficient

Average
Transmission

Loss/dB

1 1.000 0.000 1.000 0.333 0.667
2 0.641 0.176 0.582 0.378 0.48
3 0.602 0.427 0.557 0.466 0.512
4 0.000 0.855 0.333 0.775 0.554
5 0.612 0.376 0.563 0.445 0.504
6 0.670 0.134 0.602 0.366 0.484
7 0.097 1.000 0.356 1.000 0.678
8 0.447 0.600 0.475 0.556 0.516
9 0.126 0.744 0.364 0.661 0.513

3.1.2. Grey Relational Coefficient

After grey relational generation, the grey relational coefficient (GRC) is calculated with
Equation (4). A high GRC reflects an intense relation between the origin sequence and the
normalized sequence.
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εi
(
x∗0(k), x∗i (k)

)
= Δmin+ζ·Δmax

Δ0i(k)+ζ·Δmax

Δ0i(k) = ‖x∗0(k)− x∗i (k)‖

Δmin =
min
∀i

min
∀k

Δ0i(k)

Δmax =
max
∀i

max
∀k

Δ0i(k)

(4)

where εi
(

x∗0(k), x∗i (k)
)

denotes the GRC. x∗0(k) is the origin sequence. x∗i (k) is the normalized sequence.
Δ0i(k) is the deviation sequence of x∗i (k) and x∗0(k). ζ is the distinguishing coefficient.

In this paper, ζ is selected as 0.5 because the sound absorption ability and the sound insulation
ability are equally important to reduce noise. Meanwhile, it brings higher identification degree between
the two objectives [28]. The results are shown in the third column of Table 4.

3.1.3. GRG

GRG is an average sum of GRC and calculated with Equation (5). The results are listed in the last
column of Table 4.

γi(x∗0 , x∗i ) =
n

∑
k=1

wkεi(x∗0(k), x∗i (k)) (5)

where γi
(

x∗0 , x∗i
)

denotes the GRG. ∑n
k=1 wk = 1, wk is the weight of the kth quality characteristic. n is

the number of performance characteristics. In this paper, wk is set as 0.5 and n is 2.
In the GRA method, GRG shows the relation between the origin and normalized sequences.

Meanwhile, the average GRG can be used to evaluate the influence degree of design variables on
objectives. It is calculated with Equation (6) and the results are shown in Table 5.

GRGa =
∑n

i=1 GRGi

n
(6)

where GRGa is the average GRG of each level for different variables. i denotes ith level of the variables.
GRGi is the GRG of ith level of the variables. n is the level numbers of the variables.

Table 5. Calculation results of average GRG.

Variables
Average GRG

Range
Level 1 Level 2 Level 3

A 0.553 0.514 0.569 0.055
B 0.633 0.5 0.503 0.13
C 0.561 0.547 0.527 0.034
D 0.556 0.516 0.565 0.049

It can be seen in Table 5 that the biggest average GRG of the four design variables is 0.569,
0.633, 0.561, and 0.565, respectively. They are corresponding to level 3, level 1, level 1, and level 3
of the four design variables, respectively. It indicates that the PU foam composite has good acoustic
performances when the content of MDI is 32 g, the content of EPDM is 2 g, the hardness of EPDM is 65
HA, and the content of deionized water is 3.5 g. On the other hand, the column of “Range” in Table 5
denotes the deviation between the maximum GRGa and the minimum GRGa of the same variable.
The bigger range means the variable has a significant influence on acoustic performances of PU foam
composites [29]. Therefore, the influence degree of the four design variables on the optimization
objectives can be determined through comparing the range in Table 5. It can be observed that the
biggest range is 0.13 for variable B and the smallest range is 0.034 for variable C. Thus, the order of
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influence of the design variables is B > A > D > C. Accordingly, the content of EPDM has a significant
influence on the acoustic performances of PU foam composites and the hardness of EPDM has the least
influence. It means that the small change of the content of EPDM will cause a large change in acoustic
performances of PU foam composites. Meanwhile, variables A and D are the chemical compositions of
PU foams and the range is very close. It indicates that the two variables have a similar influence level
on the acoustic performances of PU foam composites.

3.2. MOPSO Algorithm

3.2.1. Surrogate Model

In this paper, in order to select an appropriate surrogate model to express the relation between
design variables and optimization objectives, the Response Surface (RS) and Kriging and Radial Basis
Function Neural Network (RBFNN) methods are first separately employed to construct the surrogate
models. Then, the better surrogate model is selected based on the fitting accuracy of the three models.
To evaluate the fitting accuracy of the surrogate models, such coefficients as Determination Coefficient
(DC), Relative Average Absolute Error (RAAE), and Relative Maximum Absolute Error (RMAE) are
adopted [30]. The accuracy of the models is evaluated by another five random points in Table 6.

Table 6. Experimental sample for accuracy evaluation of surrogate models.

Runs
Variables

Average Sound Absorption Coefficient Average Transmission Loss/dB
A B C D

1 30 2 65 3 0.567 15.912
2 30 6 65 3 0.551 17.914
3 30 4 70 3 0.533 19.635
4 30 4 65 3 0.561 16.212
5 32 2 85 3 0.481 23.801

The evaluation coefficients of the surrogate models are listed in Table 7. It can be found that the
DC of RS model of the average sound absorption coefficient and average transmission loss is 0.9507
and 0.9653, respectively. Both are the biggest and more than 0.95. Besides, the RAAE and RMAE values
of RS model are the smallest. In general, the higher DC values, the more accurate the approximation
models. The smaller the RAAE and RMAE values, the better the metamodel [30]. Thus, the RS model
has better fitting accuracy than the Kriging model and the RBFNN model in this paper. Therefore,
the RS model is adopted to construct the complex mapping between the optimization objectives and
design variables.

Table 7. Evaluation coefficients of the surrogate models.

Objectives Surrogate Models DC RAAE RMAE

Average sound absorption coefficient
RS model 0.9507 0.0664 0.1402

Kriging model 0.6440 0.1521 0.4399
RBFNN model 0.8073 0.1203 0.3115

Average transmission loss
RS model 0.9653 0.0583 0.0968

Kriging model 0.6793 0.1846 0.3280
RBFNN model 0.9229 0.0810 0.1695
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3.2.2. MOPSO Process

The formulation of the MOPSO algorithm in this paper is expressed as Equation (7):
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Find : X = (XA, XB, XC, XD)

Max : Y = {y1(X), y2(X)}

Subject to :

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

28 ≤ XA ≤ 32

2 ≤ XB ≤ 6

XC = [65, 70, 85]

2.5 ≤ XD ≤ 3.5

(7)

where XA, XB, XC, and XD are the design variables, which represent the content of MDI, the content
of EPDM, the hardness of EPDM, and the content of deionized water, respectively. y1(X) and y2(X)

represent the average sound absorption coefficient and average transmission loss, respectively.
In MOPSO algorithm, the inertia weight coefficient is set as 0.5 to achieve a balance exploration

and development capability. The particle increment is selected as 0.9, which represents the weight
coefficient of the particle tracks its best solutions. The global increment is selected as 0.9, which
represents the weight coefficient of the particle tracks the best solutions for the group. To obtain better
convergence and faster calculation speed, the total number of particles and the maximum iteration
are set as 10 and 300, respectively. Both the failed run penalty value and the objective value are set
as 1 × 10−30. However, the hardness of EPDM in this paper is a discrete value, and only 65, 70,
and 85 HA can be selected. Besides, the MOPSO algorithm is a kind of stochastic algorithm. It means
the several runs have been performed before the good distribution uniformity of Pareto fronts is
obtained. Finally, the Pareto optimal solutions of each EPDM are obtained, as shown in Figure 1.
Both sound absorption ability and sound insulation ability of PU foam composites are impacted by the
hardness of EPDM. Meanwhile, the average sound absorption coefficient of the PU foam composites
has an opposite trend to the average transmission loss. The better the sound absorption ability of
PU foam composites, the worse the sound insulation ability. It agrees with the actual situation. Note
that the sound absorption ability and sound insulation ability are equally important in this paper.
According to rank the Pareto optimal solutions from best to worst, the optimum values of the design
variables are obtained. The best combination values of the variables are MDI of 32 g, deionized water
of 3.4 g, EPDM of 5.8 g, and the hardness of EPDM is 65 HA.

 
Figure 1. Pareto solutions of Response Surface (RS) model.
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3.2.3. Analysis of MOPSO Results

In this paper, EPDM is used as a functional particle to add to PU foam and not reacting with the
chemical compositions. Therefore, the interaction between the design variables exists only in chemical
compositions or functional particle. Figure 2 shows the specific effects of the four design variables on
sound absorption ability and sound insulation ability.

 

  

Figure 2. (a) Effect of chemical compositions on sound absorption ability; (b) Effect of functional
particle on sound absorption ability; (c) Effect of chemical compositions on sound insulation ability;
and (d) Effect of functional particle on sound insulation ability.

The effects of the four design variables on sound absorption ability of PU foam composites are
shown in Figure 2a,b. When considering one variable at a time, Figure 2a shows that the content of
MDI has a larger influence on sound absorption ability than the content of deionized water on sound
absorption ability. The average sound absorption coefficient of PU foam composites is higher when
the content of MDI is taken the smaller value. The content of deionized water is located at the two
ends of the range also be advantageous for improving the sound absorption ability. Figure 2b shows
the average sound absorption coefficient of PU foam composites is higher when the content of EPDM
is taken the bigger value within the range of this paper. However, when the hardness of EPDM is
taken the intermediate value within the range of this paper, the average sound absorption coefficient
of PU foam composites is low. Figure 2c,d show the effects of the four design variables on the sound
insulation ability of PU foam composites. In Figure 2c, when the content of deionized water is smaller
and the content of MDI is bigger, the average transmission loss of PU foam composites is higher.
Meanwhile, it also can be observed that the content of deionized water has a significant influence on
the sound insulation ability. When considering one variable at a time, it can be found in Figure 2d
that the sound insulation ability is higher when the content of EPDM is located at two ends within the
range of this paper. However, when the hardness of EPDM is taken the bigger value in the range of
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this paper, the sound insulation ability is better. On the other hand, it can be found in Figure 2 that
the same values of chemical compositions and functional particle have opposite influence on sound
absorption ability and sound insulation ability. Therefore, to get the optimum sound absorption and
sound insulation ability simultaneously, the content and hardness of EPDM and the content of MDI
and deionized water should be taken the compromise values within the range of this paper.

4. Verification

Once the optimal formulation of the PU foam composites is determined, it is important to verify
whether the results of the optimization methods are appropriate. The optimum PU foams are not
included in the prepared samples. Thus, the validation samples are prepared, according to the
optimization results of the GRA method and MOPSO algorithm, respectively. Then, the transmission
loss and sound absorption coefficient are measured. After that, the average transmission loss and
average sound absorption coefficient are calculated. Table 8 shows the results of simulation and actual
experimental. The rows of “Experiment” and “Simulation” denote the actual experimental results
and simulation results, respectively. The row of “Error” denotes the results deviation between the
simulation and actual experiments.

It can be seen from Table 8 that the simulation results of MOPSO algorithm are approximately
the same as the experimental results. It indicates that MOPSO algorithm has higher accuracy than
the GRA method to guarantee the effectiveness of the acoustic package design. According to the
comparison, the optimum values for the content of EPDM and deionized water are different. Because
the design variables are discrete values in the GRA method and are continuous values in the MOPSO
algorithm. Referring to Figure 2, it can be seen that the differences in formulation are responsible for
the GRA method having a better sound absorption coefficient and poorer transmission loss than the
MOPSO algorithm.

Table 8. Optimization results of simulation and actual experimental.

Methods
Content

of MDI/g
Content of
EPDM/g

Hardness of
EPDM/HA

Content of
Deionized

Water/g

Average Sound
Absorption
Coefficient

Average
Transmission

Loss/dB

GRA
Experiment 32 2 65 3.5 0.552 20.221
Simulation 32 2 65 3.5 0.532 21.666

Error —— —— —— —— −0.02 1.445

MOPSO
Experiment 32 5.8 65 3.4 0.519 25.764
Simulation 32 5.8 65 3.4 0.512 25.85

Error —— —— —— —— −0.007 0.086

In addition, Figure 3 shows the acoustic performances curves of the optimized PU foam
composites and two initial samples. In Figure 3, “MOPSO” means the PU foam composite prepared
according to the formulation that was obtained by the MOPSO algorithm, and “GRA” means the PU
foam composite prepared according to the formulation as obtained by the GRA method. Sample 11 has
the best average sound absorption coefficient and sample 15 has the best average sound transmission
loss. The change trends of the sound absorption coefficient and transmission loss are similar. It can be
seen from the results comparison between the MOPSO and sample 15, the average sound absorption
coefficient of MOPSO is increased by 2.4% and the average transmission loss is increased by 4.86%.
This is possibly due to the optimum values for the content of deionized water, the content and hardness
of EPDM are different. However, the difference for the content of deionized water is smaller. Referring
to Figure 2, it can be found that the acoustic performances differences of PU foam composites are
mainly affected by the content and hardness of EPDM. It agrees with the results that were obtained by
GRA method. Moreover, it can be seen that the GRA sample shows better sound absorption coefficient
than the MOPSO sample, and the deviation of the sound absorption coefficient of the two samples
increase with an increasing frequency. However, the transmission loss of the two samples appears
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the opposite trend. As shown in Figure 2, 2 g EPDM and 3.5 g deionized water are advantageous
for improving the sound absorption ability, and 5.8 g EPDM and 3.4 g deionized water are good for
improving the sound insulation ability. In this paper, in order to find the compromise values for these
conflicting objectives, the weight coefficient of the two objectives is set as 0.5. Therefore, the optimum
formulation of PU foam composites is obtained by the MOPSO algorithm. The optimum values of the
four design variables are MDI of 32 g, deionized water of 3.4 g, EPDM of 5.8 g, and the hardness of
EPDM is 65 HA.

  

Figure 3. Acoustic performances curve of the PU foam composites (a) Sound absorption coefficient
curves; and, (b) Transmission loss curves.

5. Conclusions

In this paper, both GRA method and MOPSO algorithm are used to optimize the synthetic formula
of PU foam composites to improve the acoustic performances. The average sound absorption coefficient
and average transmission loss are selected as the optimization objectives. The content of MDI and
deionized water, the content and hardness of EPDM are selected as design variables. The optimization
process of GRA method is based on the orthogonal arrays L9

(
34), and the optimization process of

MOPSO algorithm is based on the surrogate model. According to the fitting accuracy comparison,
the RS surrogate model is adopted in this paper to express the relation between the optimization
objectives and design variables. The results show that the acoustic performances of PU foam composites
can be improved by optimizing the formulation of PU foam composites. Meanwhile, the results that
were obtained by GRA method show the degree of influence of the four design variables on the
optimization objectives. The major influence factor on acoustic performances is the content of EPDM,
and the hardness of EPDM has the least influence. The results that were obtained by MOPSO algorithm
show the specific effects of the design variables on optimization objectives. However, since the GRA
method is usually used to search the optimal solution in discrete spaces, it cannot guarantee the
solution is globally optimal solution. Therefore, the optimal results that were obtained by the two
optimization methods are different. In this paper, the weight coefficient of the optimization objectives
is set as 0.5. By confirmation test, the optimum formulation of PU foam composites is obtained by the
MOPSO algorithm. The optimal parameters of the four design variables are MDI of 32 g, deionized
water of 3.4 g, EPDM of 5.8 g, and the hardness of EPDM is 65 HA. Certainly, the weight coefficients of
the sound absorption ability and sound insulation ability can be set as various values in the range of 0
to 1 to meet different operating conditions requirements.

Author Contributions: S.C. and Y.C. lead the development of the multi-objective optimization process and
analysis the acoustic performances of PU foam composites. W.Z. synthesized the PU foam composites and
measured the acoustic performances.
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Abstract: Both experimental and theoretical methods were proposed to assess the effects of adjacent,
parallel, and symmetric exterior wall structures on the combustion and flame spreading characteristics
of rigid polyurethane (PUR) foam insulation. During the combustion of PUR specimens, the flame
leading edge was found to transfer from a unique inverted ‘W’ shape to an inverted ‘V’ during
flame propagation. This phenomenon is attributed to edge effects related to boundary layer theory.
The effects of the adjacent façade angle on flame spreading rate and flame height were shown to be
nonlinear, as a result of the combined influences of heat transfer, radiation angle, and the chimney
restriction effects. A critical angle around 90 degree with maximum thermal hazards outwards
by parallel fire was observed and consistent with the mass loss rate and flame height tendencies.
For narrow spacing configurations or angles (e.g., 60 and 90 degrees), phenomenological two-pass
processing in conjunction showed that increased preheating lengths were associated with enhanced
heat transfer. The results of this study have implications concerning the design of safe façade
structures for high-rise buildings, and provide a better understanding of downward flame spreading
over PUR.

Keywords: adjacent façade; PUR; energy conservation; heat transfer; burning characteristic

1. Introduction

Modern designs for the construction of building exterior façades tend to be complex as a result of
requirements related to lighting and aesthetics. Different kinds of adjacent wall coupling configurations
are used, such as that employed in the Beijing Television Cultural Center with varied inner or outer
angles shown in Figure 1. One important aspect of building façade structure design is fire safety. As an
example, the flame spreading characteristics associated with vertical adjacent façades can complicate
fire rescue operations in high-rise buildings, because certain configurations significantly affect the air
entrainment and flow field around the exterior façade. Unique flame spreading behavior may appear
if a fire occurs on a building façade associated with an adjacent wall.

Polymers 2018, 10, 1104; doi:10.3390/polym10101104 www.mdpi.com/journal/polymers19
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Figure 1. The complex coupled adjacent wall structure of the Beijing Television Cultural Center,
including vertical external, vertical internal, and horizontal external corner structures.

There has been considerable research regarding the safety and risk analysis of energy conservation
materials, especially related to exterior thermal insulation materials, with the aim of developing
fundamental guidelines for the design, construction, and operation of buildings.

Interest in energy conservation has continually increased over the last two decades [1,2]. As a
result, it has been determined that improving building insulation based on rigid polyurethane (PUR)
can substantially reduce energy consumption and therefore lower carbon emissions, which in turn
may serve to reduce climate change. PUR is widely employed because the materials serve as heat
shields and can also be visually attractive, but unfortunately, it could be easily ignited and exhibit
extremely fast flame spreading rates during fire hazards. Previous research has demonstrated that
the combustion behavior of PUR foam results in challenges when designing fire protection systems
for buildings. In fact, there have been several large fires partly attributable to the presence of PUR as
a thermal insulation material on the exterior walls of a building, such as the London Grenfell Tower
fire in 2017 [3,4], which caused at least 80 deaths and over 70 injuries. Previous studies have mainly
considered single fire sources rather than multiple flame scenarios, and little work was focused on
flame spreading in association with the interaction of multiple flames. In an actual fire, the melting
and dripping behavior of combustible materials, as well as the presence of winds, can cause high
temperature flammable substances to detach from the original flame location to start new fires at
other sites. In the case that adjacent building façades are sufficiently close, multiple fires can spread in
parallel, increasing the fire spreading rate and complicating rescue efforts. Thus, the unique parallel
flame spreading phenomenon associated with different adjacent façade configurations should be
studied for better understanding of the downward flame spreading mechanism and to improve fire
prevention and control.

Previous theoretical and experimental studies have determined the effects of various building
façade configurations on solid fuel flame spreading behavior. de Ris [5] developed the early significant
analytical model for flame spread in a forced convection environment with an exact solution in the
thick limit and an approximate solution. Bhattacharjee et al. [6,7] extended the de Ris’s theory to
downward spreading configuration by proposing an empirically determined equivalent buoyant
convection velocity. The predictions which retain the functional form of the de Ris formula, are
shown to accord well with computational and experimental results. We [8,9] studied flame spreading
during the combustion of PUR foam at low pressures and at various façade inclinations. Empirical
relationships were deduced between pressure and the average flame spreading rate at different façade
angles, which can be summarized as Va ∝ pn, 0.65 < n < 0.89 (where Va is the average flame spread
rate and p is the air pressure). Umberto [10] reported the fire characteristics including mass loss
rate and temperature variation of fiber reinforced polymer slabs. Quintiere [11] studied the effect of
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inclination angle on flame spreading over thin substrates and determined that the relationship between
the total heat flux from the flame and the sample incline is

.
q′′

f = Cq,LBL(sin ϑL)2/5x1/5
p (where

.
q′′

f is the
flame heat flux, ϑ is the inclination angle, and xp is the pyrolysis length ). Kashiwagi [12] investigated
the effects of sample orientation during inclined downward flame spreading over various solid fuels
using both experimental and theoretical methods. Experimental results showed a linear relationship,
v f ,opp = (sin ϑ)1/3 (where v f ,opp is the opposed flame spread rate). Similar results were also obtained
by Zhou [13] and Sibulkin [14]. Shi [15] used mathematical model to describe the pyrolysis and
combustion processed of different polymers. An [16] investigated the effects of a parallel curtain wall
on the downward flame spreading characteristics of insulation materials on a building façade, using a
single linear ignition source. The average flame height and maximum flame temperature were found
to initially become lower and then increase with increasing spacing due to the coupled chimney and
restriction effects induced by the curtain wall. The theoretical equations related to diffusion flame
spreading over solid combustible surface were investigated by Huan [17] and Kurosaki [18] based on
the introduction of multiple flames, and different conclusions were obtained. Huan [17] conducted
experiments to elucidate the flame spreading mechanism over two parallel slabs in either vertical
or horizontal direction with varying separation distances. It demonstrated that flame spreading is
determined by a variable convection coefficient and that the mass loss and flame spreading rates both
initially increase and then decrease with increasing separation spacing. Kurosaki [18] investigated
the steady, two-dimensional vertical downward spreading of flame along two parallel paper sheets.
The experimental and theoretical results showed that convective heat transfer is dominant in the
case of a narrow space between the burning paper sheets. In contrast, radiation from the opposite
flame and embers plays an important role in controlling the flame spreading rate in the case of wider
spacing. In general, studies of the effects of adjacent façades or multiple fire sources on flame spreading
characteristics over combustible surface have been limited. A deeper understanding of the combustion
behavior of façade materials with adjacent materials at various angles is vital to the fire safety design
of buildings incorporating energy saving insulation systems.

In the present work, comparative bench-scale experiments were conducted to investigate the
burning behavior of PUR foam board in conjunction with downward flame spreading under various
conditions. PUR foam boards were ignited by a propane flame as a linear fire source to generate a
parallel, symmetric flame starting at the top of each specimen. This work examined the effects of
various adjacent façade constructions on PUR foam board combustion rates, vertical flame heights,
and flame spreading characteristics. An analysis of the associated heat transfer mechanism was
also performed.

2. Materials and Methods

The experimental apparatus primarily consisted of an electric balance, a PUR board holder, sensors
and a measurement system as shown in Figure 2. Two PUR foam boards with the same size (2 cm
thick, 80 cm long and 10 cm wide) were mounted on the holder, which in turn stood on an insulating
gypsum board. Both PUR boards were ignited at its upper part to initiate unrestricted downward
flame spreading. The angle between the two boards could be adjusted, and five adjacent façade incline
angles (ϑ = 60◦, 90◦, 120◦, 150◦, or 180◦) were employed during these trials. The properties of the PUR
foam board selected for these experiments are listed in Table 1.

The PUR board holder with gypsum board was situated on an electronic balance with an accuracy
of 0.01 g to allow monitoring fuel mass variation. An ethanol-soaked wick held in an iron niche was
used to achieve linear ignition of the foam. A TS-30 radiation flux meter was located 1.5 m in front of
the adjacent façade configuration with the same height as the middle of the fuel board, measuring the
thermal radiation of parallel fire outwards to the surrounding environment. Two high definition digital
cameras were employed to record the flame spreading and variations in the leading edge position in
real time from side view and top view of the boards. Because the thermal conductivity of the gypsum
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board is minimal, heat loss from the flame to the vertical façade via conduction was negligible and
therefore had little effect on flame development.

（ ）

Figure 2. Experimental setup used to study polyurethane (PUR) board combustion behavior in
conjunction with various adjacent façade constructions.

Table 1. Properties of the PUR foam used for tests.

Tested
Material

Density
(kg/m3)

Heat
Capacity
(J/kg·K)

Thermal Conductivity
Coefficient (W/m·K)

Pyrolysis
Temperature (K)

Heat of
Combustion

(MJ/kg)

PUR 60 1300 0.03 470 27

All experiments were conducted at a constant initial air temperature and humidity (22.0 ± 2.0 ◦C,
55% ± 4% relative humidity). All temperature and fuel mass data were recorded at a frequency of
1 Hz. Repetition of the experiments was performed until results were confirmed to be reproducible.

3. Results and Discussion

3.1. Flame morphology and Spreading Behavior

In the downward flame spreading process, the controlling mechanism is based on heat and mass
transfer to the unburned area. The unique dynamic, parallel, and symmetric combustion scenario
in this work resulted in morphological variations of the pyrolysis leading edge (or flame front) of
the PUR foam as shown in Figure 3. Images of typical sequential downward flame spreading are
shown in Figure 3a. These variations in the leading edge can be divided further into three stages
(Figure 3b), during which a distinctive inverted ‘W’ shape changes to an inverted ‘V’ shape. Initially,
after the flame has travelled for about 10 cm, the flame spreading reaches to an approximate steady
state, and the flame pyrolysis front show essentially one-dimensional linear flame spreading (Stage 1 in
Figure 3b). The flame front at the board edges spreads faster than at the center, so that the flame front
becomes more irregular, with an inverted ‘V’ shape for each board (Stage 2 in Figure 3b). Eventually,
an inverted parallel symmetric ‘W’ shaped flame front composed of two inverted ‘V’ shapes is observed,
indicating two-dimensional flame spreading. Finally, the lateral flame front spreading becomes more
rapid, leading to a ‘slash’ shape (Stage 3 in Figure 3b), and an inverted ‘V’ shape composed of two
slash-shaped leading fronts emerges. The inverted ‘V’ shape appearing in our experiments is similar
to the flame morphologies observed in the CCTV and Grenfell tower accidents (Figure 4). Prior
work has also demonstrated the formation of an inverted ‘V’ shape leading edge with solid fuel
flame spreading, although not in all cases. In the case of wide boards, the leading edge has been
found to exhibit an inverted ‘U’ morphology rather than a ‘V’ shape, indicating an edge effect caused
by air entrainment from both sides, as reported by Gong using polymethyl methacrylate (PMMA,
Figure 5) [19]. These variations in the flame leading edge are discussed in detail in Section 3.3.
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Figure 3. (a) Sequential images of the downward burning behavior and (b) variations in the flame
leading front of adjacent PUR board with an adjacent façade angle of 90◦.

(a) CCTV building fire (b) Grenfell Tower fire

Figure 4. Images of the CCTV building and Grenfell tower fires.

3.2. Overall Comparison of Burning Rates

Figure 6 presents a comparison of mass loss data acquired during the relatively steady burning
stage in conjunction with different adjacent façade configurations. The extent of complete combustion,
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η, can be used to investigate the effects of a parallel symmetric flame and entrainment of the fire plume
with changes in the adjacent angle. This term is defined as η = mr

mi
, where mi is the initial mass of the

PUR foam board, and mr is the mass remained after extinguished or the mass of the char when the
flame spreading process completed.

Figure 5. Variations in the morphology of the flame leading edge with width W using PMMA specimens,
as published by Gong [19].

Figure 6. PUR mass losses as functions of time at various angles.

Table 2 summarizes the η values obtained for specific angles. The relationship between the PUR
burning rate and the adjacent façade angle is seen to be nonlinear, i.e., η first decreases with increases
in the angle and then increases. This phenomenon is thought to result from a coupling effect based
on heat feedback from the opposite flame and air entrainment due to the chimney effect. Both are
modified by changing the adjacent angle, as discussed below.

Table 2. Fuel combustion percentages at various adjacent façade angles.

Percentage (%) 60◦ 90◦ 120◦ 150◦ 180◦

η 34.10% 31.78% 33.20% 40.48% 51.52%

The PUR burning rate for each angle is largely dependent on heat transfer from the flame.
Comparing the data for ϑ = 60

◦
(η = 34.10%) and ϑ = 90

◦
(η = 31.78%), the two parallel flames

evidently affect one another to different extents as the angle is changed by both radiative and convective
heat transfer. When the angle is decreased, radiation heat feedback is strengthened. However, increased
entrainment of cold air into the flame plume in the gap between the façades (due to the chimney effect)
with decreases in the angle could cool the combustion zone, resulting in a decreased burning rate.

With the enlarged angle, such as ϑ = 120
◦

(η = 33.20%), it further decreased the heat transfer from
the opposite flame even though a sufficient air supply was available, leading to weakened combustion
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compared with a more narrow façade construction. Above a specific angle, the mutual reinforcement
effect was greatly decreased and become negligible, reducing the combustion intensity, e.g., occurred
at 150◦ (η = 40.48%) and 180◦ (η = 51.52%).

Throughout this work, the burning rates for comparison were selected from the relatively steady
flame spreading period, as obtained using the linear fitting method depicted in Figure 7a (based on
data acquired at a 90◦ adjacent façade angle). During this stage of combustion, a plot of the pyrolysis
front position against time is nearly linear at first. However, a sudden, unexpected increase in the
mass loss rate was observed with phenomenological two-pass processing, dividing the data into two
stages with different slopes. This increase indicates an acceleration of the downward flame spreading
during the later period of combustion over a narrow range of angles (ϑ = 60

◦
and ϑ = 90

◦
), as shown

in Figure 7b. In such cases, the data plot is closer to parabolic than linear over a sufficiently long
time scale. Taking ϑ = 90

◦
as an example, if flame spreading is monitored over approximately 300 s,

the mass loss rate is constant at 0.146 g/s during the initial stage but later abruptly increases to
0.181 g/s. This effect is attributed to preheating of the unburned region of the PUR via heat transfer
from the flame, leading to a widened preheating zone and less heat is required for pyrolysis of the
PUR by preheated. Thus, the flame front reaches the pyrolysis temperature more quickly during the
later period, which in turn accelerates the flame spreading.

Figure 7. (a) The mass loss and burning rate, m′′ (calculated as the derivative of the mass loss) and
(b) the phenomenological two-pass processing of data acquired in the later flame spreading stage, both
as functions of time.
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3.3. Flame Height and Flame Front Variations

The average flame heights at various façade angles are plotted in Figure 8, and this plot shows
that the flame height first increased and then decreased with enlarged angle. A critical angle ϑc is
noticed at approximately ϑ = 90

◦
in this plot, similar to the trend exhibited by the burning rate vs.

angle, which is not surprising because the burning rate is the key parameter determining the flame
height, spreading velocity and other factors according to classical fire dynamic theory. The variation in
the average flame height is significant at ϑ < ϑc but little change is seen above this value. These data
can be explained based on radiation, chimney, and restriction effects. Considering that the radiation
effect is the most important thermal feedback parameter in this situation, it changes not linearly with
the angle (see Figure 9). The radiation heat feedback qr to the preheating zone for each board consists
of that from the sample itself q′′

rs , and that from the adjacent façade qra. However, q′′
rs is negligible

because the view factor Fs is small enough. Therefore, we can write

q′′
r = q′′

rs + q′′
ra (1)

q′′
rs = εσ(T4

S
− T4

a )Fs (2)

qra′′ ∼ Qra cos α

4πR2 sin ϑ. (3)

The approximately value of q′′
ra can be obtained from Equation (3), where Qra is the total heat flux

transfer to the adjacent façade and R is the length from fire center to the burning zone of opposite
adjacent façade. α is the approximate radiation angle between the opposite flame and the board
pyrolysis zone. Based on fire dynamics, the flame radiation can be assumed to be emitted in a spherical
pattern from a geometrical center. Due to the relatively small PUR board width, the radiative heat
flux at this point can be considered to be equal to the average flux received from the opposite flame.
According to Equation (1), with decreases in ϑ, the flame radiation output increases. If the adjacent
angle is ϑ= 180

◦
, the façades are parallel to one another and q′′

ra will be low. In contrast, at ϑ= 90
◦
,

the heat flux between adjacent façades will be the highest and the mutual fire sources will impact each
other to the maximum extent.

Figure 8. Flame height as a function of the adjacent façade angle.

As the adjacent façade angle increases, the chimney effect decreases and the flame height drops.
Thus, when ϑ = ϑc at a value of approximately 90◦, the maximum burning rate and flame height
are obtained. In the case that ϑ > ϑc, the radiative and chimney effects are both greatly decreased,
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while the restriction effect is also weakened such that the flame height slightly decreases. Therefore,
the flame height first increases and then drops with increases in the adjacent façade angle.

Figure 9. Schematic showing variations in leading front flame spreading induced by the edge effect.

The flame front or pyrolysis edge are determined by several factors, including flame height,
air entrainment, and the time over which the fire has developed. As aforementioned, the leading
edge changed from an inverted ‘W’ shape to an inverted ‘V’ shape. This phenomenon can be
interpreted based on Gollner’s [20] boundary layer theory which has its basis in the work of Chilton
and Colburn [21] and Silver [22], whose extension to the Reynolds’ analogy established a relationship
between mass, momentum, and heat transfer in a boundary layer over the fuel surface. The associated
equation is

τs

u∞v2/3 =

.
mt

′′

D2/3 ln(1 + B)
(4)

where the air shear stress, τs, is the viscosity coefficient multiplied by the derivative of velocity. This
term can be written as

τs = μ(
∂u
∂y

+
∂v
∂x

). (5)

In addition, μ∞ is the free-stream velocity, v is the kinematic viscosity or momentum diffusivity,
.

mt ′′ is the mass transfer caused by shear flow, D is the species diffusivity, and B is the Spalding number
is the mass transfer coefficient. This value is determined using the equation

B = (ΔHc f Y∞ + CpgΔT)/(L + CpsΔTs). (6)

Hence, the mass transfer rate is positively correlated with τs, the effect of which is obvious during
solid combustion due to an additional induced effect. The inverted ‘W’ flame front is attributed to
three effects. First, the flame size will be larger at the specimen sides than in the center of the board.
Second, shear entrainment from the lateral sides will accelerate the flame spreading velocity in these
locations. At last, as the flame height and temperature reach their maximum values at the center of
the adjacent board, the burning rate will be increased. In the later stage of combustion, due to the
enhanced burning at the board sides by the effect of τs, the spreading velocity at the sides will become
significantly faster so as to form the inverted ‘V’ shape.

The angle Θ of the inverted ‘V’ shape was found to decrease as flame spreading progressed.
This effect can be expressed by the equation simplified from Gong’s research [19]

Θ ∼ arcsin(
q′′

δ + q′′
p

ρVf [c(Tp − T∞)]
) (7)

where q′′
δ is the radiative heat feedback in the preheating zone, q′′

p is the thermal feedback in the
combustion zone, and Vf is the flame spreading rate, defined as the propagation speed of the flame
front along the sample surface. The smallest value of Θ was observed at ϑ= 90

◦
also associated
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with tangential entrainment effect, plus parallel fire thermal feedback is the largest resulting in peak
combustion rate. Meanwhile, the flame height and maximum entrainment strength were enhanced
further, and positively feedback the combustion efficiency of board edges, finally resulting in a sharp
pyrolysis front.

3.4. Flame Spreading Rates

The flame spreading rate is impacted by the disturbance associated with the ignition source in the
early stage of combustion and the accelerated flame spreading during the later stages. Hence, the stable
flame spreading stage was employed when determining the Vf values, as shown in Figure 10.

Figure 10. Average flame spreading rates during the stable flame spreading stage as a function of time.

Quintiere [11] proposed a simplified theory to predict the downward flame spreading rate over a
thermally thick charring solid, based on the equation

Vf =
1

ρc · wd(Tp − T∞)

∫ p+δ

0
(qcd + qr + qcv)dx (8)

where ρc is the density multiplied by the specific heat, wd is the fuel width multiplied by the thickness,
p is the pyrolysis length, and δ is the preheating length. In the case of downward flame spreading
with adjacent materials at various angles, the heat feedback is largely determined by the radiative
heat flux qr (which could be negligible for single board flame spreading), convective heat flux qcv and
conductive heat flux, qcd. A diagram depicting downward parallel, symmetric flame spreading is
presented in Figure 11. Also, de Ris [5] and Bhattacharjee et al. [6,7] proposed a formula to predict the
downward flame spread rate of thermal thick solid, as shown in Equation (9).

Vf ,thick ∼
λgρgcg(Tf − Tv)

2

λsρscs(Tv − T∞)2 (9)

which is an empirical relationship only for single board condition, without considering more radiation
interaction.

Anyhow, the convective heat flux can be expressed as

qcv = hc
∂T
∂y

∣∣y=0 . (10)

As the adjacent angle or space between the two boards decreased, the stack effect will become
prominent, such that upward air entrainment is strengthened. As a result of the cold air cooling effect,
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the convective heat transfer is reduced, although the effect of this heat transfer mechanism is minimal
in the case of a narrow board. It is only when the sample width is extended that the weakening effect
of the convective heat feedback will have a significant effect on flame spreading.

Figure 11. A diagram and photographic image showing downward, parallel, and symmetric flame
spreading behavior.

The value of qcd is approximately 0.03w/(m · k) for PUR foam, which affects the flame spreading
behavior to a greater extent as the preheating length δ. Due to the increase in the radiation heat
feedback when the surface temperature of the entire board is sufficiently high, the flame spreading
characteristics of a single board and of two adjacent boards become quite different especially in the
later period. The initial temperature of the unburned region rises significantly, and so the heat input
required to achieve vaporization and ignition is reduced. This effect could increase the depth to which
the conductive heat from the flame front penetrates, leading to a larger preheating zone.

Because radiation heat feedback is stronger during downward flame spreading in the case of two
parallel adjacent façades, this mechanism will be more important than convective and conductive heat
transfer. Thus, the flame spreading rate will be largely determined by radiative feedback, which varies
in a similar trend to the burning rate. In spite of internal radiant heat feedback, according to the
measurement results by radiation flux meter, the radiation heat flux to external environment were
compared as shown in Figure 12. It can be seen that the maximum value represents largest thermal
hazard also appears at 90◦ condition, which is also consistent with the mass loss rate and flame
height trends.

Figure 12. Radiant heat flux of parallel and symmetric flame with different angle constructions.
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4. Conclusions

This work reported the two-dimensional vertical downward, parallel, and symmetric flame
spreading characteristics of PUR foam. The correlations among the flame spreading velocity, mass loss
rate, flame height, and adjacent façade structure effects were determined based on experimental data
and theoretical relationships. The results could be helpful with respect to fire hazard assessment and
safety design of adjacent building façades. The following conclusions can be made.

1. The parallel symmetric flame leading edge front was observed to change from one-dimensional
to a unique morphology with an inverted ‘W’ shape, and finally exhibited an inverted ‘V’ shape.
This occurred in conjunction with a narrow sample width due to the edge effect and the shear
force that supplied additional heat feedback with enriched oxygen diffusion. The angle of the
inverted ‘V’ shape was found to decrease as the flame spreading progressed.

2. As the adjacent façade angle decreased, the burning rate varied in a nonlinear manner. This is
attributed to the competition between the negative and positive effects of the parallel adjacent
façade configuration. The downward flame spreading over the PUR was essentially stable during
the early stage of flame spreading while accelerated flame spreading was observed during the
later period. Phenomenological two-pass processing of the mass loss data showed complex
combustion behavior that could complicate fire rescue.

3. The average flame spreading rate and flame height both initially increased and then decreased
with increases in the adjacent angle, similar to the trend displayed by the burning rate data.
A critical angle of approximately ϑ= 90

◦
was identified, due to the combined chimney and

restriction effects induced by changes in the adjacent façade configuration. At smaller angles
(ϑ= 60

◦
to ϑ= 90

◦
), the radiative heat transfer increased as a result of increases in the heat transfer

from the opposite flame and the weakened chimney effect. At larger angles, the radiative heat
transfer from the opposite flame and ember was gradually decreased, resulting in a lower flame
spreading rate.
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Abstract: Unreinforced and reinforced semi-rigid polyurethane (PU) foams were prepared and
their compressive behavior was investigated. Aluminum microfibers (AMs) were added to the
formulations to investigate their effect on mechanical properties and crush performances of closed-cell
semi-rigid PU foams. Physical and mechanical properties of foams, including foam density,
quasi-elastic gradient, compressive strength, densification strain, and energy absorption capability,
were determined. The quasi-static compression tests were carried out at room temperature on cubic
samples with a loading speed of 10 mm/min. Experimental results showed that the elastic properties
and compressive strengths of reinforced semi-rigid PU foams were increased by addition of AMs into
the foams. This increase in properties (61.81%-compressive strength and 71.29%-energy absorption)
was obtained by adding up to 1.5% (of the foam liquid mass) aluminum microfibers. Above this
upper limit of 1.5% AMs (e.g., 2% AMs), the compressive behavior changes and the energy absorption
increases only by 12.68%; while the strength properties decreases by about 14.58% compared to
unreinforced semi-rigid PU foam. The energy absorption performances of AMs reinforced semi-rigid
PU foams were also found to be dependent on the percentage of microfiber in the same manner as
the elastic and strength properties.

Keywords: semi-rigid polyurethane foams; aluminum microfibers; quasi-static compression tests;
mechanical properties; energy absorption capability

1. Introduction

Porous materials (PMs), such as polymeric [1–3], metallic [4–6], and ceramic [7,8] foams, have
been widely spread in recent years to a variety of engineering applications due to their exceptional
mechanical, physical, thermal, and acoustic properties. The main properties of the foam materials
(FMs) have a direct connection with the size (cell-wall thickness and cell length), shape (from regular
to the most irregular shapes), and topology (connections between cells) of the cells that constitute the
PMs. Regardless of the matrix constituent (polymeric, metallic, or ceramic material), cellular materials
(CMs) are ideal energy absorbers. This feature of the FMs is highlighted by the appearance of a large
flat/hardening plateau region (up to 70% strain) at almost constant stress [9–11].

Polymeric foams (PFs) are a promising category of CMs because they can be obtained at a relatively
low cost compared to the other kind of FMs. The PFs show many engineering applications depending
on their physical properties. Because of their very low thermal conductivity, one of the main uses of
PFs is like a thermal insulator for modern buildings, refrigerated trucks/railway cars, ships designed
to carry liquid natural gas, pipes, etc. [12,13]. Contrary to fully dense solid materials [14,15], the PFs are
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non-corrosive in a damp salt-water environment, so they are widely used in marine applications (rafts
and floatation devices) [16–18]. In addition, open-cell FMs are used as filters at many different levels,
as water-repellent membranes that allow air to permeate whatever is underneath the membrane, or
even as a hydrophobic barrier in some high-quality sporting and leisurewear [16,17,19]. PFs, especially
polyurethane (PU) foams, are used in the sport, automotive, and medical industries to absorb energy,
and to reduce sound/noise and vibrations [20,21].

In recent years, different techniques have been developed for manufacturing flexible [22,23] and
rigid [24–26] PMs with closed, open, or mixed (partly open and partly closed) cells. Also, the effect
of different reinforcements (particles, fibers, etc.) on the mechanical and physical properties of PFs
was studied in previous works. Soto and co-workers [27] presented a route for the production of more
environmentally friendly filled flexible PU foams through the replacement of part of the synthetic
polyol by biobased ones, and by the addition of waste tire particles. Good acoustic absorption
properties were found by the authors in a wide range of frequencies. Short glass-fibers, glass
micro-spheres, and chopped glass-fiber strands were used by Khanna and Gopalan [16] to reinforce
polyurethane flexible foam. The authors observed that short glass fibers are more effective in improving
the tensile and flexural deformation response of the foam compared to other reinforcing fillers. All
types of the reinforced foams show degradation in compressive strength compared to the unfilled
polyurethane foams. Gama and co-workers [28] evaluated the sound absorption properties of rigid
polyurethane foams produced from crude glycerol (CG) and/or liquefied coffee grounds derived
polyol (POL). The POL derived foam has slightly higher sound absorption coefficient values at lower
frequencies, while the CG foam has higher sound absorption coefficient values at higher frequencies.
The influence of potato protein (PP) on the rigid polyurethane foams’ morphology and on physical
and mechanical properties were explored by Członka and co-workers [29]. The authors show that
an addition of 0.1 wt % PP improves the compressive behavior, while the addition of PP over a
certain optimal level has a negative effect on the physico-mechanical properties. Rigid polyurethane
foams reinforced with buffing dust (BD) were characterized by Członka and co-workers [30] by
means of mechanical and thermal methods. Depending on the amount of BD in polymer mixture,
resulting composites exhibit improvement or deterioration of abovementioned properties. Patricio and
co-workers [31] studied the effect of poly lactic acid (PLA) addition into poly (e-caprolactone) (PCL)
matrices on the morphological, thermal, chemical, mechanical and biological performance of the 3D
constructs produced with a novel biomanufacturing device. Their results show that the addition of
PLA to PCL scaffolds strongly improves the biomechanical performance of the constructs, compared
to blends prepared by melt blending.

Flexible and rigid polyurethane foams have found limited applications in the transport industry
for design of vehicle lightweight composite structures in terms of increased crash energy resistance [32].
On the one hand, flexible PU foams are used on a large scale for cushioning and vibration damping,
but they are worse in terms of impact energy absorption performances [33]. On the other hand, rigid
PU foams shows good energy absorption capabilities, but they are too rigid and present plastic collapse
from a much earlier stage of deformation [34]. The most useful foam would be one that presents a
combination of the best properties of the two mentioned PU foams. Therefore, this paper proposes a
methodology for obtaining reinforced semi-rigid polyurethane foams using aluminum microfibers
in a polymeric matrix. The effect of aluminum microfibers on the main mechanical properties and
energy absorption capability is investigated. The obtained semi-rigid PU foams highlight a higher
load bearing capacity with appropriate energy absorption performances, elastic properties, and
compression strength.
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2. Materials and Methods

2.1. Materials

Unreinforced and reinforced closed-cell semi-rigid polyurethane (PU) foams with a density of
0.15 g/cm3 were prepared in the laboratories of the National Institute of Research for Electrochemistry
and Condensed Matter (Timisoara, Romania). The polymer matrix was made up of polyol (200 mL) and
isocyanate (180 mL), while aluminum solid wastes (referred to in the paper as aluminum microfibers)
were reinforcements. The aluminum microfibers (AMs) shows a repetitive geometric shape and the
foam manufacturing acting as the recycling process. Figure 1 presents the optical and SEM images of
used AMs.

 
(a)                          (b)                         (c) 

Figure 1. Optical (a) and SEM images (b, c) of AMs.

The used AMs had a length of 4–6 mm and a cross section of 270 ± 40 μm (width) × 37 ± 3 μm
(thickness). The chemical composition of the commercially available AMs is shown in Table 1.

Table 1. Chemical composition of AMs.

Element Al Si Fe Cu Mn Mg Cr Zn Ti Other

wt.% Balance 0.7–1.3 0.50 0.10 0.4–1.0 0.6–1.2 0.25 0.20 0.10 0.15

The collection and insertion of the AMs into the foam matrix material was done following a
well-established procedure. Semi-rigid PU foams with different contents of the aluminum microfibers
(0, 0.5, 1, 1.5, and 2% AMs of the foam liquid mass) were prepared using a two-step method. Firstly,
the AM were added half to the isocyanate solution and half to the polyol solution, followed by an
individual mechanically stirred process for 3 min to ensure their complete homogenization. Before
being added to the individual components, the AMs were dried at 80 ◦C for about 60 min. Secondly,
after the individual stirring process, the two components (isocyanate and polyol together with the
corresponding percentage of reinforcements) were mixed and mechanically stirred together for 30 s.
The obtained reinforced PU foam was dried in a controlled environment, at room temperature (25 ◦C),
for 24 h [35]. After the drying and hardening process, large semi-rigid PU foam blocks were obtained
(see Figure 2). The same procedure (less reinforcement) was followed to obtain unreinforced PU foams.
The foam density was measured using both mass and sample dimensions. The average resulting
foam density was 0.15 g/cm3 and the samples with a density above or below the 10% range were
excluded [36].

The reaction parameters (percentage of foam components, time, temperature, etc.) were optimized
in order to produce the most economical and functional reinforced semi-rigid PU foam [37]. The
resulting PU foams were marked as U-PU foam (unreinforced semi-rigid PU foam) and R-PU foam
(reinforced semi-rigid PU foam).
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Figure 2. Semi-rigid PU foam blocks obtained depending on the percentage of AMs.

2.2. Methods

Uniaxial quasi-static compression tests were carried out on a 5 kN Zwick Roell 005 testing machine
(ZwickRoell LP, Kennesaw, GA, USA). The experimental tests were performed on cubic samples
(22.5 mm × 22.5 mm × 22.5 mm); using a constant crosshead speed of 10 mm/min. Ten samples
were provided for each test condition and the properties of the semi-rigid PU foams were determined
according to ASTM D1621-16 standard [38] (see Figure 3).

 

Figure 3. Semi-rigid PU foam blocks obtained depending on the percentage of AMs.

The compressive properties were investigated in a direction parallel to the free direction of the
foam rise at a maximum load of about 300 N. The material properties were assessed in the controlled
room temperature and humidity conditions on samples taken from the center of the foam blocks.

3. Results and Discussions

Quasi-static compressive tests were carried out to investigate the main mechanical properties of
the semi-rigid PU foams, since they also play an important role in the energy absorption performances
and can be of high interest for possible applications in automotive, sport, and building construction
industries [39–41]. Figure 4 presents the compressive engineering stress (σ)–engineering strain (ε) and
energy absorption (W)-strain (ε) curves for unreinforced and AMs reinforced semi-rigid PU foams.

Regardless of semi-rigid PU foam type (unreinforced or reinforced), each foam sample is
characterized by similar quasi-static compression behavior, exhibiting three different regions: A narrow
linear-elastic region (< 5% strain), followed by a stress-plateau region (around 10–40%), and ending
with a densification region (over 40% strain) [42–44].

As is well known, the limited slope of the linear elastic area from the stress-strain curves is directly
related to the foam compression modulus [45–47]. The σ-ε curve of unreinforced and reinforced
semi-rigid PU foams exhibit a smooth transition from the linear to the plateau region. In this case,
there is no well-defined yield point corresponding to the compressive yield strength because there
is no drop stress [48–50]. This behavior is typical of semi-rigid and flexible PU foams, which differ
significantly from that of rigid foams [51,52]. After the elastic-plateau transition area, the σ-ε curves
exhibit an extended strain hardening plateau region outstanding in the field of energy absorption.
In this region, the main foam collapse mechanisms occur [53,54]. With an increasing content of AMs of
the foam liquid mass, the investigated foams exhibit a shorter range of elongation (measured up to a
predetermined stress) because of the gradual loss of PU matrix flexibility. In terms of the densification
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strain, R-PU foams show lower values than unreinforced ones, indicating that the samples can sustain
slightly lower deformation without collapsing.

 
(a) 

 
(b) 

Figure 4. Compressive engineering stress-engineering strain (a) and energy absorption-engineering
strain (b) curves of semi-rigid PU foams.

The main quasi-static compressive mechanical properties (quasi-elastic gradient, 0.2% offset yield
stress, 1% offset yield stress, plateau stress, densification strain, and energy absorption at densification
strain) of the unreinforced and reinforced semi-rigid PU foams modified with aluminum microfibers
are reported in Table 2. The investigation of elastic properties was based only on compression loading
tests, while unloading tests were not considered [55]. Densification strain is defined as the strain at
which the slope of the curve in a plot of energy efficiency versus strain is zero. The densification strain
of cellular materials represents the start of the cell-wall interactions, which enhance the compressive
resistance of a cellular solid [56].

Table 2. The main compressive mechanical properties of investigated semi-rigid PU foams.

AMs (%)
Quasi-Elastic

Gradient
(MPa)

0.2% Offset
Yield Stress

(MPa)

1% Offset
Yield Stress

(MPa)

Plateau
Stress
(MPa)

Densification
Strain (%)

Energy
Absorption 1

(kJ/m3)

0 0.288 ± 0.03 0.033 ± 0.001 0.055 ± 0.004 0.070 ± 0.003 43.901 ± 0.86 19.53 ± 1.05
0.5 0.614 ± 0.04 0.042 ± 0.003 0.073 ± 0.004 0.100 ± 0.006 43.382 ± 0.52 30.54 ± 1.59
1.0 1.222 ± 0.09 0.069 ± 0.002 0.115 ± 0.009 0.157 ± 0.008 41.381 ± 0.71 54.47 ± 1.29
1.5 1.618 ± 0.11 0.086 ± 0.005 0.144 ± 0.007 0.199 ± 0.008 40.510 ± 0.93 68.02 ± 1.37
2.0 0.408 ± 0.03 0.033 ± 0.002 0.048 ± 0.003 0.065 ± 0.005 44.140 ± 0.64 22.36 ± 1.04

1 Energy absorption values at densification strain.

The volumetric energy absorption capacity, W, of investigated PU foams is defined by Equation (1),
and by using variable integration limits, it can be interpreted as the area under the engineering
stress-engineering strain curves [57,58].

W =
∫ ε

0
σdε (1)

The energy absorption values at different strains (10, 20, 30, 40, 50, 60, 70, and 80% engineering
strain) of investigated foams are presented in Table 3.
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Table 3. The mean energy absorption values of investigated PUF foams at different strains (kJ/m3).

AMs (%) 10% 20% 30% 40% 50% 60% 70% 80%

0 1.51 ± 0.18 5.48 ± 0.39 11.30 ± 0.44 19.53 ± 0.88 29.59 ± 0.75 44.36 ± 1.26 68.40 ± 1.21 119.16 ± 2.11
0.5 2.85 ± 0.41 9.32 ± 0.55 17.86 ± 0.47 28.84 ± 0.76 43.49 ± 0.84 64.70 ± 1.26 99.53 ± 1.63 170.89 ± 2.35
1.0 4.83 ± 0.50 16.13 ± 0.48 30.10 ± 0.92 46.96 ± 0.98 68.13 ± 1.13 97.36 ± 1.34 146.70 ± 1.92 261.46 ± 3.19
1.5 6.54 ± 0.45 20.92 ± 0.67 38.43 ± 0.78 59.75 ± 0.83 87.04 ± 1.05 125.79 ± 1.66 192.84 ± 2.72 347.67 ± 4.64
2.0 1.89 ± 0.40 6.41 ± 0.46 12.11 ± 0.61 19.07 ± 0.63 27.76 ± 0.99 39.27 ± 1.15 56.64 ± 1.27 90.72 ± 1.79

Comparing the data from Table 2 and the variation of properties shown in Figure 5, it can be
denoted that the investigated mechanical properties of the modified semi-rigid PU foams increase as
aluminum microfibers content increases. This behavior is attributed to the rigidity of the aluminum
microfibers’ structure, which introduced more cross-links in the PU foam network. Notice should
be made that this increase in mechanical performances was obtained by adding up to a certain limit
of AMs. Above this upper limit, the quasi-static compressive behavior changes and the mechanical
properties decrease significantly, exhibiting values almost equal to U-PU foam. Furthermore, the W
capabilities of R-PU foams were also found to be dependent on the percentage of AMs in the same
manner as the elastic and strength mechanical properties (see Figure 4b and Table 3).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Mechanical properties of investigated semi-rigid PU foams: (a) Quasi-elastic gradient;
(b) 0.2% and 1.0% offset yield stress; (c) plateau stress; (d) energy absorption at densification strain.
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An analysis of the elastic results presented in Figure 5a indicates that the quasi-elastic gradient
(Eqe) of semi-rigid modified PU foams significantly increases with the increase in the percentage of
AMs in their cellular structure. Therefore, considering the normalized data, the presence of aluminum
microfibers results in an increase in foam stiffness up to about six times relative to U-PU foam.
In addition, considerable increases in the case of strength properties (0.2 and 1% offset yield stresses
and plateau stress) have also been observed. These increases in properties were obtained by adding
in the liquid mass of the PU foam up to a maximum of 1.5% aluminum microfibers. In contrast, the
addition of 2% AMs to the foam liquid mass leads to a decrease in mechanical properties up to 75%
compared to 1.5% AMs reinforced foams, as shown in Table 2 and Figure 6. It seems that the effect of
the AMs in the foams modified with 2 wt % is less significant, probably due to the kinetic reactions
occurring between the liquid reactive mixture (isocyanate and polyol) and aluminum microfibers. This
effect leads to a decrease of the growth rate of the foam formation (increased viscosity) and a less
homogeneous foam structure, and at the same time, to more unstable failure mechanisms.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Percentage increase/decrease of the quasi-elastic gradient (a); energy absorption (b); 0.2 and
1% offset yield stresses (c) and plateau stress (d) for modified semi-rigid PU foam samples normalized
by reference PU foam (0% AMs).

Figure 6 shows the percentage increase/decrease values of mechanical properties of the modified
semi-rigid PU foams (0.5, 1.0, 1.5, 2% AMs) normalized by U-PU foam (0% AMs).

From Figure 6, it is obvious that the reinforcements have a significant and useful effect for
increasing the mechanical properties of the semi-rigid PU foams. It has been found that reinforcing the
foams with maximum 1.5% AMs leads to an increase in elastic properties of up to 82.20%. In addition,
the increase percentage of energy absorption and strength properties is about 71.29% (for W) and

38



Polymers 2018, 10, 1298

61.81% (for 1% offset yield stress). Compared with R-PU foams up to 1.5% AMs, the PU foams
reinforced with 2% AMs do not show significant increases of their quasi-static compressive properties
with respect to the U-PU foam. Quasi-elastic gradient shows a percentage increase of up to 29.41%,
while energy absorption capacity increases by only 12.68% (Figure 6a,b). Furthermore, a negative effect
on the strength properties (0.2 and 1% offset yield stresses and plateau stress) of 2% AMs reinforced
foams was observed. In this case, the 1% offset yield stress showed a reduction percentage of 14.58%
and a plateau stress of 7.69%.

4. Conclusions

In the present investigation, aluminum microfibers (AMs) and a polymer matrix (made up of
polyol and isocyanate) were used to produce reinforced semi-rigid polyurethane (PU) foams. Therefore,
a low-density closed-cell semi-rigid PU foam with a density of 0.15 g/cm3 was obtained. Quasi-static
compressive tests were performed on cubic samples to investigate the mechanical properties of the
produced foams. It has been observed that the presence of AMs has a direct effect on the main
properties of the reinforced foams. The experimental results indicate that with increasing AMs content
into the foam matrix, the PU foams are characterized by higher compressive strength (about 61.81%)
and energy absorption performances (about 71.29%). However, larger AMs filler contents (2 wt %)
do not lead to further changes in energy absorption capability (around 12.68%), highlighting even a
negative effect on the strength properties (about 14.58%).
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Abstract: A flame retardant rigid polyurethane foam (RPUF) system containing functionalized
graphene oxide (fGO), expandable graphite (EG), and dimethyl methyl phosphonate (DMMP)
was prepared and investigated. The results show that the limiting oxygen index (LOI) of the
flame-retardant-polyurethane-fGO (FRPU/fGO) composites reached 28.1% and UL-94 V-0 rating
by adding only 0.25 g fGO. The thermal degradation of FRPU samples was studied using
thermogravimetric analysis (TG) and the Fourier transform infrared (FT-IR) analysis. The activation
energies (Ea) for the main stage of thermal degradation were obtained using the Kissinger equation.
It was found that the fGO can considerably increase the thermal stability and decrease the flammability
of RPUF. Additionally, the Ea of FRPU/fGO reached 191 kJ·mol−1, which was 61 kJ·mol−1 higher
than that of the pure RPUF (130 kJ·mol−1). Moreover, scanning electron microscopy (SEM) results
showed that fGO strengthened the compactness and the strength of the “vermicular” intumescent
char layer improved the insulation capability of the char layer to gas and heat.

Keywords: graphene oxide; rigid polyurethane foam; thermogravimetric analysis; activation energies

1. Introduction

Rigid polyurethane foam (RPUF) is a porous material, and has good shock absorption, low water
absorption, low thermal conductivity, and high compressive strength [1–4]. In recent years, RPUF has
been widely used as a structural and insulation material [5,6]. However, compared with inorganic
materials, RPUF has low density, a large surface area and easy combustion [7–9]. Therefore, it is
important to improve RPUF’s flame retardation performance to increase its popularity. Many scholars
have done a lot of experimental studies, which aim to improve the fire behavior and thermal stability
of RPUF. Compounds containing halogens are good flame retardants, such as tris(2-chloropropyl)
phosphate (TCPP) and decabromodiphenyl ethane (DBDPE) [10,11]. However, halogen-containing
RPUF will release excessive amounts of toxic gases and smoke during burning, which will seriously
endanger human health [12]. Therefore, it is necessary to find an alternative to halogen flame retardants.
Expandable graphite (EG) is also a novel intumescent flame retardant. It is not only a very good flame
retardant, but also has positive characteristics, such as being low-cost and environmentally friendly.
Research has shown that EG played an important role in the condensation phase mainly through the
formation of expansive char layer at high temperature [13,14]. However, EG is added to RPUF, which
makes the foam loose and polycellular, and deteriorates the mechanical properties of RPUF. Therefore,
many researchers have focused on studying the synergistic effects of EG and phosphate, which have
shown good results of flame retardation using polyurethane [15–17].
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Graphene is a two-dimensional material consisting of carbon atom layers arranged in honeycomb
networks and show impressive mechanical, thermal, optical, and electron transport properties [18–21].
It is considered to be a promising multifunctional nano-filler polymer. In recent years, many scientists
believed that graphene and its derivatives were potential flame retardants with good flame retardation
performance. In particular, they along with conventional flame retardant fillers are a promising way
to apply to flame retardant polyurethane [22–27]. Bao et al. made use of in situ polymerization
to functionalize graphene oxide, and applied it to the PS matrices, which dramatically decreased
the peak of heat release rate (PHRR), total heat release (THR), peak CO2 release rate, and peak
CO release compared to those of pure PS [23]. Gavgani et al. reported that graphene oxide (GO),
working synergistically with the intumescent flame retardant (IFR) polyurethane, improved the
burning behavior of composites [24], and the results showed that employing 2 wt % GO along with
18 wt % IFR (IFR/RPUF composite) obtained the limiting oxygen index (LOI) value of 34.0 and UL-94
V-0 rating. Chen et al. prepared RPUF composites with 14.75 wt % MPP and 0.25 wt % GO, which
presented good flame retardancy, and the results of cone calorimeter tests (CONE) showed decreased
PHRR, THR, and total smoke production (TSP) compared to those of the pure RPUF [26].

It is very effective to mix trace amount of GO with different flame retardants for obtaining RPUF
with low flammability. In a previous work, FRPU/fGO composite was successfully prepared and the
results showed that the flame-retardancy and mechanical properties of the composite dramatically
improved. Meanwhile, its LOI value reached 28.1% by adding only 0.25 phr fGO and 10 phr EG/DMMP.
The tensile strength, elongation at break, and compressive strength of FRPU/fGO composite increased
by 41.0%, 50.6%, and 30.0%, respectively [27]. In this study, the effects of graphene oxide and
functionalized graphene oxide on the thermal properties and flame retardation mechanism of the
flame-retardant-polyurethane systems (FRPU) were investigated using thermogravimetric analysis
(TG), Fourier transform infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM).

2. Experimental

2.1. Materials

Polyether polyol (including polyols, blowing agents, surfactant and other modifiers, Cst-1076-B)
and isocyanates (Cst-1076-A) were purchased from Shenzhen Keshengda Trading Co., Ltd., Shenzhen,
China. Sulphuric acid (H2SO4, 98% AR), hydrogen peroxide (H2O2, 30% AR), potassium permanganate
(KMnO4, 99% AR), and boric acid (H3BO3, 99% AR) were purchased from Tianjin Fuchen Chemical
Reagent Co., Ltd., Tianjin, China. DMMP was purchased from Tangshan Yongfa flame retardant
materials factory (Tangshan, China). Graphite powder (98.0%, C) was obtained from Tianjin Zhiyuan
Chemical Reagent Co., Ltd., Tianjin, China. EG (ADT150, 92%) was purchased from Shijiazhuang
Ke Peng flame retardant material factory (China). Furthermore, 3-aminopropyltriethoxysilane
((C2H5O)3–Si–(CH2)3NH2, 98% GR) was supplied by Guangzhou Zhongjie Chemical Technology
Co., Ltd., Guangzhou, China.

2.2. Sample Preparation

GO was prepared from graphite powder using the Hummers method [28], whereas fGO was
prepared using the method reported in a previous work [27]. The GO (1.25 g) was dispersed in 50 mL
of ethanol aqueous solution and stirred for 60 min using ultrasonic agitation treatment at 25 ◦C. Then,
1 mL of 3-aminopropyltriethoxysilane was added to the GO solution, and the mixed solution was
stirred well for 0.5 h at 25 ◦C. Additionally, H3BO3 (0.5 g) was added to the mixed solution with
continuous stirring for 60 min at 25 ◦C. Finally, the mixture was washed 3 times with ethyl alcohol
using suction filtration, and the residuum dried at 60 ◦C for 24 h. Finally, the RPUF samples were
prepared with different formulations (see Table 1) [27].
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Table 1. Formulations containing different additive levels, limiting oxygen index (LOI) value, and
UL-94 rating of the specimens.

Sample
Polyether
Polyol (g)

Isocyanate
(g)

EG (phr)
DMMP

(phr)
GO

(phr)
fGO
(phr)

LOI
(%)

UL-94
Rating

RPUF 50 50 – – – 19.0 No
rating

FRPU 50 50 7.5 2.5 – 26.5 V-1
FRPU/GO 50 50 7.5 2.5 0.25 27.5 V-0
FRPU/fGO 50 50 7.5 2.5 0.25 28.1 V-0

2.3. Testing

The FT-IR spectra of the specimens were obtained on an FTS 2000 FT-IR (Varian, Ok, USA)
operated at 1 cm−1 resolution within the wavelength range of 4000–400 cm−1. The specimen size for
the LOI measurement was 130 × 10 × 10 mm3 using JF–3 LOI apparatus (Nanjing Jiangning Analytical
Instrument Factory, City, China) according to the ASTM D 2863-97. The LOI measurements for each
specimen were repeated three times. The data were reproducible within ±1%. Thermogravimetric
analysis of the RPUF specimens was performed using a HCT2 thermal analyzer under air and nitrogen
atmosphere at a heating rate of 10 ◦C·min−1. All the tests were repeated three times. During the
test, 5.0 mg of sample was put in an alumina crucible and heated from ambient temperature to
700 ◦C. The heating rates were successively varied through values of 5, 10, 15, and 20 ◦C·min−1

under a nitrogen flow rate of 30 mL·min−1. The morphologies of the residues obtained from the
cone calorimeter test were studied using scanning electron microscopy (SEM, KYKYEM-3200, KYKY,
Beijing, China).

3. Results and Discussion

3.1. Flame Retardancy of RPUF Specimens

Flame retardancy of RPUF is generally evaluated using LOI, vertical burning test (UL-94), and
CONE. Their results were reported in a previous work. Its LOI value reached 28.1% after the addition
of 10 phr EG/DMMP and 0.25 phr fGO. The UL-94 test reached V-0 rating. In addition, the results of
CONE showed that the heat release and the harmful and toxic gas release decreased. The PHRR and
THR decreased from 272 to 182 kW/m2 and from 47 to 35 MJ/m2, respectively. Furthermore, the TSP
also dropped from 11.5 to 8.5 m2/ m2 [27].

3.2. Thermal Stability of RPUF Specimens

In order to investigate the thermal stability of RPUF specimens, TG analysis of the foams was
carried out. The TG curves of RPUF specimens under nitrogen and air atmospheres were obtained
and are shown in Figure 1. The corresponding TG data is listed in Table 2. The temperature of 5.0%
degradation was defined as the initial decomposition temperature (Tini), and the temperature at which
the degradation rate reached its maximum value was regarded as Tmax.

As shown in Figure 1 and Table 2, the thermal degradation of RPUF specimens in air atmosphere
can be divided into three steps. In pure RPUF curves, during the range of 110–140 ◦C, some mass
loss occurred due to the volatilization of water vapor in the specimen. The temperature range of the
second degradation step was within the range of 240–450 ◦C, which is mainly attributed to monomer
precursors, such as polyurethane polyols and isocyanates. Subsequently, the isocyanate dimerizes to
form carbodiimide, accompanied by the evolution of volatile compounds, such as CO2, CO, alcohols,
amines, and aldehydes. The temperature range of the third degradation step was 450–700 ◦C, which is
mainly due to the degradation of substituted urea that is formed due to the reaction of carbodiimide
with alcohol or water vapors [2].
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Figure 1. TG and DTG curves of the specimens under nitrogen and air atmospheres: (a) rigid
polyurethane foam (RPUF); (b) flame-retardant-polyurethane systems (FRPU); (c) FRPU/ graphene
oxide (GO); and (d) FRPU/ functionalized graphene oxide (fGO).

Table 2. Typical thermogravimetric analysis (TG) parameters of flame retardant thermosets.

Sample

Air Nitrogen

Tini
(◦C)

Tmax (◦C) Residue at
700 ◦C (%)

Tini (◦C) Tmax (◦C)
Residue at
700 ◦C (%)T1max T2max T3max

RPUF 281 134 317 541 0.5 276 349 15.9
FRPU 257 161 320 549 7.0 256 345 20.3

FRPU/GO 260 163 319 548 9.5 269 346 22.7
FRPU/fGO 269 164 321 551 12.5 278 347 24.4

Compared with the pure RPUF, the thermal degradation of rest of the specimens is similarly
processed. However, in the flame retardant systems, their maximum degradation temperature for the
first degradation stage reached the value of more than 160 ◦C, which was about 30 ◦C higher than that
of the pure RPUF. In addition, the results presented in Table 2 showed that the Tini values of the RPUF
specimens were found in the following ascending order: FRPU < FRPU/GO < FRPU/fGO < RPUF. In
the second and third steps of flame retardant systems, the Tmax values were approximately 320 ◦C and
550 ◦C, respectively, which were higher than those of the pure RPUF. This is due to the interaction of
EG, DMMP, and nanomaterials in FRPU systems.

However, the results presented in Figure 1 and Table 2 showed that the thermal degradation
of RPUF specimens under a nitrogen atmosphere was mainly within the range of 220–430 ◦C. In a
nitrogen atmosphere, Tini of the FRPU specimen reduced from 276 and 256 ◦C, which is due to the
addition of DMMP. When GO or fGO was added to the FRPU, the Tini value increased by 13 ◦C and
22 ◦C, respectively. In addition, the Tmax values of the RPUF specimens were similar to each other.
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As far as the residue yield was concerned, the residue yield of the pure RPUF was less than 0.5%
at 700 ◦C, and the residue yields of other specimens (FRPU, FRPU/GO, and FRPU/fGO) were 7.0%,
9.5%, and 12.5% in air, respectively. It is clear that the residue yields of RPUF specimens were in the
following ascending order: RPUF < FRPU < FRPU/GO < FRPU/fGO. A similar rule for the residue
yield was observed in a nitrogen atmosphere.

According to the above description, it was shown that the thermal stability of flame retardant
systems, especially of fGO, significantly increased due to nanomaterials in both the air and nitrogen
atmospheres during their thermal degradations.

3.3. Decomposition Activity Energies

In order to obtain a better understanding of the degradation process and the effects of GO and
fGO on the thermal stability of RPUF, the decomposition activity energies of RPUF specimens were
calculated using the equation of Kissinger [29]. The TG curves of RPUF specimens in a nitrogen
atmosphere at the heating rates of 5, 10, 15, and 20 ◦C·min−1 are shown in Figure 2. According to
the Kissinger’s method, the activation energies (Ea), temperature of the maximum reaction rate at a
constant heating rate (Tm), and heating rate (Φ) are correlated using Equation (1).

d ln
(
Φ/T2

m
)

d(1/Tm)
=

−Ea

R
(1)

From the slope of the plot of ln(Φ/Tm
2) versus 1/Tm, Ea can be calculated (E = R × slope). The

calculation process is shown in Figure 3. Table 3 presents the activation energies (Ea) of various RPUF
specimens. As observed from the results presented in Table 3, the Ea for the decomposition of RPUF
is 130 kJ·mol−1, while that of EG/DMMP/RPUF (FRPU) is 128 kJ mol−1, which shows a drop of
around 2.0 kJ·mol−1 and may be due to the catalytic effect of EG/DMMP on the decomposition and
carbonization of RPUF. Additionally, the Ea values of FRPU/GO and FRPU/fGO are much higher
than those of FRPU, and have the values of 167 kJ·mol−1 and 191 kJ·mol−1, respectively. Generally, the
higher the activation energy, the more difficult the degradation of the material. The thermal stability
of fGO is better than that of GO, which shows that fGO has better efficiency to increase the thermal
stability of RPUF.

Table 3. Activation energies (Ea) of the RPUF specimens.

Sample Heating Rate, Φ (◦C·min−1) Tm (◦C) Activation Energy, Ea (kJ·mol−1)

RPUF

5 326.6

130
10 347.0
15 349.3
20 358.0

FRPU

5 325.6

128
10 338.2
15 346.1
20 357.7

FRPU/GO

5 330.2

170
10 338.0
15 348.2
20 353.3

FRPU/fGO

5 330.3

191
10 339.3
15 346.7
20 351.8
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Figure 2. TG curves of the RPUF specimens in a nitrogen atmosphere at the heating rates of 5, 10, 15,
and 20 ◦C·min−1: (a) RPUF; (b) FRPU; (c) FRPU/GO; and (d) FRPU/fGO.

Figure 3. Kissinger method applied to the experimental TG data of RPUF specimens at different heating
rates under a nitrogen atmosphere.

3.4. FT-IR Analysis of the Residues Heated to Specific Temperatures

In order to further study the process of thermal degradation of RPUF specimens, the residues
of RPUF, FRPU, FRPU/GO, and FRPU/fGO were obtained by heating the specimens to specific
temperatures under a nitrogen atmosphere. The specific temperatures were set to be 200, 300, 400, 500,
and 600 ◦C. The FT-IR spectra of the residues are presented in Figure 4.
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Figure 4. Fourier transform infrared (FT-IR) spectra of the RPUF specimens obtained at specific
temperatures: (a) RPUF; (b) FRPU; (c) FRPU/GO; and (d) FRPU/fGO.

As can be seen from Figure 4, the FT-IR spectra of all samples show a similar absorption peak
at 25 ◦C. The 2925 cm−1 and 2866 cm−1 absorption peaks correspond to stretching mode of C–H in
CH2 and CH3, respectively [30]. The peaks around 1590 cm−1 are assigned to the vibration of the
aromatic ring [31]. The peaks around 1409 cm−1 are typical for the deformation vibration of CH2.
Additionally, the peak near 1117 cm−1 belongs to the C–O–C stretching vibration [32]. With the increase
in temperature, the changes in FT-IR spectra for the four samples are found to be similar. However,
when the temperature increases to 500 ◦C, there are nearly no absorption peaks near 2925 cm−1 and
2866 cm−1 in the FT-IR spectra of pure RPUF and FRPU. Furthermore, the weakened intensities of
the bands at 1590 cm−1 and 1409 cm−1 are caused by the gradual degradation of the molecular chain.
As for FRPU/GO and FRPU/fGO, these peaks still exist and are hardly weakened. Furthermore,
the stretching vibration of C–H in methyl and methylene of FRPU/fGO specimen is well preserved
at 600 ◦C, which indicates that the addition of fGO increases the thermal stability of FRPU at high
temperature. This result is consistent with the conclusions obtained from the thermogravimetric
analysis. Therefore, the higher heat resistance of FRPU/fGO specimen indicates that there is a
synergistic effect between fGO and EG/DMMP.

3.5. Digital Photos and SEM Images of Char Residue

In order to elucidate the possible flame retardant mechanism of the condensed phase, the burnt
samples were carefully observed. Figures 5 and 6 show the digital photos and SEM images of the
residues of RPUF, FRPU, FRPU/GO, and FRPU/fGO samples collected after the CONE, respectively.
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Figure 5. Digital photos of the residues of RPUF samples: (a) RPUF; (b) FRPU; (c) FRPU/GO; and (d)
FRPU/fGO.

From the macroscopic digital photos (Figure 5), the degree of carbonization of char residues
obviously improved with the addition of flame retardant and nano-filler. It can be observed that the
macroscopic surface morphology mainly exists in the “vermicular” expanded carbon layer, except
for the pure sample. This is because the flame retardants of FRPU samples mainly consist of EG,
which expands in volume under high temperature to form “vermicular” expanded carbon layer [33].
When EG and DMMP are compounded, the compactness and strength of the “vermicular” expanded
carbon layer will increase, which is due to the reason that DMMP produces phosphoric acid and
polyisophosphoric acid of a nonvolatile viscous liquid membrane at high temperature. At the same
time, for the micromorphology of char-formed FRPU samples (as shown in Figure 6), the addition
of DMMP makes the char layer thicker and denser after combustion, and there are basically no
holes on the surface of the carbon layer. Especially, the “vermicular” surface of FRPU/GO and
FRPU/fGO obviously became flatter and more continuous compared to the FRPU sample. Furthermore,
the “vermicular” expanded char layer becomes dense and complete, resulting in more unbroken
vesicles on the underlying surface of the char layer. The results showed that the nanomaterials
enhanced the compactness and strength of “vermicular” expanded char layer, improved the insulation
ability of the char layer to gas and heat, and significantly improved the flame retardant property and
smoke suppression effect of the foam. Particularly, the FRPU sample with fGO exhibited a significantly
better effect.
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Figure 6. Scanning electron microscopy (SEM) images of the residues of RPUF samples: (a) RPUF; (b)
FRPU; (c) FRPU/GO; and (d) FRPU/fGO.

4. Conclusions

The use of graphene oxide or functionalized graphene oxide as an effective synergistic agent for the
FRPU system improved the flame retardancy of EG/DMMP/RPUF composites. The thermogravimetric
analysis results showed that there were increments in Tini and residue mass for the FRPU/GO and
FRPU/fGO specimens compared with those of FRPU under both the air and nitrogen atmosphere.
Furthermore, the TG kinetics results showed that the Ea of FRPU/GO and FRPU/fGO were much
higher than those of FRPU, and had values of 170 kJ·mol−1 and 191 kJ·mol−1, respectively. The FT-IR
analysis of residues showed that the quantity of flammable and nonflammable products increased at
high temperature. Therefore, it can be seen that the thermal stability of nanocomposites improved
obviously. From the microstructure of the nanocomposites, it was found that GO and fGO enhanced
the char layer and made it continuous and compact. Additionally, the structural strength of residues is
significantly higher than that of FRPU system. The formation of a continuous and compact carbon
shield effectively inhibits the release of heat and combustible organic volatiles. The flame retardancy
of FRPU system containing GO and fGO obviously improved.
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Abstract: In order to explore flame retardant systems with higher efficiency in rigid polyurethane
foams (RPUFs), aluminum hydroxide (ATH), [bis(2-hydroxyethyl)amino]-methyl-phosphonic acid
dimethyl ester (BH) and expandable graphite (EG) were employed in RPUF for constructing ternary
synergistic flame retardant systems. Compared with binary BH/EG systems and aluminum oxide
(AO)/BH/EG, ATH/BH/EG with the same fractions in RPUFs demonstrated an increase in the
limited oxygen index value, a decreased peak value of heat release rate, and a decreased mass loss rate.
In particular, it inhibited smoke release. During combustion, ATH in ternary systems decomposed
and released water, which captured the phosphorus-containing products from pyrolyzed BH to
generate polyphosphate. The polyphosphate combined with AO from ATH and the expanded char
layer from EG, forming a char layer with a better barrier effect. In ternary systems, ATH, BH, and EG
can work together to generate an excellent condensed-phase synergistic flame retardant effect.

Keywords: flame retardancy; foams; phosphorus; ternary synergistic effect

1. Introduction

Rigid polyurethane foams (RPUFs) are widely used in thermal insulation, space filling, and other
applications due to their excellent properties, which include excellent low heat conductivity, light weight,
high compressive strength, low moisture permeability, and electrical insulating properties [1–4]. However,
RPUF is also an easily flammable material, but most of its applications have the requirement of flame
retardancy [5–7]. Thus, if the flammability of RPUFs were not improved, RPUFs would be limited in their
application range due to the absence of anti-fire safety. Therefore, different addition-type and reactive-type
flame retardants have been employed to prepare RPUF matrices with flame retardancy [8–10].

These flame retardants are usually based on certain elements, such as phosphorus, nitrogen,
or halogens [11–13]. The reported addition-type additives include dimethyl methylphosphonate
(DMMP) [14–16], hexa-phenoxy-cyclotriphosphazene [17], polydopamine [18], ammonium
polyphosphate [19,20], tris-(2-chloropropyl)-phosphate [21], polyhedral oligomeric silsesquioxane [22],
dimethylpropanphosphonate [23], carbon nanotube [24], aluminum hydroxide (ATH) [25,26],
magnesium hydroxide [27], expandable graphite (EG) [28], and so on. They all effectively enhance
the flame retardancy of RPUFs. Additionally, reactive-type compounds have also been reported to
endow RPUFs with excellent flame retardancy, such as [bis(2-hydroxyethyl)amino]-methyl-phosphonic
acid dimethyl ester (BH) [29], phosphorylated soybean oil [30], phosphorylated polyols [31], etc.
By means of these actions, RPUFs did not obtain high flame retardancy when they were utilized alone.
As a consequence, the above flame retardants alone did not have a sufficient flame retardant efficiency.
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Some of the flame retardant additives mainly quench free radical chain reactions in the gas phase;
some of them mainly promote charring in the condensed phase; some of them simultaneously exert
actions both in gas and condensed phases; and some of them react with other flame retardants to
generate a better effect. However, when they are jointly employed in certain compositions, a higher
flame retardant efficiency of RPUFs forms. In the reported literature, BH/EG systems in RPUFs can
exert the addition of flame retardant effects [29] and DMMP/BH/EG systems in RPUFs generated
continuously released flame retardant effects [32]. The two systems each brought a higher flame
retardant efficiency to RPUFs than a single flame retardant additive.

According to the previous reports, the systems with a high flame retardant efficiency almost
required the utilization of different flame retardant effects from different components.

In this thesis, the ternary system ATH/BH/EG was employed to construct high-performance
flame retardant RPUFs. The ternary synergistic working mechanism of ATH/BH/EG on RPUFs
was systematically investigated and discussed, which provided an effective way to construct novel
synergistic flame retardant systems.

2. Experiment

2.1. Materials

(1) Polyether polyol (450L) was purchased from Dexin Lianbang Chemical Industry Co., Ltd.
(Zibo, Shandong, China). The primary properties of DSU-450L were as follows: hydroxyl value,
450 ± 10 mg KOH equivalent/g; water content, ≤0.1 wt.%; viscosity (25 ◦C), 6000–10,000 mPa·s;
potassium ion (K+), ≤8 mg/kg; pH, 4 to 6. (2) The 30% potassium acetate solution (KAc) was used
as a catalyst and purchased from Liyang Yutian Chemical Co., Ltd. (Changzhou, Jiangsu, China).
(3) Pentamethyldiethylenetriamine (Am-1), an effective catalyst for RPUFs, was obtained from Liyang
Yutian Chemical Co., (Changzhou, Jiangsu, China). (4) N,N-Dimethylcyclohexylamine (DMCHA) was
purchased from Jiangdu Dajiang Chemical Co., Ltd. (Yangzhou, Jiangsu, China). (5) The silicone foam
stabilizer (SD-622) for RPUFs was purchased from Siltech New Materials Corporation (Suzhou, Jiangsu,
China). (6) Deionized water was prepared in-laboratory, and was used as an auxiliary blowing agent.
(7) 1,1-Dichloro-1-fluoroethane (HCFC-141b) was supplied by Hangzhou Fushite Chemical Industry Co.,
Ltd. (Hangzhou, Zhejiang, China), and was used as a blowing agent. (8) Polyphenylpolymethylene
isocyanate (PAPI, 44V20) was purchased from German Bayer Company (Leverkusen, Germany).
The primary performance indices were as follows: –NCO weight percent, 30%; monomer MDI content,
52%. (9) Expandable graphite (EG) (ADT 350) was produced by Shijiazhuang ADT Carbonic Material
Factory (Shijiazhuang, Hebei, China). The primary properties of EG were as follows: moisture, 0.56%; pH,
7.0; expansion rate, 350 mL/g; volatility, 17.1%; ash, 4.8%; particle size (≥300 mm), 83%; and purity, ≥95%.
(10) [Bis(2-hydroxyethyl)amino] methyl phosphonic acid dimethyl ester (BH) was supplied by Qingdao
Lianmei Chemical Industry Co., Ltd. (Qingdao, Shandong, China). (11) Aluminum hydroxide (ATH)
was supplied by Jinan Taixing Chemical Industry Co., Ltd. (Jinan, Shandong, China). (12) Aluminum
oxide (AO) was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China).

2.2. Preparation of RPUFs

ATH/BH/EG-filled RPUFs were prepared by box-foaming. The formulae are listed in Table 1.
First of all, polyether polyol 450L, catalyst, 141b, and the three flame retardants ATH, BH, and EG were
pre-mixed in a container using a stirrer to get a uniform mixture. Then, PAPI was immediately poured
into the mixture, and the mixture was stirred at a high speed for 20 s. During expansion, the mixture
was transferred into a mold (250 mm × 250 mm × 60 mm) to obtain a free-rise foam. After foaming,
the samples were aged for 24 h. After aging, the foams were cut to the standard specimens. The sample
without flame retardants was referred to as “neat RPUF”. All the flame retardant samples were
named as follows: RPUF containing 14 wt.% ATH, 14 wt.% BH, and 6 wt.% EG was referred to as
14ATH/14B/6E/PU.
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Table 1. Formulae of flame retardant rigid polyurethane foams (RPUFs) a.

Samples FR Ratio (%) ATH (g) AO (g) BH (g) EG (g) 450L (g)

Neat RPUF 0% – – – – 72.0
8ATH/14B/6E/PU 8%ATH/14%BH/6%EG 19.1 – 33.5 14.3 43.0
14ATH/14B/6E/PU 14%ATH/14%BH/6%EG 35.5 – 35.5 15.5 43.0

8AO/14B/6E/PU 8%ATH/14%BH/6%EG – 19.1 33.5 14.3 43.0
14AO/14B/6E/PU 14%ATH/14%BH/6%EG – 35.5 35.5 15.5 43.0

19.6B/8.4E/PU BH:EG 14:6 – – 46.3 20.1 43.0
28ATH/PU 28%ATH 78.0 – – – 72.0
28AO/PU 28%AO – 78.0 – – 72.0

a Catalyst 6.2 g, 141b 14.4 g, and polyphenylpolymethylene isocyanate (PAPI) 108 g in every formula. 450L: polyether
polyol; ATH: aluminum hydroxide; AO: aluminum oxide; BH: [bis(2-hydroxyethyl)amino]-methyl-phosphonic acid
dimethyl ester; EG: expandable graphene.

2.3. Characterization

The limited oxygen index (LOI) values were detected via Fire Testing Technology (Fire Testing
Technology, London, UK) Dynisco LOI instrument according to ASTM D2863-97, and the sample
dimensions were 100.0 mm × 10.0 mm × 10.0 mm.

The cone calorimeter test was characterized using an FTT instrument (Fire Testing Technology,
London, UK) based on ISO5660 at an external heat flux of 50 kW/m2. The dimensions of the samples were
100.0 mm × 100.0 mm × 30.0 mm. The reported parameters were the average from two measurements.

The micro-morphology of the residual char from the cone calorimeter test with a conductive gold
layer was observed using a scanning electron microscope (SEM, Tescan Vega II, Tescan SRO Co., Brno,
Czech Republic) under high vacuum with a voltage of 20 kV.

The element compositions of the residues from cone calorimeter tests were investigated using
the Perkin Elmer PHI 5300 ESCA X-ray photoelectron spectrometer (XPS) (Waltham, MA, USA).
The selected residues were sufficiently grinded and mixed before analysis.

The apparent densities of the samples were calculated according to ISO 845:2006. The dimensions
of the samples were 30.0 mm × 30.0 mm × 30.0 mm.

The compressive strength was tested using a CMT6004 electromechanical universal testing machine
(MTS systems Co. Ltd., Shanghai, China) according to ISO 844-1787. The sample dimensions were
50.0 mm × 50.0 mm × 50.0 mm. The relative distortion of the compressed sample was more than 10%.

3. Results and Discussion

3.1. Flame Retardancy

To evaluate the preliminarily flame retardancy of RPUFs first, the LOI values of the specimens
were investigated. The corresponding results are listed in Table 2. The incorporating fraction of ATH
or AO inorganic components was 8 wt.% and 14 wt.%, whereas the fraction of BH/EG (mass ratio
14:6) was sustained unchanged at 20 wt.% in the RPUF matrix [29] because the ratio of BH/EG was the
optimal one which could bring better flame retardancy to RPUFs in sifting formulae [29]. According to
the LOI data in Table 2, the results showed that a 28 wt.% high fraction of ATH and AO increased the
LOI values of RPUFs slightly when they were used alone. That said, when 8 wt.% ATH or AO were
incorporated with 14 wt.% BH and 6 wt.% EG into RPUFs, their LOI values were sustained above 30%.
If the fractions of AO or ATH in these systems were continuously increased to 14 wt.%, the LOI value
of 14ATH/14B/6E/PU was further enhanced to 34%, whereas that of 14AO/14B/6E/PU did not
obviously change. The results also revealed that both ATH and AO have the potential to impose flame
retardancy to RPUFs, but ATH exerted the working effect more effectively than AO in the LOI test.
Further, the LOI value of 8ATH/14B/6E/PU was nearly the same as that of the 19.6B/8.4E/PU system,
but higher than 28ATH/PU, which preliminarily discloses that ATH/BH/EG has a ternary synergistic
flame retardant effect on RPUFs.
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Table 2. Tested results of LOI and cone calorimeter test (0–400 s).

Samples LOI (%)
PHRR

(kW/m2)
av-EHC
(MJ/kg)

THR
(MJ/m2)

TSR
(m2/m2)

av-COY
(kg/kg)

av-CO2Y
(kg/kg)

Neat RPUF 19.4 322 ± 8 20.8 ± 1.0 27.1 ± 0.8 899 ± 22 0.24 ± 0.04 2.52 ± 0.23
8ATH/14B/6E/PU 31.2 120 ± 2 18.5 ± 0.0 19.4 ± 0.3 625 ± 19 0.20 ± 0.02 2.20 ± 0.14

14ATH/14B/6E/PU 34.0 117 ± 2 18.8 ± 0.8 20.1 ± 0.1 496 ± 16 0.21 ± 0.05 2.31 ± 0.04
8AO/14B/6E/PU 30.6 129 ± 2 17.1 ± 0.7 21.7 ± 0.4 709 ± 17 0.21 ± 0.03 1.95 ± 0.30
14AO/14B/6E/PU 30.7 129 ± 2 17.3 ± 0.4 21.1 ± 0.7 707 ± 28 0.28 ± 0.00 2.48 ± 0.02

19.6B/8.4E/PU 31.0 132 ± 5 18.2 ± 0.4 20.9 ± 0.7 744 ± 21 0.22 ± 0.01 2.36 ± 0.01
28ATH/PU 22.3 285 ± 15 21.0 ± 0.1 35.5 ± 0.3 1165 ± 34 0.19 ± 0.03 2.32 ± 0.50
28AO/PU 24.5 215 ± 10 18.5 ± 0.8 32.4 ± 0.5 1091 ± 47 0.18 ± 0.01 2.64 ± 0.07

In order to investigate the ternary synergistic reason of ATH/BH/EG systems’ efficacy in RPUF,
and to explore the high-performance system in RPUFs, cone calorimeter and other tests were conducted,
and the test results disclosed more clues. The typical data are listed in Table 2, including the peak value
of heat release rate (PHRR), total heat release (THR), average effective heat of combustion (av-EHC),
total smoke release (TSR), average yield of CO (av-COY), and average yield of CO2 (av-CO2Y).
The curves of heat release rate (HRR) are represented in Figure 1, and mass loss curves are illustrated
in Figure 2.

From Figure 1 and Table 2, the HRR value of neat RPUF dramatically increased and reached
the maximum burning intensity after ignition, and the PHRR of neat RPUF reached 322 kW/m2,
whereas the corresponding values of 28ATH/PU and 28AO/PU were respectively 215 and 285 kW/m2,
indicating that ATH and AO alone can inhibit burning intensity, and that ATH has a stronger inhibition
effect than AO. The ternary and binary flame retardant specimens, ATH/BH/EG, AO/BH/EG,
and BH/EG, all obviously decreased the PHRR and THR values compared with neat RPUF. In contrast
to BH/EG, ATH/BH/EG endowed RPUFs with a lower HRR value when the total addition fractions
of flame retardants in RPUFs were 28 wt.%, whereas the AO/BH/EG samples did not show the same
trend as ATH/BH/EG. 14ATH/14B/6E/PU also showed a lower HRR intensity than the comparison
samples 19.6B/8.4E/PU and 14AO/14B/6E/PU before 200 s, which belonged to the main burning zone,
indicating that three flame retardant components ATH/BH/EG synergistically inhibited burning
intensity at a lower level. Moreover, an increased additional amount of ATH or AO in RPUF with
constant 14 wt.% BH and 6 wt.% EG did not cause an obvious change in PHRR and THR. All the results
obviously disclose that ATH has a better inhibition effect in burning intensity than AO, and that ATH
can also exert a synergistic flame retardant effect in flame inhibition with BH/EG. This is probably
caused by the endothermic decomposition and water release reaction from ATH.

Neither ATH nor AO brought an obvious reduction effect on THR in BH/EG/RPUF systems.
ATH and AO added or not in RPUF with BH/EG did not obviously affect the av-EHC value,
indicating that neither ATH nor AO had a quenching effect on the free radical chain reactions of
combustion. Further, when they were evolved in PRUFs without other flame retardants, they caused
stronger combustion.

According to TSR data, BH/EG systems did not suppress the smoke release because BH is
a phosphorus-containing compound, which was decomposed to the fragments with a quenching effect
to generate incomplete combustion. However, when ATH was incorporated into BH/EG/RPUFs,
the TSR value of 14ATH/14B/6E/PU was reduced by 33.3% compared with that of 19.6B/8.4E/PU.
The results implied that ATH had an outstanding smoke suppression effect in ATH/BH/EG systems.
However, AO did not show similar effects on smoke release in AO/BH/EG systems. The only
difference between ATH and AO is that ATH can undergo an endothermal reaction and decompose to
release water before producing AO during combustion. The endothermal reaction will not directly
suppress the smoke release, and neither will the product AO. The water from decomposed ATH should
be determined as the only working component in suppressing smoke.
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Figure 1. Heat release rate (HRR) curves of typical flame retardant rigid polyurethane foams (RPUFs).

Figure 2. Mass loss curves of RPUFs.

The normalized MLR curves from cone calorimeter are illustrated in Figure 2. When ATH or AO
were incorporated into BH/EG/RPUFs, more decomposed fragments were reserved in residues and
the mass loss rates were evidently reduced. In fact, AO does not decompose during combustion and it
is be reserved in the residue directly. Thus, the mass loss ratio should be reduced. Although ATH has
the capacity to decompose to release water and reduce mass, ATH still made more residue reserved in
ATH/BH/EG/RPUFs than AO. The water from ATH should exert crucial actions during the charring
process. It could be deduced that the phosphorus-containing fragments reacted with water to produce
polyphosphate in the residue. Accordingly, the mass loss was reduced and the smoke release also was
inhibited. In subsequent discussion, more evidence will be provided to supporting this deduction.

All the av-COY and av-CO2Y values of ATH/BH/EG/RPUFs or AO/BH/EG/RPUFs were
decreased compared with neat RPUF. These results were similar to those of BH/EG/RPUFs.
Therefore, the inhibition effect on flame from the ternary ATH/BH/EG system was a resulted of
the BH/EG system.
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3.2. The Analysis of Residual Char Digital Photos

Digital photos of the residual char of typical samples after the cone calorimeter test are shown
in Figure 3. In Figure 3A, a little residue of the neat RPUF remained after burning, whereas
14AO/14B/6E/PU and 14ATH/14B/6E/PU obtained more residue than neat RPUF. It can be clearly
observed that ATH and AO promoted the formation of a compact char layer. Compared with
14AO/14B/6E/PU, 14ATH/14B/6E/PU had a difference in char layer. A large amount of white
powder appeared on the char surface of 14ATH/14B/6E/PU, which may have been caused by AO
from decomposed ATH after dehydration. However, 14AO/14B/6E/PU directly containing AO did
not show the same phenomenon. This is because AO powders were covered by residue fragments
produced by the matrix. The results also testified that the water from ATH did not directly react
with the smoke fragments in the gas phase, and that it should capture the phosphorus-containing
components in the condensed phase, and thus less smoke was formed. The working effect of water
from ATH resulted in white AO powder from decomposed ATH appearing on the residue surface.

Figure 3. Digital photos of residues from the cone calorimeter test. (A) Neat RPUF; (B) 14AO/14B/6E/PU;
(C) 14ATH/14B/6E/PU.

3.3. SEM and Elemental Analysis of Residues after Cone Calorimeter Test

In order to further disclose the flame retardant mechanism of ATH/BH/EG systems, SEM photos
of residue were obtained from 14ATH/14B/6E/PU and 14AO/14B/6E/PU samples, and they are
listed in Figure 4. In Figure 4A,a, the SEM photos from 14ATH/14B/6E/PU clearly show that the
tiny solid particles were evenly dispersed and adhered to the residue surface. The combination of AO
powders from decomposed ATH with residue implied that the deduced reaction between them had
occurred. The reason is that the produced AO particles from ATH will be packed in residue if there
is no reaction between ATH and the decomposed matrix, as AO and the matrix in Figure 4B,b show.
In the 14AO/14B/6E/PU residue sample, many aggregated globular AO particles were wrapped
up by residue, which made AO not fully covered on the char surface to form a protective effect.
Therefore, as the previous deduction concludes, the water released from ATH should directly react
with phosphorus-containing components in the matrix before the components are released to the
gas phase. ATH with BH/EG fully jointly interacted to lock in more components from the matrix in
the residue, which is why ATH/BH/EG generated ternary synergistic flame retardant effects in the
condensed phase.

To further investigate the mechanism of ATH’s action in 14ATH/14B/6E/PU, the elemental ratios
in residues were detected using XPS. Table 3 lists three residue samples after the cone calorimeter test.
Compared with 14AO/14B/6E/PU and 19.6B/8.4E/PU, the residue of 14ATH/14B/6E/PU obviously had
a greater phosphorus content, verifying that ATH exerted the capturing action on phosphorus-containing
components during combustion. As per the deduction in the previous discussion, the water released
from ATH should react with the decomposition products from an aliphatic phosphorus-oxide structure to
generate polyphosphoric acid, and then form polyphosphate, thereby increasing the barrier effect of the
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char layer to heat and flame. In order to confirm this deduction, we further analyzed the energy spectrum
of the phosphorus and aluminum to seek more direct evidence.

Figure 4. SEM photos of residues after the cone calorimeter test. (A) 400×, 14ATH/14B/6E/PU; (a)
1000×, 14ATH/14B/6E/PU; (B) 400×, 14AO/14B/6E/PU; (b) 1000×, 14AO/14B/6E/PU.

Table 3. Elemental contents of residues from flame retardant RPUFs.

Samples C (%) N (%) O (%) P (%) Al (%)

14ATH/14B/6E/PU 55.33 3.69 26.18 9.37 5.41
14AO/14B/6E/PU 66.21 5.64 17.45 5.62 5.34

19.6B/8.4E/PU 81.86 6.31 8.84 2.28 0

The different phosphorus binding energies from XPS in Figure 5 support the previous deduction.
The binding energy values 131.5 and 131.0 eV of phosphorus in 14AO/14B/6E/PU and 19.6B/8.4E/PU
residues were close to each other, implying that the phosphorus elements stayed in similar chemical
structure, and AO just slightly interacted with phosphorus-containing components from BH. However,
the phosphorus in the residue of 14ATH/14B/6E/PU showed a different binding energy result.
The binding energy value of the phosphorus raised to 132.5 eV, which is closer to the 132.8 eV of
phosphorus in melamine polyphosphate (MPP). This result reveals that the phosphorus content from
BH in 14ATH/14B/6E/PU was converted to a polyphosphate structure, as is the phosphorus style
in MPP. Since the phosphorus components in 14AO/14B/6E/PU and 19.6B/8.4E/PU all did not generate
similar binding energy values, it can be determined that the existence of ATH helped the phosphorous
components to form a polyphosphate structure. Further, the one difference between ATH and AO in
decomposition products is that ATH can release water during decomposition. Water from ATH should
be the crucial medium to help phosphorus in BH to transform to a polyphosphate structure.
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Figure 5. Energy spectra of phosphorus in residues and melamine polyphosphate (MPP).

3.4. Ternary Synergistic Flame Retardant Mechanism of ATH/BH/EG in RPUFs

In ATH/BH/EG ternary flame retardant systems, the condensed-phase synergistic flame retardant
mechanism of ATH with BH/EG was systematically investigated. The ATH/BH/EG ternary synergistic
flame retardant mechanism is illustrated in Figure 6. When the RPUFs containing ATH/BH/EG were
ignited, EG expanded rapidly and formed a worm-like thermal-insulating layer. At the same time, water
molecules were produced from decomposed ATH. Then, the water directly combined or captured
phosphate-containing components or their derivatives to generate polyphosphate. The worm-like
expanded graphite, AO, and polyphosphate combined with each other to form a phosphorus-rich
compact char layer. The char layer not only prevented the release of combustible gas, but also inhibited
the thermal feedback to the RPUF matrix and further effectively decreased the decomposition velocity
of the matrix. The formation of polyphosphate also locked more phosphorus and carbonaceous
components in the residue, which reduced the “fuel” and smoke density. ATH/BH/EG generated
a well-working condensed-phase ternary synergistic effect, which can endow RPUFs with better flame
retardant performance.

Figure 6. Flame retardant mechanism of ATH/BH/EG system in RPUFs.
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3.5. Physical Properties

As a thermal insulation material, RPUFs must meet the demand of flame retardant performance,
and at the same time also need to possess the necessary physical-mechanical properties. The physical
properties of the samples (i.e., compressive strength and apparent density) were tested, and the results
are listed in Table 4. Apparent density is a very important factor in the usability of RPUFs. ATH, AO,
and EG are solid fillers with a higher density in flame retardant systems. Therefore, with an increasing
ratio of AO and ATH, the apparent density of RPUFs also increased. From Table 4, the incorporation of
AO and ATH led to increasing apparent density of RPUFs to between 47 and 56 kg·m−3. The apparent
density can be accepted as a measure of heat insulation flame retardant RPUF materials in practice.
The data of apparent density also indicate that the ATH/BH/EG flame-retardant system did not
affect the foaming process. Compression strength can reveal the mechanical properties and usability
of the RPUF materials. Through the previous discussion, ATH/BH/EG systems can endow better
flame retardant performance than AO/BH/EG systems, but AO/BH/EG systems have a higher
compression strength.

Table 4. Apparent density and compression strength of RPUFs.

Samples Apparent Density (kg/m3) Compression Strength (MPa)

Neat RPUF 35.2 0.20
8ATH/14B/6E/PU 47.4 0.19
14ATH/14B/6E/PU 55.5 0.18

8AO/14B/6E/PU 51.8 0.24
14AO/14B/6E/PU 54.8 0.27

19.6B/8.4E/PU 49.6 0.22

4. Conclusions

In this work, the ternary synergistic flame retardant behavior of ATH/BH/EG in RPUFs was
investigated. Compared with AO/BH/EG and BH/EG flame retardant systems, ATH/BH/EG with
the same fractions obviously increased the LOI value, decreased the PHRR, and effectively inhibited
the TSR of RPUFs. The better flame retardancy of ATH/BH/EG systems in RPUFs was a result of the
condensed-phase ternary synergistic flame retardant effect. During combustion, the water molecules
from decomposed ATH directly reacted with or captured phosphorus-containing components to
generate polyphosphate, reserved in a char layer. The worm-like expanded graphite, AO from
decomposed ATH, and polyphosphate combined with each other to form a char layer with a better
barrier effect to endow RPUFs with better flame retardancy. ATH, BH, and EG in RPUF can jointly
work together and generate condensed-phase synergistic flame retardant effects during combustion.
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Abstract: In the European Union, the demand for polyurethane is continually growing. In 2017,
the estimated value of polyurethane production was 700,400 Tn, of which 27.3% is taken to landfill,
which causes an environmental problem. In this paper, the behaviour of various polyurethane foams
from the waste of different types of industries will be analyzed with the aim of assessing their
potential use in construction materials. To achieve this, the wastes were chemically tested by means of
CHNS, TGA, and leaching tests. They were tested microstructurally by means of SEM. The processing
parameters of the waste was calculated after identifying its granulometry and its physical properties
i.e., density and water absorption capacity. In addition, the possibility of incorporating these wastes
in plaster matrices was studied by determining their rendering in an operational context, finding
out their mechanical resistance to flexion and compression at seven days, their reaction to fire as
well as their weight per unit of area, and their thermal behaviour. The results show that in all cases,
the waste is inert and does not undergo leaching. The generation process of the waste determines the
foam’s microstructure in addition to its physical-chemical properties, which directly affect building
materials in which they are included, thus offering different ways in which they can be applied.

Keywords: polymer waste; polyurethane foam; leaching test; microstructure

1. Introduction

According to the latest report published by Plastic Europe-the Facts 2017 [1], the demand for
plastic in Europe in 2016 was 49.9 MTn, 3.1% higher as regards to 2014. Of this demand, 7.5% is
polyurethane, which implied an annual demand of 3.78 MTn in 2017. Of the 3.78 MTn, approximately
70% is in the form of foam (1.40 MTn of flexible foam, 1.22 MTn rigid foam), 30% being that of
polyurethane elastomers and other products. Of the 2.62 MTn of PU foam, approximately 27%
of waste is generated (700,400 Tn), of which, 31.1% is recycled (220,000 Tn), 41.3% is incinerated
(294,278 Tn) and the remaining 27.3% is taken to landfill (193,120 Tn). The sectors according to
demand are: Construction and building (24.5%); automotive (19.5%), refrigeration (21.3%) and other
sectors within the textile industry, usage in technology, etc. (34.7%). The majority of polyurethane
products such as low- and high-density foam are thermostable [2]. The material is characterized by
its lattice structure, maintaining its shape and resistance under high-pressure and high-temperature
conditions that end up degrading, thus after it has been manufactured, and after it reaches gelation
point, the material cannot be melted in order to be remodeled into other products. As a consequence
of this, the recycling process of thermostable polyurethanes is complex and unprofitable (chemical,
mechanical and thermochemical recycling) [3]. As regards recovery techniques based on incineration
in order to regain energy, there are environmental disadvantages due to the emission of atmospheric
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contaminants such as HCB dioxins and the emission of fine particles [4]. These disadvantages, along
with the large amount of waste taken by landfills, prompt a search for alternative ways to recover
this type of waste. Over the past decade, European obligations to control the environmental impact
of waste incineration (Directive 2000/76/CE) [5] and of landfill of waste (Directive 2008/98/CE) [6]
have led to the increased cost of these waste treatment options. These costs will increase as more strict
controls are introduced; as taxes on landfill and on incineration increase, this further encourages reuse.

Several studies have researched the option of reusing polyurethane foam waste, combined
with pitch binders, and PU foam waste as a dry aggregate in different cement or gypsum matrices.
Studies on cement and PU mortars have shown that there is a positive influence of these recycled
aggregates on their manufacturing, which ensures excellent durability, even with regard to other
traditional aggregates [7]. Previous research has led us to think that this polymer is able to reduce the
amount of sand in cement mortars by substituting sand with PU by between 13–33% [8], 25–50% [9]
or even 25–100% [10], all of these accounting for substitution in volume. The choice of the volume
of substitution depends on the characteristics that are desired to be achieved in the final product.
Products that are considerably more flexible and hydrophobic than other conventional materials [11]
could potentially be obtained. In reference to research on gypsum material with polyurethane, results
establish the compatibility of PU waste with a gypsum-based aggregate by combining different
amounts of the PU waste in order to obtain a new cladding material for façades with thermal
insulation properties [12]. Other research has advanced the design of this material, incorporating it in
prefabricated gypsum materials that is extremely lightweight and has thermal and sound insulation
properties. Laboratory tests have been carried out to improve the mechanical properties of these
materials by means of the inclusions of additives and fibres [13]. Nevertheless, there is still a long
way to go in order to optimise the properties of these materials, fundamentally, in terms of their fire
reaction properties and acoustic improvements. One of the key parameters for this is a thorough study
of the waste’s physical, chemical and micro structural characteristics, which can vary depending on
its provenance.

The aim of this research is centred on the analysis of the properties of five polyurethane wastes
from different industries with a view to assess their potential reuse in prefabricated, gypsum-based
construction materials. The intention is to provide an alternative to the current practice of incineration
and recycling options in accordance with the criteria established in the European Parliament Directive
2008/98/CE and the European Council 19 November 2008 Directive on waste.

2. Materials and Methods

In order to determine the viability of using polyurethane waste cells and outline the possibility
of its use in new building materials, five types of wastes were selected from different industries and
chemical characterization tests were carried out using elemental analysis (CHNS), thermal gravimetric
analysis and waste leaching test. In order for the waste to be incorporated into new materials as a dry
aggregate, it must be previously processed. The granulometry is then determined and the processing
parameters are calculated, in addition to a physical characterization analysis, which determines the real
and apparent density, the ability to absorb water. Finally, the wastes are microstructurally characterized
using Scanning Electron Microscopy (SEM).

2.1. Materials

Five polyurethane foams from different industries were analysed (Figure 1).

• (P): Rigid yellow polyurethane foam waste, in powder, compressed into pellet form (pellets). The
waste is generated in the manufacture of insulation panels for the refrigeration sector, at Paneles
Aislantes Peninsulares (PAP) factory in Cuenca, Spain. The waste is produced by trimming edges
during the production stage.
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• (B): Rigid yellow polyurethane foam waste, in the form of plates (Block). Waste generated in the
manufacture of insulation panels for the refrigeration sector at Paneles Aislantes Peninsulares
(PAP) factory in Cuenca, Spain. The waste comes from rejected panels and remnants of panels
used in factory tests.

• (I): Rigid yellow polyurethane foam waste in the form of plates (block). The waste is generated in
the manufacture of insulation panels for the refrigeration sector and comes from factory waste,
from Italpannelli factory in Zaragoza, Spain.

• (A): Semi-rigid grey polyurethane foam waste, which comes in pieces and powder form; it is
compressed into a pellet shape. The waste is generated in the manufacture of automobiles at
Grupo Antolín IGA factory in Beaumont, France.

• (SG): Semi-rigid polyurethane foam waste; they are remains of car seats from scrapped cars
obtained from the company Sigrauto in Madrid, Spain.

 

Figure 1. Polyurethane foams from different industries.

2.2. Methodology

2.2.1. Elemental Analysis (CHNS)

This technique is used for the quantitative determination of carbon (C), hydrogen (H), nitrogen (N),
and sulphur (S) in all sample types, to obtain the oxide content, measured as a percentage of the weight.
The equipment used is a LECO Analyzer CHNS-932 and VTF-900. The analysis technique is fully
automated, and is based on the combustion of the samples under optimum conditions (T = 950–1100 ◦C
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in pure oxygen atmosphere) to convert the aforementioned elements into simple gases (CO2, N2,
H2O and SO2) to achieve a quantitative determination of C, N, H and S content.

2.2.2. Waste Leaching Test

This test was carried out according to the UNE-EN 12457-2 Standard [14]. A sample of waste is
placed in a bottle with a certain amount of water, and placed in a stirring device for 24 h. Once the
mixture is stirred and filtered, the eluate (liquid to be tested) is obtained. Tests such as pH, electrical
conductivity (EC), salt and TDS (total dissolved solids) were carried out. It is necessary to make a blank
with distilled water, before testing the eluate.

2.2.3. Thermogravimetric Analysis (TGA)

This technique measures the change in mass of a sample, while being heated at a constant
speed. In this case, it is used to find out the degradation temperature of the waste, thus outlining the
working temperature of the material. The waste samples used in this test were previously processed.
The equipment used is a Q600 thermal analyser TA Instruments (TGA/DSC), which simultaneously
provides a true measurement of the same sample from room temperature to 1500 ◦C of heat flow
(DSC) and weight change (TGA). It has a dual balance mechanism, a twin conductor, and horizontal
purge gas system with mass flow control and gas switching capability. This equipment is joined
via a TG interface to an F-TIR spectrometer, which also facilitates simultaneous analysis by infrared
spectroscopy of the gases produced in the decomposition of the substances studied.

2.2.4. Density

To calculate the real density of the polymer waste test principles for natural stone, the UNE-EN
1936: 2007 Standard [15] were applied, using the pycnometer method. It is necessary to crush a
sample of raw material until a fineness of particle capable of passing through a 0.063 mm sieve is
achieved. A 10 g sample of material in isopropyl alcohol is placed into the pycnometer and then
weighed. The pycnometer is cleaned, filled with isopropyl alcohol again, and reweighed. The real
density (in kg/m3) is calculated by means of the ratio between the mass of the dry and crushed test
piece, and the volume of liquid displaced by the mass.

The apparent density of the wastes used in this research was calculated in the exact condition that
they are in when they are received from where the waste is generated (as a slab and in pellet form) and
once it has been transformed by means of being processed, the relationship between weight/volume is
calculated. In the case of non-processed waste, 1 kg of waste is taken and the volume that this occupies
is calculated. In the case of processed waste, the procedure consists of filling a container with a specific
volume and it is weighed, then the weight/volume equation is applied. In this case, a 1 L capacity
container was used as a reference, which was filled with crushed waste and then weighed.

2.2.5. Water Absorption Capacity

This test applies standard UNE-EN 13755:2008 [16]; it consists of placing the material to be tested
(dry and with constant mass) into a container filled with water until fully covered, for 24 h. At the
end of that period of time, the material is weighed and placed back into the water for another 24 h.
The material is weighed yet again; if constant weight that does not differ from the previous day is
observed, the material has reached saturation.

The following equation is then applied:

Ab = (Saturated weight − Dry weight)/Dry weight) × 10088 (1)
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2.2.6. Laser Granulometry

The different foams were crushed and their granulometric size determined through laser
granulometry diffraction using a HELOS 12K SYMPATEC analyser. The samples were analysed
for 15 s in an isopropyl alcohol suspension.

2.2.7. Processing Parameters

The processing parameters were defined by determining cutting time, crushing time, and the
energy of the crushing.

It is necessary to process the polyurethane foam to be used in the tests. (B), (SG) and (I) wastes
are split into smaller pieces. These pieces are placed in a RETSCH SM100 Mill, where they undergo a
crushing and sieving process (Figure 2). Pellets (P and A) are directly placed into the crusher.

 

Figure 2. Previous processing of polyurethane foam waste.

2.2.8. Scanning Electron Microscopy (SEM)

This technique allows for the microscopic structure of the different polyurethanes (closed-cell
open-cell) to be discovered. For this test, the waste samples did not undergo processing.

The equipment used is a Microscope FEI Quanta-600, which allows for the samples to be observed
and characterized by obtaining high-resolution imaging of organic and inorganic materials at high
magnifications. The equipment can be used in high vacuum, acting as a traditional scanning electron
microscope (SEM), and can work in environmental mode (ESEM). The latter mode allows observation
without coating or metallizing the sample, which makes it a non-destructive technique. The equipment
is also used alongside two sets of X-ray microanalysers, the EDX and WDX Oxford, which allows
for elemental analysis in a timely manner, or the compositional mapping of specific areas of the
materials studied.

2.2.9. Mechanical Properties of the Gypsum/PU Mixtures

The following mechanical properties of the mixtures were tested at 28 days: Flexural and
compressive strength. These tests were carried out in accordance with standard EN 13279-2 [17].
Flexural strength is determined by the load needed to break a prism-shaped specimen measuring
160 × 40 × 40 mm3, which is lain on rollers positioned at 100 mm intervals. The test was performed
on a minimum of three specimens. Compressive strength tests are performed on the broken sections of
the specimens after they have been previously tested to flexural failure (at least six samples underwent
compressive strength tests). The test consists of applying a load to a 40 × 40 mm2 section of the sample.

2.2.10. Thermal Properties of the Gypsum-PU Mixtures

Thermal conductivity was measured according to standard EN 12667 [18]. The guarded hot plate
and heat flow meter methods were used to carry out this test. These methods involve establishing
a constant relationship and uniformity in the ratio between the heat flow density on the inside of
the homogeneous samples measuring 300 × 300 × 30 mm3 and those of a set of plane parallel faces.
The specimens were dried to a constant mass at a temperature of 35 ◦C and analyzed in a Laser Comp
heat flow meter.

The non-combustibility test was carried out to evaluate the behaviour of the samples at high
temperatures. This test was carried out in accordance with standard EN ISO 1182 [19]. The tests were
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conducted in an open vertical furnace, in which a cylindrical specimen with a diameter of 75 mm and
a height of 150 mm was placed. During the test, the electronically controlled furnace temperature
was increased at a constant rate, from room temperature to 800 ◦C during a period of 2 h, after which,
the temperature remained at 800 ◦C for a further 60 min. In this test, increases in temperature were
measured by the furnace thermocouple. The duration of flaming and the mass loss of the sample was
calculated, which had previously been conditioned in a ventilated oven at temperatures of (60 ± 5) ◦C,
over 24 h.

The gross heat of combustion (gross calorific value) test, which is carried out according to
standard EN ISO 1716 [20], determines the maximum potential heat released by a product when
it reaches complete combustion. In this test, a specimen of a minimum mass of 50 g is burned
at constant volume in an oxygen atmosphere in a bomb calorimeter by benzoic acid combustion.
The specific combustion heat under these conditions is calculated on the basis of the observed increase
in temperature, taking into account the loss of heat and the latent heat of water vaporization.

3. Results and Discussion

3.1. Elementary Analysis (CNHS)

Table 1 shows the results of the carbon, nitrogen and sulphur components of each of the wastes
that were analysed. As was expected, carbon was the majority component of all the polymer wastes.
In each case, they had a similar percentage of carbon. The analysis also confirmed the existence of
hydrogen and nitrogen in smaller proportions with respect to the waste as a whole. As regards the
other components that each waste has, it could be asserted that as this is a case of polyurethane, there is
a significant amount of oxygen. Similar observations have been noticed in [21] and other components
associated with the possible impurities each foam may contain. For example, as regards foams that
come from scrapped vehicle seats (SG), it can contain metals linked to elements from the actual seat
such as copper or aluminium, which will later be identified in the scanning electron microscopy test.
On no occasion was the presence of sulphur detected.

Table 1. Results of Results CNHS Analysis of different PU waste.

Waste
Chemical Element (%)

Others
C H N S

P 64.48 5.63 6.74 0.00 23.15
B 62.06 5.07 6.58 0.00 26.29

SG 64.67 7.75 4.80 0.00 22.78
A 63.74 6.15 6.04 0.00 24.07
I 63.34 5.58 7.28 0.00 23.80

3.2. Thermogravimetric Analysis (TGA)

The TGA test results show the % loss of weight of the different wastes when the temperature increases.
Wastes (P) and (B) come from the same company and have the same isocyanate polyol component

composition. The difference between them is the presence of metal impurities that (P) has with respect
to (B), which shows as being totally clean. This difference is noted in the loss of mass, which in the
case of (P) occurs at 280 ◦C, and that does not occur in waste (B). In both cases, the first degradation
occurs at around 200 ◦C, polymer decomposition occurs from 325 ◦C to 550 ◦C (Figure 3).

In the case of foam (I) (Figure 4), it shows a very similar behavior to that of foam (B). Both of them
come from the insulation for refrigeration industry and have a similar initial mass loss at 238◦ C and
the total decomposition of the polymer occurs between 345 ◦C–450 ◦C.
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(a) (b) 

Figure 3. (a) TGA of the polyurethanes (P) and (b) polyurethanes (B) that come from the insulation
industry for refrigeration from the Paneles Aislantes Peninsulares (PAP) Factory.

 

Figure 4. TGA of polyurethane (I) that come from the insulation industry for refrigeration from the
Italpannelli factory.

In the case of flexible foam (SG), a minimal loss of mass was observed at 280 ◦C, probably
due to the metal impurities that car seats contain. The loss of mass corresponding to the polymer’s
decomposition occurs between 400 ◦C and 550 ◦C (Figure 5a). In the case of foam (A), three different
mass losses occur (Figure 5b). The first of these losses occurs at 320 ◦C with a significant degradation
of the material. The second loss occurs at 400 ◦C, which corresponds to the polymers’ degradation and
the last stage occurs at 500 ◦C, which corresponds to the loss of other components in this foam.

(a) (b)

Figure 5. (a) The TGA of polyurethanes (SG) and (b) polyurethanes (A) that come from the insulation
industry for refrigeration, from the Paneles Aislantes Peninsulares factory.

Similar effects have been noticed in [22], in which the urethane bond groups of PUR start to
break up into isocyanates segments and polyols segments from about 200 ◦C with a second loss in the
temperature range of 350–500 ◦C. These results indicate that the thermal behaviour of the material is
acceptable. Thus, this thermal analysis technique is a highly useful tool for studying the reuse of these
polymers, with no chemical or physical changes detected.
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3.3. Scanning Electron Microscopy (SEM)

Generally speaking, polymeric cellular materials can be defined by a two-phased structure in
which the gaseous phase, stemming from a foaming agent, whether physical or chemical, was dispersed
throughout a solid polymeric matrix [23]. Foam is a specific type of cellular material that is generated
by the expansion of a material in liquid form. This is the case of wastes type (B), (I) and (SG) that were
analysed in this research. However, there are processes subsequent to foaming that cause a loss of
cellular structure of the polymer. This is the case for wastes (P) and (A) that are obtained by means
of a milling process that generates particles of an extremely fine nature, which is also compressed.
This causes a structure with layers of polymer that are very different from that of the wastes obtained
differently and have sheets of foamed polyurethane (Figure 6a–d).

Figure 6. (a,b) Microstructure of the PU waste (P) and (c,d) PU waste (A) by SEM.

The cellular materials are classified according to their cellular structure and cell connectivity.
In the case of foam type (B), the structure is an intermediate structure and it can be seen that a portion
of the cellular structures is formed by an open-cell structure, while the other portion of the cellular
structure is formed of a closed-cell structure (Figure 7a,b). In this case, the walls are of a 10 μm
thickness and the cells have a diameter of between 10 μm and 200 μm. Foam type (I) has a closed-cell
structure in which the gas is occluded in the interior of the cells. The cells are largely homogeneous in
terms of the size of which they are comprised, between 50–400 μm (Figure 7c,d). Flexible foam (SG) has
an open-cell structure, where gas can freely circulate between the cells since they are interconnected
with each other, which can cause an improvement in acoustic properties. Other authors have verified
this effect in works on acoustic damping performance in flexible polyurethane foams [24] (Figure 7e,f).
In this case, a characteristic that is typical of this type of foam can be observed, that is the presence of
pores in the cells’ interconnecting walls, as well as the presence of metal impurities.
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Figure 7. (a,b) Microestructure of the PU waste (B); (c,d) PU waste (I) and (e,f) PU waste (A) by SEM.

3.4. Waste Leaching Test

One of the processes that must be monitored when using waste materials as raw materials in
construction is leaching. It is common for the materials to be in contact with water or dampness, which
could cause a leaching process [25]. In view of the results obtained from the leaching test (Table 2),
it can be observed that the electrical conductivity does not exceed the maximum value permitted
(3000 μs/cm). As for the maximum amount of the total of dissolved solids (500 mg/L), on no occasion
was this amount exceeded. The values were always lower than 100 mg/L. The pH levels were also
within the permitted range (5.5–9). However, authors [26] obtained contrary results that are related
with toxicity in polyurethanes (artificial leather, floor coating and children’s handbag), which showed
that hydrophobic compounds were causing the toxicity. The polyurethanes waste studied in this work
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do not show hydrophobic behavior. It can, therefore, be established that the wastes analyzed do not
display any contaminating behavior when in contact with water or dampness, thus they can be used
in construction materials.

Table 2. Electrical conductivity, total of dissolved solids, salt, and pH of the different wastes.

Waste EC (μs/cm) TDS (mg/L) Salt (mg/L) pH

Distilled
water 1.8 1.24 Out of scale 6.6

P 38.2 19.7 14.3 6.6
B 63.4 40.5 28.3 7.5

SG 149.2 95.4 69.0 7.9
A 27.9 21.5 15.6 7.7
I 32.8 20.7 15.3 6.8

With regard to the anti-aging characterization of PU foam waste, previous studies related to
durability testing in PU waste have been carried out wherein PU forms a part of the matrix of a
cement mortar construction material [27]. The water in the 105 ◦C test analyses the degree of resistance
when the material is exposed to boiling water and consists of accelerated ageing under high humidity
conditions. The dry heat at 140 ◦C test consists of ageing under dry heat at 140 ◦C for 240 h [28].
Thermal oxidation of the polyurethane could occur under these conditions, resulting in variations in
molecular weight that are evident by the reduction of mechanical strength and by a change in colour.
Intense oxidation, especially at high temperatures, could lead to the deterioration of the polymeric
chain and the loss of carbon monoxide and water. After carrying out both tests, it was observed that
the presence of PU decreases the percentage of expansion and decreases the possibility of there being
alkaline reactivity, which in the cases of mortars, means an increase in structural stability over time.
As a consequence, the conclusion has been reached that PU does not degrade after the tests indicated
and, therefore, does not impair the end behaviour of the construction material.

3.5. Processing Parameters

In Chart 1, the preparation (cutting) and crushing times are outlined, as well as the energy used
in the processing of 1 kg of waste.

 
Chart 1. Cutting time, grinding time and energy consumption of different PU wastes.

In this paper, wastes in slab form (I), board (B) as a whole (SG) and in pellet form (P), (A) were
studied. In the case of wastes (I), (B) and (SG), it was necessary to cut them prior to placing them into
the shredder. It must be taken into consideration that the process is carried out on a laboratory scale in
which the shredder has a limited input capacity. In this case, the waste that needed the least amount
of cutting time was waste (I), explained by the fact that it has a compact closed-cell structure and is
more rigid than the other foams. The foam that needed the most amount of time was type (SG), 60
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min shredding per kg of the sample, as this is a flexible, highly pliable, and difficult-to-handle foam.
As regards machine shredding time, the values proportionally vary to the prior cutting time. In waste
type (P), the duration of shredding took the least amount of time (6 min). This is followed by type (I)
with 20 min. The longest time is for waste (SG); there was additional difficulty in working with the
waste due to the machine’s sieve becoming blocked due to the nature of this type of foam.

3.6. Laser Diffraction Granulometry

The granulometric study focussed on sizes less than 1 mm. Chart 2 shows the granulometric
results of the different wastes in sizes smaller than 1 mm. In view of the results, it can be observed that
wastes in powder form (P), (A) have a very similar particle size with an average diameter of 229 μm
and 271 μm, respectively. The waste in the form of a slab (I) has a diameter of 194 μm, noticeably
greater than the board shaped waste (B). The most significant difference can be observed in waste (SG)
with an average particle size of 401 μm and parts that can reach 772 μm. The particle size distribution
in the different wastes, alongside the real density values, will determine the final mechanical properties
of the construction material [29]. Such is the case of plasters with dry aggregate of waste polyurethane
that will be studied in the following section.

 
Chart 2. Granulometric curve (volume %) of different PU wastes.

3.7. Determination of Apparent and Real Density, Water Absorption Capacity

Another parameter that strongly determines the material’s final properties and as a consequence
how it can be applied is density.

It is necessary to find out the density of the material prior to being processed and after processing
in order to determine the conversion efficiency of the waste. On looking at the results of Table 3,
the following can be observed. The highest densities of the polyurethane prior to being processed are
found in wastes that are compressed into pellet form (P), (A), which indicate that in a lesser volume,
there is space for a larger amount of the material. This factor is due to the material’s extreme fineness
and to the polyurethane being arranged in layers. This was previously observed microstructurally by
SEM imagery. The polymer with the lowest apparent density was the flexible waste (SG) with 93% less
compared with pellet. As can be observed, the apparent densities are, in cases where the waste is not
compressed, very low. This indicates that there was a problem related with the storage of this type of
waste as well as its transportation and keeping, since a low weight of the materials occupies a large
volume [30].

In light of the apparent density results after processing the waste, it can be observed that the
lowest apparent density pertains to the wastes with a cellular structure (B), (I) and (SG). This may
be due to the granulometry of these polyurethanes which, once processed, have a lesser variety of
sizes with an increased percentage of specific sizes (Chart 2). As expected, the apparent density of the
wasted that is in a compacted form, (P) and (A), increases after being processed, as this destroys its
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cellular structure and reduces its pores on account of the cells and as a consequence, this increases
its density.

Table 3. Results of apparent density, real density, and total water absorption of different PU waste.

Waste
Apparent Density

(Unprocessed) (kg/m3)
Apparent Density

(Processed) (kg/m3)
Real Density

(kg/m3)
Total

Absorption (%)

P 451.4 141.7 1052.7 2.0
B 37.6 45.5 1370.9 28.0

SG 33.1 39.8 1211.1 645.0
A 212.5 86.1 1378.6 333.5
I 33.8 56.0 1105.0 49.0

The water absorption capacity of each waste varies according to the foam’s structure and
morphology [31]. Thus, the flexible foam (SG) is the foam that showed the greatest absorption
capacity. This is probably due to the highly porous nature of its cells, which is further accentuated by
the presence of pores in between the cell walls. As it is a case of an open-cell structure (Figure 7e,f),
the water enters the interior of the foam more easily. Both waste (B) and waste (I) showed lower
absorption capacity caused by a semi-closed and closed-cell structure, respectively.

3.8. The Possibilities of the Uses of the Wastes Studied

One of the ultimate aims of this research is to improve the use of these types of foams and
expanding this use in the industries that generate polyurethane, thus improving the ratio of the
volume of reused PU. One option is to incorporate the processed waste as a dry aggregate in plaster
matrices. Different substitutions of plaster type A1 for rigid PU foam waste [32,33] have been made in
previous studies. The conclusion was reached that the optimal ratio of components in volume could
be (1/1.5), that is, 1 part of gypsum with 1.5 parts of polyurethane foam waste. This study used all of
the wastes characterized in this paper.

The following test results will now be shown: Mechanical resistance to compression and flexion at
28 days (Table 4) and fire reaction by means of non-combustion test and the gross heat of combustion
test (Table 5). Of the samples that are shown, the best behaviour, the weight per unit of area and
thermal conductivity, was calculated compared with a standard plaster.

Table 4. Mechanical resistance to compression and flexion at 28 days in samples (1/1.5) with different
PU waste.

Sample 1/1.5 (P) 1/1.5 (SG) 1/1.5 (A) 1/1.5 (B) 1/1.5 (I)

Compression strength at 28 days 2.00 3.71 3.70 3.95 4.33
Flexion strength at 28 days 1.15 1.71 1.97 2.23 2.20

Table 5. Results of non-combustion test and gross heat of combustion test in samples (1/1.5) with
different PU waste.

Sample 1/1.5 (P) 1/1.5 (SG) 1/1.5 (A) 1/1.5 (B) 1/1.5 (I)

Temperature increase (◦C) 71.15 * * 16.6 19.5
Flaming time (s) 339 * * NONE NONE
Loss of mass (%) 37.89 * * 26.63 27.72

Superior Calorific Power (MJ/kg) - - - 1.048 1.596

* Failed.

In all cases, the mechanical resistance obtained met the requirements outlined in the regulations
with over 2 MPa of resistance to compression and over 1 MP of flexion resistance. The wastes with the
smallest particle sizes give the best results in the mechanical properties of the mixtures. Samples 1/1.5
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(B) and 1/1.5 (I) have a similar granulometry and similar results in mechanical properties. If these two
are compared with the result of sample 1/1.5 (P), which has a larger average particle size, it can be
observed how the values obtained are considerably lower [34]. As regards the fire reaction properties,
initially, the samples underwent the non-combustion test. The thermal behaviour of the samples,
confirmed by the non-combustibility test, gives us an idea of their fire retardance properties. The results
of the non-combustibility test (Table 5) confirmed that the samples that included polyurethane in their
composition, and specifically, the 1/1.5 (B) sample and 1/1.5 (I), did not have flaming times of less
than 20 s. The samples had a temperature increase of below 50 ◦C and losses of less than 50% of their
mass. This result indicated that even if the contribution of the materials to fire reaction is taken into
account, their composition corresponded to Euroclass A1 (non-combustible), in accordance with the
European fire reaction classification of building materials for homogeneous products [35]. In order
to check this classification, the Superior Calorific Power was calculated showing a value of below 2
MJ/kg. Therefore, these materials can be classified as non-combustible. The rest of the mixtures with
other wastes did not meet the minimum standards required in the non-combustible test. They will be
need to be tested with regulation EN-13823 and EN ISO 11925-2 in order to check classifications A2 or
lower. It was noted that in the SEM tests, these wastes had impurities due to metal contamination or
adhesives, which would be the reason why they did not reach the minimal requirements established in
order to be classified as A1.

Mixtures 1/1.5 (B) sample and 1/1.5 (I) were tested in order to determine their weight per unit
of surface and their thermal conductivity, which are two important properties when it comes to
determining their characteristics when in use. The values from both tests are shown in Table 6.

Table 6. Results of thermal conductivity and weight per unit of surface of sample 1/1.5 (B) and 1/1.5 (I).

Parameter Standard Plaster Gypsum-PU 1/1.5 (B) Gypsum-PU 1/1.5 (I)

Thermal conductivity (W/m × k) 0.30 0.20 0.18
Weight (kg/m2) 8.33 5.88 5.60

In view of the results, it can be observed that the materials composed of Gypsum-PU-(B) had
a 30% and 33% reduction in surface weight with respect to the standard plaster, which is explained by
a lower real density of waste type (B) 1370.9 kg/m3 and 1105.0 kg/m3 of waste (I) with respect to that
of the plaster that it substituted, which is 2650 kg/m3. Given that the thermal conductivity depends
on density and on the characteristics of the actual PU waste [36], the values were reduced by up to
36% with regard to mixtures 1/1.5 (I) with respect to the conventional plaster, which gives rise to an
improvement in the material’s thermal insulation.

4. Conclusions

Five PU wastes from different sectors and industries were chosen in order for there to be a wider
scope for PU to be reused, and for it to be easier for the project to be replicated allowing polyurethane
waste to begin to be used in different sectors.

• All of the polymers degrade at above 200 ◦C. In the case of polyurethane SG, degradation occurs
at a higher temperature (400 ◦C).

• None of the PU wastes have a leaching capacity and they are all considered to be suitable for use
in new construction materials.

• The wastes that had been compacted had the best processing times, with the same prior cutting
time and low energy use. This characteristic that these types of foams display, along with the fact
that they have the greatest apparent density, create an advantage with respect to the other wastes
with regard to PU being productively reused in building materials, both in terms of transportation
(from the factory where the waste is generated) and in the collection of the waste and the rendering
of the mixture.
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• It was observed that the polyurethane that underwent a milling process had a high level of
fineness with average particle sizes being around 250 μm and had greater levels of apparent
density in respect of the rest of the wastes. The flexible foam had a larger average particle size
of approximately 400 μm. In this case, the apparent density is lower compared to the rest of
the foams.

• The microstructure of the polyurethanes is different depending on the industry from where they
came. In the case of board and slab shaped wastes that come from the refrigeration industry,
the structure is hexagonal semi-closed celled. Open and closed cells can be observed in the images
from the SEM. The waste from the refrigeration industry is in slab form (I) and has a closed-cell
structure. In both cases, adequate thermal behaviour was predicted, which could be used in
improving thermal insulation when they are included in construction material.

• It is observed that SG waste has a structure suited to be used as a possible acoustic absorber,
because of its open pore structure.

• The wastes that result from milling processes have a structure that is in the form of overlapping
layers with no defined hexagonal structure. In this case, the wastes had some metal impurities in
their structure associated with the actual milling process.

• As a final aim of this research, there is the possibility of including the wastes in plaster matrices
in ratio with volume (1/1.5) thus obtaining adequate mechanical resistance to compression of
over 2 MPa, a reduction in thermal conductivity by 33%, and a reduction in the weight of the
material by 31%. In regards to the non-combustibility test and calorific value test, only the rigid
PU foam wastes (B), and (I) met the standards to have an A1 classification, which is ideal for
interior cladding materials for buildings. There was worse fire reaction behaviour in samples
(P), (A) and (SG) due to the impurities that they contain. Nevertheless, it must be determined
whether the classification in these two cases would be that of A2 or worse and alternative ways
for the material to be applied in different areas of a building will need to be found.
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Abstract: In order to improve the performance of phenolic foam, an additive compound of
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and Itaconic acid (ITA) were attached
on the backbone of ethyl cellulose (EC) and obtained DOPO-ITA modified EC (DIMEC), which was
used to modify phenolic resin and composite phenolic foams (CPFs). The structures of DOPO-ITA were
verified by Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance (1H NMR).
The molecular structure and microstructure were characterized by FT-IR spectra and SEM, respectively.
Compared with EC, the crystallinity of DIMEC was dramatically decreased, and the diffraction peak
positions were basically unchanged. Additionally, thermal stability was decreased and Ti decreased by
24 ◦C. The residual carbon (600 ◦C) was increased by 25.7%. With the dosage of DIMEC/P increased,
the Ea values of DIMEC composite phenolic resins were increased gradually. The reaction orders were all
non-integers. Compared with PF, the mechanical properties, flame retardancy, and the residual carbon
(800 ◦C) of CPFs were increased. The cell size of CPFs was less and the cell distribution was relatively
regular. By comprehensive analysis, the suitable dosage of DIMEC/P was no more than 15%.

Keywords: DOPO; itaconic acid; ethyl cellulose; phenolic foams; composites

1. Introduction

Phenolic foam (PF), one of the best thermal insulation materials, offers excellent flame retardant
properties, as well as low smoke and low toxicity, and is widely used in aviation, construction,
industrial pipelines, and transportation [1–3]. Nevertheless, large-scale promotion and application are
greatly restricted because of its fragility [3–5]. In order to reduce the fragility of PF, the toughening
modification of PF is imperative. During the preparation process of PF, petroleum based products
(such as glass fibers, aramid fibers) are introduced in PF to improve the toughness of PF [6–8] on
the one hand, and on the other hand, long and flexible molecular chains (such as polyurethane
prepolymer [9], epoxy [3], cardanol [10], etc.) are introduced into the molecular structure of PF to
reduce fragility. However, there are few reports about toughening modification of phenolic foam using
renewable cellulose.

Cellulose is one of the most abundant, renewable, and environmentally friendly natural
macromolecular resources, which offers low price and density, high specific strength, degradability,
and non-toxicity. Cellulose has become one of the most concerned polymer reinforcing materials [11–14].
However, due to its supramolecular structure, cellulose cannot dissolve in water or most organic solvents,
which greatly restricts the modification of cellulose [15]. As a cellulose derivative, cellulose ethers have

Polymers 2018, 10, 1049; doi:10.3390/polym10101049 www.mdpi.com/journal/polymers80



Polymers 2018, 10, 1049

been proved to be particularly useful as intermediates [15]. Ethyl cellulose (EC) is a kind of cellulose ether
that has been widely used as biomedical or intelligent materials due to its nontoxicity, biocompatibility,
and high mechanical strength [16–21]. Since EC is not a flame retardant material, the use of flame retardant
to modify EC is necessary with the aim to improve the mechanical properties of the composites without
reducing its flame retardancy,

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is an excellent flame retardant,
and mainly exerts the fire retardant quenching effect by releasing free PO radicals and terminating the
chain reaction of combustion in gas phase [22]. The DOPO contains very active phosphor hydrogen
bonds, which are prone to result in the reaction of nucleophilic addition. Therefore DOPO has attracted
extensive attention in the field of flame retardant modified polymers [23–28]. Itaconic acid (ITA) is
an important renewable unsaturated dicarboxylic acid and is produced via fermentation with starch.
ITA consists of one unsaturated bond and two carboxy functionalities. The conjugacy relation between
an unsaturated bond and one carboxy endows ITA with a strong reaction capacity. Therefore, ITA has
been used to synthesize polymers by addition, esterification, or polymerization reactions, and has
widely utilized in the production of synthetic fibers, resins, adhesives, etc. [29–32].

Herein, this work aims to introduce a phosphorus compound into the structure of ITA, followed by
the modification of EC. Sequentially, the composite PF is prepared from using the modified EC.
DOPO and ITA are chosen for their versatilities in organic synthesis [30–34]. It was hypothesized
that it could not only improve the mechanical properties of composite PF, but also without reducing
the flame retardancy. The structure of DOPO-ITA was characterized by Fourier transform infrared
spectroscopy (FT-IR) and nuclear magnetic resonance (1H NMR) spectroscopy. The properties of
DOPO-ITA modified EC were measured including molecular structure, microstructure, crystallinity,
and thermal stability. The curing kinetics of DIMEC composite phenolic resin was studied by the
differential scanning calorimetry (DSC) at different heating rates. The mechanical and fragile properties,
flame resistance, and microstructure of composite PFs were investigated as well.

2. Materials and Methods

2.1. Materials

Phenol (P > 99%), formaldehyde (37 wt %), calcium oxide (CaO), and sodium hydroxide (NaOH)
were obtained from Nanjing Chemical Reagent, Ltd. (Nanjing, China). 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) was obtained from Shenzhen jinlong chemical technology
Co., Ltd. (Shenzhen, China). Itaconic acid (ITA), Deuterium dimethylsulfoxide (d6-DMSO) and ethyl
cellulose (EC) were purchased from Aladdin (Shanghai, China). Polysorbate-80, petroleum ether,
and Paraformaldehyde (≥95%) were obtained from Sinopharm group Chemical Reagent Co. Ltd.
(Shanghai, China). Mixed acid curing agent were obtained from Institute of Chemical Industry of
Forestry Products, Chinese Academy of Forestry (Nanjing, China).

2.2. Methods

2.2.1. Synthesis of DOPO-ITA

DOPO (0.13 mol), ITA (0.1 mol), and Xylene (50 mL) were added into a round bottom flask
equipped with magnetic stirring. The reaction was performed for 5 h at 125~130 ◦C under an inert
environment (N2). After the temperature decreased to 100 ◦C, the vacuum filtration was performed and
tetrahydrofuran (50 mL) was added and obtained a crude DOPO-ITA. The wash of crude DOPO-ITA
with tetrahydrofuran and vacuum filtration was repeated three times, and obtained the white and
purified solid (DOPO-ITA). The final DOPO-ITA was obtained after the dry at 40 ◦C to a constant
weight under vacuum.
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2.2.2. Preparation of DOPO-ITA Modified EC (DIMEC)

Ethyl cellulose (0.1 mol) and DOPO-ITA (0.05 mol) were added into a round bottom flask equipped
with magnetic stirring. Then dimethylformamide (50 mL) and potassium carbonate (0.01 mol) were
added. The reaction was performed for 9 h at 120 ◦C, then the vacuum filtration was performed,
and non-reactive materials were removed by extraction. Finally, DIMEC was obtained and dried to
a constant weight at 50 ◦C in a vacuum oven. The yield of DIMEC was about 70.6%. The scheme of
DIMEC was shown in Figure 1.

 

Figure 1. Scheme of DIMEC.

2.2.3. Preparation of Composite PFs

The phenolic resin (PR) was synthesized according to the literature [35]. During the processing
of synthesis of PR, DIMEC (5 wt %/P, 10 wt %/P, 15 wt %/P and 20 wt %/P) was introduced
in the system of reaction. After the end of the reaction, DIMEC composite PR (DCPR) was
obtained. Surfactants (Polysorbate-80, 5%/DCPR), acid curing agents (20%/DCPR) and blowing
agents (petroleum ether, 5%/DCPR) were added into the DCPRs and completely mixed, which was
then poured into a mold. Phenolic foams were obtained after foaming for 40 min at 70 ◦C.

2.3. Characterizations

FT-IR spectra of DOPO-ITA and DIMEC were monitored by a Fourier transform infrared
spectrometer (Nicolet IS10, Madison, WI, USA). 1H NMR spectra were performed on a DRX 500
NMR spectrometer (400 MHz) (Bruker, Karlsruhe, Germany) at room temperature using d6-DMSO as
solvent, and tetramethylsilane (TMS) as an internal reference. XRD spectra of DIMEC were collected
on a Shimadzu 6000× X-ray diffractometer (Kyoto, Japan). SEM were used to observe the micro-scale
morphology of DIMEC and PFs by a Hitachi S3400-Nscanning electron microscope (Tokyo, Japan).
Thermogravimetric analysis (TGA) curves were collected by a NETZCSH TG 209 F3 TGA system
(Bavaria, Germany) under nitrogen atmosphere. Samples were heated from 35 to 600 ◦C (DIMEC)
and 800 ◦C (CPFs) at a heating rate of 10 ◦C/min. DSC spectra were obtained on Diamond DSC
(PerkinElmer, Waltham, MA, USA). DSC measurements were performed using freeze-dried samples.
Heating rates were 5, 10, 15, and 20 ◦C/min. The scanning temperature ranged from 25 to 200 ◦C
in flowing nitrogen atmosphere (0.02 L/min). Compression strength, bending strength, and tensile
strength were measured according to the standard ISO 844:2014, ISO 1209-1:2012, and ISO 1926-2009,
respectively. The test was repeated for 5 times. Limiting oxygen indexes (LOIs) of all samples
were obtained at room temperature on a JF-3 LOI instrument (LOI Analysis Instrument Company,
Jiangning County, China) according to ISO 4589-1-2017, the number of tests was five.

3. Results and Discussion

3.1. The Properties of DOPO-ITA

3.1.1. FT-IR of DOPO-ITA

As shown in Figure 2, the FT-IR analysis of DOPO [36–38]: 2385 cm−1 (P-H); 1608 cm−1,
1591 cm−1 and 1557 cm−1 (phenyl); 1447 cm−1 (P-phenyl); 1260 cm−1 (P=O); 892 cm−1 (P-O-phenyl).
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The FT-IR analysis of DOPO-ITA: 1704 cm−1 (C=O); 1608 cm−1, 1595 cm−1 and 1581 cm−1 (phenyl);
1429 cm−1 (P-phenyl), 1245 cm−1 (P=O), 913 cm−1 (P-O-phenyl). The FT-IR analysis of ITA [39]:
1682 cm−1 (C=O); 1623 cm−1 (C=C). Compared with the spectrum of DOPO, the characteristic
peak of P-H (in DOPO-ITA) disappeared at 2385 cm−1. By comparison with the spectrum of ITA,
the characteristic peak of C=C (in DOPO-ITA) disappeared at 1623 cm−1. Several new characteristic
peaks were observed: 1608 cm−1, 1595 cm−1 and 1581 cm−1 (phenyl); 1429 cm−1 (P-phenyl), 1245 cm−1

(P=O), 913 cm−1 (P-O-phenyl) [40–42]. From the FT-IR analysis, it was evident that DOPO-ITA was
successfully synthesized.

 

Figure 2. FT-IR of DOPO-ITA.

3.1.2. 1H NMR of DOPO-ITA

For further confirmation of molecular structure, 1H NMR spectrum of DOPO-ITA was recorded
and shown in Figure 3. For DOPO, the signal around 6.56–8.89 ppm corresponded to the phenyl
protons. For ITA, the signal around 12.45 ppm corresponded to carboxyl protons. For DOPO-ITA,
the chemical shifts of Ha, Hb, Hc, Hd and He were observed at 2.41 ppm, 2.72 ppm, 3.26 ppm,
7.27–8.21 ppm, and 12.45 ppm, respectively [40–43]. The protons of phenyl group (7.26–8.22 ppm) and
carboxyl protons (12.45 ppm) appeared in the spectrum of DOPO-ITA. These results support that the
reaction occurred between DOPO and ITA.

Figure 3. 1H NMR spectra of DOPO-ITA.
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3.2. The Properties of DOPO-ITA Modified EC (DIMEC)

3.2.1. FT-IR of DIMEC

As shown in Figure 4, a strong peak at 1708 cm−1, corresponding to C=O stretching vibration
of the ester bond, is observed. The peaks at 1548 cm−1 and 1448 cm−1 correspond to benzene ring.
A peak at 1246 cm−1 corresponds to P=O stretching. A peak at 1180 cm−1, corresponding to C-O
stretching vibration of the ester bond, and a peak at 927 cm−1 representing P-O-Ph stretching, are clearly
observed. The appearance of new peaks confirmed that the reaction occurred between DOPO-ITA and
EC, DOPO-ITA was introduced in the molecular structure of EC.

 

Figure 4. FT-IR of DIMEC.

3.2.2. XRD of DIMEC

Figure 5 shows the XRD spectra of DIMEC and EC. The peaks appeared in 2θ = 19.98◦ [44].
Compared with EC, the peak positions of DIMEC were basically unchanged, despite the significant
attenuation of the peak intensity. The result indicated that the crystal structure of DIMEC was not
destroyed. It could be explained by the fact that the surface of modified EC was covered by DOPO-ITA,
which led to the significant decrease of the crystallinity of DIMEC.

 

Figure 5. XRD of DIMEC and EC.
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3.2.3. SEM Micrographs of DIMEC

SEM micrographs (3000×) of DIMEC and EC are shown in Figure 6. The surface of EC was very
rough, and has lots of holes. Compared with EC, the surface of DIMEC was smoother and covered
by a thin layer of material. This might be due to the fact that during the process of modification,
the esterification reaction occurred between DOPO-ITA and EC. DOPO-ITA was introduced in the
molecular structure of EC. Finally, the surface of EC was covered by DOPO-ITA.

  

Figure 6. SEM micrographs of DIMEC and EC.

3.2.4. TG and DTG of DIMEC and EC

Figure 7 shows TG and DTG of DIMEC and EC XCD. The initial decomposition temperatures
(Ti) [45] of EC and DIMEC were 322.8 ◦C and 298.8 ◦C, respectively, and the carbon residues (600 ◦C)
were 7.29% and 32.99%, respectively. It was observed that Ti of DIMEC was less than that of EC,
but the carbon residue (600 ◦C) of DIMEC was more than that of EC. It could be explained that Ti

(152.9 ◦C) of DOPO-ITA was less than that of EC, and therefore, there was no positive significance to
improve the heat resistance of DIMEC. However, the carbon residue (600 ◦C) (10.51%) of DOPO-ITA
was more than that of EC, otherwise, biphenyls heterocycle was introduced in the molecular structure
of DIMEC by modification, and led to the increase of the carbon content of DIMEC. Thus, the carbon
residue (600 ◦C) of DIMEC was remarkably improved.

 

Figure 7. TG and DTG of DIMEC and EC.
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3.3. The Curing Kinetics of DCPRs

The Kissinger [46] and Ozawa [47] isoconversion methods were applied for the obtaining
activation energies of Ea. It is shown that from these two methods, the Kissinger method is generally
the most accurate. A new Starink [48] isoconversion method is obtained, which is shown to be
significantly more accurate than the others. Values for Ea were obtained according to Kissinger’s
equation (Equation (1)) [46] and the Starink equation (Equation (2)) [48]. Where β was the heating rate
(K/min), Tp was the peak temperature (K), R was the gas constant (8.314 J·mol−1·K−1). DSC curves of
DCPRs are shown in Figure 8. Plotting −ln(β/Tp

2) and ln(β/Tp
1.8) versus 1/Tp (Figure 9), should give

a straight line of slope, and therefore the activation energies of curing reactions were obtained.
The curing reaction orders of high-solid resol phenolic resins were obtained by plotting lnβ versus
1/Tp (Figure 10), as indicated by the subscripts in the Crane equation (Equation (3)) [49].
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β
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p
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)
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Table 1 shows the DSC data of DCPRs. The Ea values were basically not change much which
calculated by the Kissinger and Starink isoconversion methods. With the increasing of dosage of
DIMEC/P, the Ea values of DCPRs were increased gradually. This might be explained that the reactions
might be occurred between hydroxyl (in DIMEC) and methylol phenol, whose individual reactions
had higher activation energy values [50]. Otherwise, there were the carboxyl groups (in DIMEC),
DIMEC was acidic. With the dosage of DIMEC/P increased, the pH values of DCPRs curing system
were decreased, which possibly leaded to the increase of the Ea values of DCPRs cure [50,51]. And the
reaction orders were all non-integers, this showed that the curing reaction were quite complicated.

Table 1. The DSC data of DCPRs.

Content of DIMEC/P β (k·min−1) Tp (◦C)
Kissinger Equation [46] Starink Equation [48]

n
Ea (kJ·mol−1) r Ea (kJ·mol−1) r

0

5 117.64

102.00 0.970 102.66 0.9673 0.94
10 122.72
15 127.76
20 134.29

5%

5 119.42

118.80 08821 119.02 0.8831 0.94
10 119.98
15 126.29
20 131.30

10%

5 120.06

141.28 0.6963 141.41 0.6980 0.95
10 119.64
15 121.00
20 127.74

15%

5 118.72

151.35 0.8215 154.81 0.8787 0.94
10 119.21
15 121.73
20 127.74

20%

5 117.54

162.56 0.9571 162.61 0.9574 0.97
10 120.23
15 123.72
20 127.81
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Figure 8. DSC curves of DCPRs ((a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%).

  

Figure 9. Linear fitting charts of −ln(β/Tp
2) and −ln(β/Tp

1.8) versus 1/Tp ((a) 0%; (b) 5%; (c) 10%;
(d) 15%; (e) 20%).
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Figure 10. Linear fitting charts of lnβ versus 1/Tp ((a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%).

3.4. The Properties of Composite PFs (CPFs)

3.4.1. Compression and Bending Strength

Compression and bending strength of CPFs is shown in Figure 11. With the increase of the dosage
of DIMEC/P, the compression strength of CPFs gradually decreased, whereas the bending strength
of CPFs gradually increased. Nevertheless, the amount of DIMEC/P was more than 15%, and the
bending strength of CPFs was slightly decreased. The compression strength was almost unchanged
and the compression and bending strength were more than those of PF. It could be explained by the
fact that DIMEC was introduced into CPFs, and that the toughness of CPFs was improved. Therefore,
the capacity of resistance compression was reduced and the ability of resistance bending was increased
and significantly better than PF. However, when the dosage of DIMEC was higher, the cell structures of
CPFs were destroyed and the mechanical properties of CPFs were deteriorated. Therefore the suitable
dosage of DIMEC/P was no more than 15%.

 

Figure 11. Compression and bending strength of CPFs.
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3.4.2. Tensile Strength

As shown in Figure 12, the tensile strength of CPFs was decreased with the increase of the amount
of DIMEC/P. When the dosage of DIMEC/P was 15%, the tensile strength of CPFs was the same as
that of PF, and was then less than that of PF. This phenomenon was due to the fact that when DIMEC
was introduced into CPFs, the toughness of CPFs was improved along with the destruction of the
cell structures of CPFs l. There should be a balance between toughening and breaking. When the
amount of DIMEC/P was less (≤15%), toughening was in the ascendant compared with breaking.
Therefore the tensile strength of CPFs was more than or equal to that of PF. And then breaking was
in the ascendant, the tensile strength of CPFs was less than that of PF. Thus, the suitable dosage of
DIMEC/P was no more than 15%.

 

Figure 12. Tensile strength of CPFs.

3.4.3. Fragility

The ratio of mass loss is often used to characterize the fragility of foams. The more fragile the foam
is, the greater the ratio of mass loss is. Figure 13 shows the fragility of CPFs. The analysis revealed
that the ratios of mass loss of CPFs were increased with the increase of dosage of DIMEC/P. When the
dosage of DIMEC/P was less than or equal to 15%, the ratio of mass loss of CPFs was less than 8.79%,
and the ratio of mass loss of CPFs was 12.28%. However the ratios of mass loss of CPFs were less
than that of PF. The reason could be explained by the fact that with the increasing dosage of DIMEC,
the original bubble structure was destroyed and the bubble uniformity was decreased, which led to
the loss of mass increased. Otherwise, the toughness of CPFs was improved with the introduction of
DIMEC. Therefore the ratios of mass loss of CPFs were less than that of PF. The results showed that the
dosage of DIMEC/P was not too much, and the better content of DIMEC/P was no more than 15%.

89



Polymers 2018, 10, 1049

 

Figure 13. Fragility of CPFs.

3.4.4. Limited Oxygen Index (LOI)

As shown in Figure 14, LOIs of CPFs were gradually increased with the increase of the addition
of DIMEC/P, and were more than that of PF. Nevertheless, the amplitude of variation was modest
(36.4–37.1%). And these foams were considered as the flame resistant materials (LOI ≥ 27%) [52].
The results showed that although the variation amplitude of LOI was small, it positively improved
the LOIs of CPFs by DIMEC added. This could be explained by the fact that the phosphorus element
(in DIMEC) was introduced into CPFs during the process of combustion, the fire retardant quenching
effect could be exerted by releasing free PO radicals and terminating the chain reaction of combustion
in gas phase [22]. Therefore, LOIs of CPFs were more than that of PF. And with the increasing
of DIMEC/P, there were more and more flame retardants introduced into CPFs, and LOIs were
improved slightly.

 

Figure 14. LOI of CPFs.
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3.4.5. TG and DTG

Figure 15 shows the TG and DTG of CPFs. The initial decomposition temperature (Ti) [45] of PF
was 196.1 ◦C and the carbon residue (800 ◦C) was 48.67%. With the dosage of DIMEC/P increased, Ti of
CPFs were 158.3 ◦C, 157.4 ◦C, 158.8 ◦C, and 166.6 ◦C, respectively. The carbon residues (800 ◦C) were
59.45%, 59.87%, 56.94%, and 56.23%, respectively. Compared with PF, the maximum Ti was decreased
by 38.7 ◦C, whereas the maximum carbon residue (800 ◦C) was increased by 11.20%. The result showed
that there was no positive significance to improve the heat resistance of CPFs. However, there was
a positive significance to improving the heat resistance of CPFs at high temperature. It might be
explained by the fact that the reactions occurred among DIMEC, phenol, and formaldehyde and
some small molecular compounds were produced. Therefore the heat resistance of CPFs was reduced.
Otherwise, phosphorus (in DIMEC) was introduced into the CPF, which could migrate to the external
char layer, form a thick and compact thermal barrier, and could delay the process of degradation [53].
So the carbon residues (800 ◦C) of CPFs were improved.

 

Figure 15. TG and DTG of CPFs.

3.4.6. SEM

SEM micrographs (50×) of CPFs are shown in Figure 16. The cell size of PF was about 100~400 μm.
With the addition of DIMEC/P increased, the cell size of CPFs was slightly increased. When the
addition of DIMEC/P was less than or equal to 15%, the cell size of CPFs was about 50~100 μm,
except a very few large cell sizes were about 150–200 μm. And then the cell size was increased to about
at 100~250 μm. The cell sizes of CPFs were less than that of PF. The results showed that when the
dosage of DGMWF was less than or equal to 15%, the cell size of CPFs was less. The cell distribution
was relatively regular. Therefore the negative influence of DIMEC on the properties of CPFs was less
neglected and the mechanical properties of CPFs were better.

   

Figure 16. Cont.

91



Polymers 2018, 10, 1049

  

Figure 16. SEM micrographs of CPFs ((a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%).

4. Conclusions

The structure of DOPO-ITA was confirmed by FT-IR and 1H NMR spectra. The esterification
reaction between DOPO-ITA and EC was verified by FT-IR spectra and SEM, and DOPO-ITA was
successfully introduced in the molecular structure of EC. Compared with EC, the crystallinity of
DIMEC was dramatically decreased and the diffraction peak positions were basically unchanged.
Additionally, thermal stability decreased, but the residual carbon (600 ◦C) increased significantly.
With the dosage of DIMEC/P increased, the Ea values of DCPRs were increased gradually and the
reaction orders were all non-integers. Compared with PF, the mechanical properties, flame retardancy,
and the residual carbon (800 ◦C) of CPFs were increased. The cell size of CPFs was less, and the cell
distribution was relatively regular. By comprehensive analysis, the suitable dosage of DIMEC/P was
no more than 15%.
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Abstract: Epoxy foam adhesives are widely used for weight reduction, watertight property, and
mechanical reinforcement effects. However, epoxy foam adhesives have poor impact resistance at
higher expansion ratios. Hence, we prepared an epoxy composite foam adhesive with core–shell
rubber (CSR) particles to improve the impact resistance and applied it to automotive structural
adhesives. The curing behavior and pore structure were characterized by differential scanning
calorimetry (DSC) and X-ray computed tomography (CT), respectively, and impact wedge–peel tests
were conducted to quantitatively evaluate the resistance to cleavage of the CSR/epoxy composite
foam adhesives under impact. At 5 and 10 phr CSR contents, the pore size and expansion ratio
increased sufficiently due to the decrease in curing rate. However, at 20 phr CSR content, the pore
size decreased, which might be due to the steric hindrance effect of the CSR particles. Notably, at
0 and 0.1 phr foaming agent contents, the resistance to cleavage of the adhesives under the impact
wedge–peel condition significantly improved with increasing CSR content. Thus, the CSR/epoxy
composite foam adhesive containing 0.1 phr foaming agent and 20 phr CSR particles showed high
impact resistance (EC = 34,000 mJ/cm2) and sufficient expansion ratio (~148%).

Keywords: epoxy composite foam adhesive; core–shell rubber; impact wedge–peel test; automobile
structural adhesives

1. Introduction

An epoxy foam adhesive is an epoxy containing a foaming agent that generates a gas inside
the epoxy resin or expands upon heat treatment. After heat treatment, the epoxy foam adhesive is
cured and foamed, simultaneously filling the gap between two substrates and binding them [1,2].
Through this process, the epoxy foam adhesive provides weight reduction, watertight property, and
reinforcement effects, and can thus be applied to structural adhesives in automobiles [1].

As the mechanical strength of an epoxy foam adhesive weakens through an increase in the
expansion ratio [3], it is necessary to improve the mechanical strength while preserving the expansion
ratio. Particularly, since the impact resistance of an epoxy foam adhesive is important for its application
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to structural adhesives in automobiles, epoxy composite foam adhesives containing an additive that
improves impact resistance are required [4].

Rubber particles have been widely used to enhance the impact resistance of epoxy
composites [5–8]. However, the poor dispersion and aggregation of rubber particles in a composite
decreases the impact resistance at a high content of rubber particles. Therefore, core–shell rubber (CSR)
particles, in which rubber particles form the core structure and a polymer forms the shell, have been
developed [9]. Using CSR particles in a composite rather than rubber particles, the dispersion of CSR
particles in the composite can be improved and impact resistance can be enhanced [9–11].

The pore structure of epoxy composite foams is typically characterized by two-dimensional analysis,
such as scanning electron microscopy (SEM) [3,12–15]. Two-dimensional analysis can be used to
observe only the sample surface, and the investigation of the internal pore structure necessitates a
destructive evaluation of the epoxy composite foam adhesive. However, X-ray computed tomography
(CT) can nondestructively characterize the internal pore structure of polymeric foams [1,16,17] and can
quantitatively evaluate the average pore size, standard deviation of pore size, porosity, and expansion ratio.

Further, the impact resistance of an epoxy composite containing CSR particles has been
conventionally evaluated by a ballistic impact test [10], izod impact test [11], etc. By contrast, to
evaluate the impact resistance of structural adhesives, a test specimen is adhesively bonded and
impact is applied to the specimen using instruments such as an Izod impact tester [4,11,18], impact
wedge–peel tester [19,20], and servohydraulic tester [21].

In this study, epoxy composite foam adhesives containing epoxy resin, a foaming agent, and CSR
particles were prepared, and their pore structure was characterized by X-ray CT. We used an impact
wedge–peel tester and their resistance to cleavage of the epoxy composite foam adhesive under impact
condition. We investigated the effect of CSR particles on the pore structure and impact resistance of
the epoxy composite foam adhesive containing different amounts of foaming agent and suggested an
optimal content of CSR particles to achieve a high expansion ratio and impact resistance.

2. Materials and Methods

2.1. Materials

Two epoxy resins were used to prepare epoxy composite foams: Bisphenol-A diglycidyl epoxy
resin (YD-128, Kukdo Chemical Co., Ltd., Seoul, Korea) and urethane-modified epoxy resin (UME,
Kukdo Chemical Co., Ltd., Seoul, Korea). A dicyandiamide curing agent (Dyhard 100S, AlzChem,
Trostberg, Germany) and a latent accelerator (Dyhard UR500, AlzChem, Trostberg, Germany)
were blended with the epoxy resins for curing. The CSR particles were composed of butadiene
rubber cores and poly(methyl methacrylate) shells. We used CSR particles (35 wt %) predispersed
in bisphenol-A diglycidyl epoxy resin (KDAD-1760, Kukdo Chemical Co., Ltd., Seoul, Korea).
Calcium carbonate (CaCO3, 10CN, OMYA, Oftringen, Switzerland) and expandable microcell (F-360,
Matsumoto Yushi-Seiyaku Co., Ltd., Osaka, Japan) were used as filler and a foaming agent, respectively.
Detailed information of the materials employed in this work is presented in Table 1. The foaming
mechanism of the expandable microcell and the TEM images of the CSR particles are shown in Figure 1.

Table 1. Materials used for preparing epoxy composite foam adhesive.

Materials Composition Abbreviation
Equivalent Weight

(g/eq)

Epoxy Bisphenol-A diglycidyl epoxy BPA-E 187

Urethane-modified epoxy UME 475

Curing agent Dicyandiamide CA-1 21

Substituted urea CA-2 3

CSR + Epoxy CSR in epoxy resin (35 wt %) CSR mixture 287.7
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Figure 1. (a) Foaming mechanism of expandable microcell foaming agent and (b) TEM images of
core–shell rubber (CSR) particle.

2.2. Curing and Foaming of CSR/Epoxy Composite Foam Adhesive

Materials were blended, maintaining the ratio of total equivalent weight of epoxy to curing agents
as 1.00 (Table 2). Different amounts of the CSR mixture were blended so that the CSR content in the
composites varied as 0, 5, 10, and 20 phr. Further, CaCO3 was added so that the total weight of CSR
particles and CaCO3 was 20 phr. Moreover, the foaming agent content in the samples was varied as 0,
0.1, and 1 phr. All the samples were cured and foamed at 170 ◦C for 40 min.

Table 2. Composition of epoxy composites.

Sample BPA-E (g) CSR Mixture (g) CaCO3 (g) Foaming Agent (g)

CSR 0/FA 0 14.96 0 6.03 0

CSR 5/FA 0 12.16 4.31 4.52 0

CSR 10/FA 0 9.36 8.62 3.02 0

CSR 20/FA 0 3.76 17.23 0 0

CSR 0/FA 0.1 14.96 0 6.03 0.032

CSR 5/FA 0.1 12.16 4.31 4.52 0.032

CSR 10/FA 0.1 9.36 8.62 3.02 0.032

CSR 20/FA 0.1 3.76 17.23 0 0.032

CSR 0/FA 1 14.96 0 6.03 0.32

CSR 5/FA 1 12.16 4.31 4.52 0.32

CSR 10/FA 1 9.36 8.62 3.02 0.32

CSR 20/FA 1 3.76 17.23 0 0.32

* Contents of urethane-modified epoxy resin (UME), CA-1, and CA-2 were set as 15.20, 1.51, and 0.12 g, respectively.
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2.3. Differential Scanning Calorimetry (DSC)

DSC (DSC Q200, TA Instruments-Waters Korea Ltd., Seoul, Korea) was performed to compare
the curing behaviors of the epoxy composite foams. The heat flow of exothermic curing reaction was
measured during the DSC run in the temperature range of 60–240 ◦C at a constant heating rate of
5 ◦C/min.

2.4. X-ray Computed Tomography

The pore structure was characterized by X-ray CT (Skyscan 1272, Bruker Korea Co., Ltd.,
Gyeonggi-do, Belgium). The X-ray head (50 kV) was rotated around the epoxy composite foam
and tomographic images were captured every 0.6◦. These tomographic images were collected and
converted into 3D images. The average pore size, standard deviation of pore size, and porosity were
evaluated by the software (CT Analyzer, Bruker Korea CO., Ltd., Gyeonggi-do, Belgium), and the
expansion ratio was calculated by Equation (1).

Expansion ratio (%) =
Vtotal

Vtotal − Vpore
× 100 =

100
100 − porosity (%)

× 100, (1)

where Vpore and Vtotal represent the total volume of pores and the measured region, respectively.

2.5. Impact Wedge–Peel Test

An impact wedge–peel test was performed according to ISO 11343 standard to compare the
resistance to cleavage of the CSR/epoxy composite foam adhesives under impact using a drop weight
tester (Dyntaup®Model 9250HV, Instron, Norwood, MA, USA). Specimens for the impact wedge–peel
test were prepared as shown in Figure 2. Two bent steel plates (length: 90 mm, width: 20 mm,
thickness: 1.6 mm, material: CR340) were bonded using the CSR/epoxy foam composite adhesive
(area: 20 × 20 mm2, thickness: 0.2 mm), and the force was measured when the adhesive layer was
cleaved by the wedge at a velocity (v) of 2.0 m/s.

Bended steel plate 

CSR/epoxy composite 
foam adhesive 

Wedge 

Impact 
(v = 2.0 m/s) 

Figure 2. Schematic illustration of specimen prepared for impact wedge–peel test.
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As shown in Figure 3, a force–time curve can be obtained by the impact wedge–peel test.
According to the shape of the curve, crack growth can be classified into two types: Stable and unstable
crack growth. While stable crack growth has a constant region of cleavage force, for unstable crack
growth, cleavage occurred in an instant without a constant region of force (Figure 3a,b, respectively).
The area of the force–time curve is proportional to the energy of crack growth (EC), which quantitatively
represents the impact resistance. Displacement for cleavage (DC) is determined by the displacement at
the finish point of the cleavage.

Figure 3. Results of impact wedge–peel test: Time–force curves for (a) stable crack growth and (b)
unstable crack growth. (c) Time–displacement curve.

3. Results and Discussion

3.1. Curing Behavior of CSR/Epoxy Composite

The curing behavior of the CSR/epoxy composite was studied by DSC (Figure 4). As the curing
of epoxy is an exothermic reaction, all the samples exhibited an exothermic peak, and the maximum
temperature of heat flow (Tmax (heat flow)) was plotted as a function of CSR content. Notably, as the
CSR content increased, Tmax (heat flow) got higher. This indicates that the addition of CSR particles
retarded the curing reaction of epoxy due to the steric hindrance effect of the CSR particles in the
CSR/epoxy composite.
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Figure 4. (a) Differential scanning calorimetry (DSC) curves of CSR/epoxy composites and (b)
maximum temperature of heat flow.

3.2. Pore Structure of CSR/Epoxy Composite Foam Adhesive

The pore structures of the CSR/epoxy composite foam adhesives were analyzed by X-ray CT.
As shown in Figure 5, the pore structure could be investigated from the 3D images of the CSR/epoxy
composite foam adhesives, where the pore sizes are assigned a color gradation. Notably, the pore
size changed with the CSR content, which indicated that the addition of CSR particles affected the
expansion of the foaming agent. To quantitatively compare the pore structures of the CSR/epoxy
composite foam adhesives, many parameters, including the average pore size, standard deviation
of pore size, porosity, and expansion ratio, were evaluated (Figure 6). The pore size and expansion
ratio for 1 phr foaming agent is higher than those for 0.1 phr foaming agent. Compared to 0 phr CSR
content, at 5 and 10 phr CSR contents, the pore size and expansion ratio increased sufficiently due
to the decrease in curing rate. It has been reported that the curing behavior affects the pore growth
and that the expansion ratio increases at a slow curing speed [1,14]. However, although curing was
retarded at 20 phr CSR content, the pore size and expansion ratio decreased. This might have resulted
from the steric hindrance effect of the CSR particles, which spatially prevented the expansion of the
foaming agent [1].
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Figure 5. 3D images of CSR/epoxy composite foam adhesives: (a) CSR 0/FA 0.1, (b) CSR 5/FA 0.1,
(c) CSR 10/FA 0.1, (d) CSR 20/FA 0.1, (e) CSR 0/FA 1, (f) CSR 5/FA 1, (g) CSR 10/FA 1, and (h) CSR
20/FA 1. (i) Color scale indicator for pore size (FA = Foaming agent).
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μ

μ

Figure 6. (a) Average and (b) standard deviation of pore size, (c) porosity, and (d) expansion ratio of
CSR/epoxy composite foam adhesives.

3.3. Resistance to Cleavage of Adhesive under Impact Wedge–Peel Condition

Under the impact wedge–peel condition, the impact force was measured for 20 ms (Figure 7).
With an increase in CSR content, the force was increased and sustained for a longer period, indicating
that the CSR particles significantly improved the impact resistance of the epoxy composite foam
adhesives. On the other hand, as the foaming agent content increased, the cleavage time decreased
drastically, suggesting that the CSR/epoxy composite foam adhesive became fragile.

As shown in Table 3, the type of crack growth and the displacement for cleavage were investigated
to compare the impact resistance. With an increase in the foaming agent content, the CSR/epoxy
composite foam adhesives exhibited unstable crack growth and a short displacement for cleavage
(DC). It indicates that the impact resistance deteriorated with increasing foaming agent content. As the
CSR content increased, the impact resistance of the CSR/epoxy composite foam adhesive improved
dramatically, resulting in an increase in DC and changing the type of crack growth from unstable to
stable crack growth.

Additionally, by comparing the energy for crack growth (EC), we quantitatively evaluated the
resistance to cleavage of the CSR/epoxy composite foam adhesives under the impact wedge–peel
condition. As shown in Figure 8, at foaming agent contents of 0 and 0.1 phr, the EC was significantly
enhanced by the addition of CSR particles, indicating an improvement in impact resistance. However,
as the foaming agent content increased to 1 phr, the EC hardly increased, which suggests that the
impact resistance effectively improved at low foaming agent contents (0 and 0.1 phr).
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Figure 7. Time–force curves of impact wedge–peel test: Foaming agent content of (a) 0 phr, (b) 0.1 phr,
and (c) 1 phr.

Table 3. Type of crack growth and displacement for cleavage of CSR/epoxy composite foam adhesives.

Foaming Agent Content (phr) CSR Content (phr) Type of Crack Growth *DC (mm)

0

0 Unstable 9.94 (±7.16)

5 Unstable/Stable 22.11 (±5.17)

10 Stable 26.30 (±1.15)

20 Stable 26.57 (±0.93)

0.1

0 Unstable 9.23 (±5.53)

5 Unstable 10.88 (±6.34)

10 Unstable/Stable 22.40 (±7.81)

20 Stable 28.87 (±0.55)

1

0 Unstable 5.85 (±1.22)

5 Unstable 7.29 (±2.23)

10 Unstable 8.45 (±1.63)

20 Unstable 13.27 (±4.46)

* DC = Displacement for cleavage.

Notably, for the CSR/epoxy composite foam adhesive containing 0.1 phr foaming agent and
20 phr CSR particles, the EC (34,000 J/m2) was more than two times that of the adhesive containing
no CSR particle (12,000 J/m2). In addition, the type of crack growth changed from unstable to stable
crack propagation by the addition of 20 phr CSR particles into the sample containing 0.1 phr foaming
agent. Moreover, the expansion ratio of the adhesive containing 0.1 phr foaming agent and 20 phr
CSR particles increased, compared to the adhesive containing no CSR particle; this indicated that a
simultaneous increase in both the expansion ratio (~148%) and impact resistance was achieved.
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Figure 8. Energy for crack growth of CSR/epoxy composite foam adhesives.

4. Conclusions

CSR/epoxy composite foam adhesives were prepared with different amounts of foaming agent
and CSR particles. With increasing CSR content, the curing reaction retarded, which affected the
growth of the pores. The pore structure, pore size, porosity, and expansion ratio were determined by
X-ray CT. The expansion ratio for 1 phr foaming agent was higher than that for 0.1 phr foaming agent.
At 5 and 10 phr CSR content, the pore size and expansion ratio increased by decrease in curing rate, but,
at 20 phr CSR content, the pore size and expansion ratio decreased due to the steric hindrance effect of
the CSR particles. The impact resistance of the CSR/epoxy composite foam adhesive was compared in
terms of EC. It was significantly enhanced by the addition of CSR particles at 0 and 0.1 phr foaming
agent. However, at 1 phr foaming agent, the EC was hardly improved by the addition of CSR particle,
indicating that the improvement in impact resistance is effective only at low foaming agent contents (0
and 0.1 phr). For the CSR/epoxy composite foam adhesives containing 0.1 phr foaming agent and 20
phr CSR particles, a simultaneous increase in both the expansion ratio (~148%) and impact resistance
(EC = 34000 mJ/cm2) was achieved. A limitation of this study is that we only focused on the impact
resistance of the CSR–epoxy composite foam adhesives at room temperature. Since CSR particles can
improve impact resistance at low temperatures, it is necessary to investigate the impact resistance of
CSR/epoxy composite foam adhesives at low temperatures in future research.
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Abstract: Owing to their high strength and stiffness, thermal and environmental stability, lower
shrinkage, and water resistance, epoxy resins have been the preferred matrix for the development of
syntactic foams using hollow glass microspheres. Although these foams are exploited in multiple
applications, one of their issues is the possibility of breakage of the glass hollow microspheres during
processing. Here, we present a straightforward and single-step foaming protocol using expandable
polymeric microspheres based on the well-established compression molding process. We demonstrate
the viability of the protocol producing two sets of nanocomposite foams filled with carbon-based
nanoparticles with improved transport properties.

Keywords: epoxy; foams; expandable microspheres; graphene; nanotubes; conductivity; syntactic foams

1. Introduction

Syntactic foams are a type of cellular material composed of pre-formed hollow glass microspheres,
also called microballoons, that are bound together with a matrix [1]. These foams have largely been
prepared using thermoset matrices, particularly epoxy resins (ER), where the hollow microspheres
can easily be accommodated [2]. The outstanding properties of epoxy resins combined with the
lightness of the microspheres are exploited in multiple applications, ranging from packaging materials
for expensive components to core material in sandwich structures and deep-sea submersibles [3].
However, among their different issues is the possibility of breakage of the glass hollow microspheres
during mixing and handling.

An alternative to produce epoxy foams is the use of polymeric expandable microspheres (EMSs) as
foaming agents since they provide better control over the pore morphology [2,4,5]. These microspheres
are made of a thermoplastic polymer shell, around 3–7 μm thick, encapsulating a blowing agent,
usually a saturated hydrocarbon with low boiling point. When heated, the polymeric shell gradually
softens, and the liquid hydrocarbon begins to gasify and expand when the heat is removed, the shell
stiffens and the microsphere remains in its expanded form. Kim and Kim [4] reported the use of these
EMSs as a toughening method concluding it outperformed the usual hollow microspheres. Meanwhile,
Wang et al. [5] proposed a two-step procedure, precuring and foaming, to produce an epoxy foam
reinforced with glass fibers, montmorillonite and silica with these EMSs. They report differences in the
cellular structure as a function of the precuring extent and foaming temperature, with a homogeneous
distribution of the cells at a high precuring extent and foaming temperature, and small cell size at a
high precuring extent and low foaming temperature.
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The advent of nanofillers has brought about a strategy to improve different polymer properties
at low loading fractions [6] and has provided unique opportunities for the reinforcement of fine
structures, such as fibers, thin films and foams. In particular, the use of carbon nanoparticles (CNPs) in
foams has proven not only to increase the mechanical properties, but also to ease processability of
high-performance thermoplastic foams [7] or to impart new functionalities, such as self-extinguishing
grade [8], electrical conductivities, or EMI shielding, among others (see References [9,10] for reviews
in the subject). The use of CNPs in epoxy foams has mostly been studied in syntactic foams with
glass microballoons, whose concentration varies from 20 wt.% to 60 wt.% respect to the resin. Carbon
nanotubes (CNTs) reinforced epoxy foams showed an improvement in compressive modulus by
35%–41% while the strength remained unchanged [11]. Guzman et al. [12] used functionalized
CNTs and various commercially available microballoons to produce syntactic epoxy foams showing
a significant increase in compressive strength and apparent shear strength. Carbon nanofibers
and graphene platelets have also improved the mechanical properties of syntactic foams in tension
mode [13–15] while the compressive modulus and strength were slightly affected [13,15–17]. The use
of CNP has also been explored with epoxy foamed via EMSs. Bao and co-workers have developed
a foaming protocol based on a two-step process followed by a traditional post-cure step of epoxy
resins [18–23]. They have reported lower electrical percolation threshold and higher conductivity than
those of the solid counterpart [18], and improvements in both electromagnetic interference shielding
and sound absorption properties compared to unfilled samples [20–22].

Here, we present a straightforward and single-step process using expandable microspheres based
on the well-established compression molding foaming. We demonstrate the viability of the process
producing two sets of nanocomposite foams filled with carbon-based nanoparticles with improved
transport properties.

2. Materials and Methods

2.1. Materials

Diglycidyl ether of bisphenol-A epoxy resin (product number: 405493), and diethylene triamine
curing agent (D93856) were purchased from Sigma-Aldrich (Darmstadt, Germany). Microspheres
of Expancel (AkzoNobel 930 DU 120) were used as a foaming agent. These spheres consist of a thin
thermoplastic shell filled with a hydrocarbon. According to the material datasheet of the manufacturer,
the used EMSs are composed of an acrylonitrile/methacrylonitrile/methyl methacrylate copolymer,
CAS number 38742-70-0, and two hydrocarbons, 2,2,4-trimethylpentane and isobutane. The average
diameter of the unexpanded microspheres is around 30 μm and increases to a maximum of about
120 μm. Manufacturer information stated an expanding temperature between 122 ◦C and 132 ◦C and a
maximum temperature of use between 191 ◦C and 204 ◦C.

2.2. Synthesis of Carbon Nanoparticles

Aligned multi-walled carbon nanotubes (MWCNTs) were synthesized in-house by a chemical
vapor deposition technique. Briefly, a mixture of 3 wt.% ferrocene in toluene was injected at a rate of
5 mL/h into a hot furnace (760 ◦C) using argon as carrier gas; the nanotubes grew on the inner wall
of a quartz tube and present an oxygen content below 0.7 at. %. Thermally reduced graphene oxide
(TRGO) was also synthesized in-house by the rapid thermal exfoliation/reduction of dried graphite
oxide (GO) at 1000 ◦C under an inert atmosphere. GO was synthesized from natural graphite obtained
from Sigma-Aldrich (universal grade, purum powder ≤ 0.1 mm, 200 mesh, 99.9995%) according to the
Brödie method, which has previously been described by the authors [24]. Briefly, natural graphite and
fuming nitric acid were added to a reaction flask and cooled to 0 ◦C. KClO3 was gradually added and
the mixture was stirred for 21 h, maintaining the reaction temperature at 0 ◦C. Then, the mixture was
diluted in distilled water and filtered until neutral pH.
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2.3. Preparation of ER Foams

First, the nanoparticles were dispersed using a three-roll calender device, EXAKT 80 E (EXAKT 80E,
EXAKT Technologies, Inc. Oklahoma City, OK, USA), following the three-step protocol described in
Table 1.

Table 1. Dispersing protocol.

Protocol Gap 1 (μm) Gap 2 (μm) Speed (rpm) Time (min)

Step 1 120 40 100 10
Step 2 60 20 80 10
Step 3 15 5 80 10

Then, the epoxy/nanofiller dispersion was degassed under vacuum until complete removal of the
occluded air. Epoxy/nanoparticle, the stoichiometric amount of hardener and 7 wt.% of Expancel with
respect to the resin were mechanically stirred at low rpm until a homogeneous blend was achieved.
Then, the mixture was poured inside a square metallic mold (10 × 10 × 1.5 cm3) and placed in a hot
press at 100 ◦C and 60 bars for 3 min and, subsequently, cooled down to room temperature maintaining
the pressure. Three different EMS concentrations, 7 wt.%, 15 wt.% and 30 wt.% were initially considered
based on the concentrations reported in syntactic foams. However, both 15 wt.% and 30 wt.% did not
provide further density reductions compare to 7 wt.% and were discarded from the study. Foams
were produced with two different densities varying the amount poured into the mold, low-density
(LD) around 250 kg/m3 and high-density (HD) around 800 kg/m3. Finally, the foam was post-cured at
130 ◦C for 90 min. The foams were mechanized and 2 mm of solid skin was cut out from each side
of the foam. The nanofiller concentrations were selected according to the viscosity of the dispersion.
The maximum concentrations were 0.5 wt.% for MWCNTs and 1.5 wt.% for TRGO.

2.4. Characterization

The density of a cubic sample was measured as its weight divided by its volume according to
ASTM D 1622-03. The results were the average of at least three measurements.

The expansion of Expancel was analyzed using differential scanning calorimetry (DSC), Mettler
Toledo 822e DSC. Measurements were carried out from room temperature up to 200 ◦C at a heating
rate of 10 ◦C/min.

The morphology of the foams was determined by scanning electron microscopy (SEM, FEI SA,
Hillsboro, OR, USA). The images were taken with a Philips XL30 ESEM at 25 kV. The samples were
metallized with a 5 nm coating of gold/palladium. The morphology of the CNPs was observed by
scanning (SEM) and transmission electron microscopy (TEM). TEM images were obtained on a Philips
Tecnai 20 TEM apparatus (Field Electron and Ion Company, Hillsboro, OR, USA) using a voltage of
200 kV. SEM analysis was performed on a piece extracted from the walls of the quartz tube without
coating. Meanwhile, the TEM samples were prepared by immersion of the TEM grid in a dilute
solution of nanoparticles in THF and letting the solvent evaporate.

Thermal conductivity was measured by the transient plane source (TPS) technique using a thermal
conductivity analyzer model HDMD (Hot Disk, Göteborg, Sweden). TPS is a standard technique that
measures time-dependent energy dissipation of a sample [25]. It uses a thin disk that acts both as a
temperature sensor and heat source and which is located between two samples of similar characteristics
(area and thickness).

The electrical conductivity of the foam nanocomposites was determined on an ALPHA
high-resolution dielectric analyzer (Novocontrol Technologies GmbH, Hundsangen, Germany) over a
frequency range window of 10−1–107 Hz at room temperature. The foams were held in the dielectric
cell between two parallel gold-plated electrodes. The amplitude of the applied AC electric signal to the
samples was 1 V.
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3. Results and Discussion

Previous works by the authors have already analyzed the effect of the carbon nanoparticles used
in this study in the rheology [26], curing kinetics [27], and transport properties, both thermal and
electrical, of similar thermally cured epoxy resins [26,28,29]. These studies together with the authors’
knowledge on the viscosity hindrance of foaming in reactive systems [24,30–33] enable fixing the
foaming processing temperature and time and the maximum concentration of nanoparticles mentioned
above, respectively.

Several studies by Bao and coworkers [18–23] on epoxy/Expancel systems reported two-step
foaming processes, composed of pre-curing at low temperatures (around 45 ◦C) and foaming (75 to
100 ◦C temperature range), followed by traditional epoxy post-curing. The authors stated their
intention to adopt a single-step process but they encountered thermal degradation of the matrix. Here,
we decided to optimize the one-step process based on a well-established industrially scalable foaming
process, i.e., compression molding. To establish the appropriate foaming temperature, Expancel
microspheres were initially characterized by dynamic DSC (Figure 1). The thermogram revealed the
expansion process of the microspheres in the temperature range from 122 ◦C to 145 ◦C.

Figure 1. (a) Dynamic DSC thermogram of the expandable microspheres. (b) Fully expanded epoxy
foam (100 ◦C and 3 min).

Hence, an initial foaming trial was done at 125 ◦C. However, the exothermic curing reaction of
the epoxy resin increased the temperature resulting in the eventual degradation of the sample after
only 1 min. Hence, considering the previously studied cure kinetics [27], we decided to lower the
temperature to 100 ◦C. At this temperature, the cure kinetics had been analyzed through rheology
and MQ NMR showing a gel time around 2.7 min and a vitrification time around 4 min, respectively.
Therefore, we fixed the compression molding within this time frame; obtaining the best results at 3 min
(Figure 1b). Once the foaming process is completed, it is key to reduce the temperature of the mold
below the Tg of the EMSs to fix the cellular structure, and also to avoid degradation of the matrix.
The optimization of the foaming process for different hardeners and epoxy monomers should be done
considering the reaction kinetics of the cure.

3.1. Morphology

The morphology of the nanofillers is presented in Figure 2. MWCNTs are aligned and disentangled;
this characteristic would facilitate their dispersion in the epoxy resin. Their length, measured from
the low magnification image, is approximately 160 μm, with an average diameter of 43.8 ± 12.7 nm,
which results in an aspect ratio above 3600. Meanwhile, the morphology of the TRGO shows the
characteristic wrinkled structure of the particle due to the thermal exfoliation and reduction to which it
has been subjected. Full characterization of the TRGO and MWCNT used in this work is described
elsewhere [29,34,35].
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Figure 2. Morphology of in-house synthesized nanoparticles: (a) and (b) SEM and (c) TEM images of
MWCNTs, (d) TEM image of TRGO.

The developed foams with the one-step process show a closed-cell, homogeneous and isotropic
structure (Figure 3). Such closed cellular morphology is the result of the foaming agent, as the shell
of the microspheres will be part of the cell wall. Foams within the same density set present fairly
similar cell morphology and cell size distribution (Figure 4), with average cell size and wall thickness
ranging from 125 ± 5 μm and about 1–2 μm to 56 ± 2 μm and 10–12 μm for low- and high-density
foams, respectively (Table 2). The cellular morphology of previous studies presents either a bimodal
cell size distribution or the presence of extremely large cells [5,18,20–23], neither of these two effects
were observed in our samples (Figure 4). We ascribe this homogeneity of the cellular structure to the
single-step foaming process and to the degassing of the CNP mixture.

 
Figure 3. SEM images of the foams. (a) Neat ER-LD, (b) 0.5 wt.% MWCNT-LD, (c) 1.5 wt.% TRGO-LD,
(d) neat ER-HD, (e) 0.5 wt.% MWCNT-HD, and (f) 1.5 wt.% TRGO-HD.
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Figure 4. Cell size distribution of the foams.

Table 2. Cell size and densities of the epoxy foams.

Sample Cell Size
(μm)

ρ
(kg/m3)

ER-LD 130 ± 29 247 ± 3
0.25 wt.% MWCNT-LD 118 ± 41 272 ± 2
0.5 wt.% MWCNT-LD 129 ± 36 243 ± 1

1 wt.% TRGO-LD 126 ± 35 267 ± 3
1.5 wt.% TRGO-LD 125 ± 31 278 ± 1

ER-HD 58 ± 27 707 ± 1
0.25 wt.% MWCNT-HD 53 ± 17 871 ± 3
0.5 wt.% MWCNT-HD 55 ± 28 806 ± 2

1 wt.% TRGO-HD 56 ± 17 796 ± 1
1.5 wt.% TRGO-HD 57 ± 26 670 ± 1

Nanoparticles have been reported to act as nucleating points in different nanocomposite foams [9].
Here, we do not observe such an effect since foaming occurs through the expansion of the microspheres
and we removed any occluded air. Individual MWCNTs and TRGO were visibly protruding from
the polymer matrix and were uniformly distributed within both the struts and walls with no obvious
aggregation (Figure 5).

Considering the initial value of the microspheres’ diameter before the expansion (30 μm) and
the value of the cell size, we obtain an expansion factor of approximately 4.3 and 1.5 for low- and
high-density foams, respectively. These expansion factors are related and agree well with the density
reduction, from 1100 kg/m3 to around 250 kg/m3 and 850 kg/m3 for LD and HD, respectively (Table 2).
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LD expansion ratio is slightly higher than those obtained by other authors using EMSs in epoxy
resins [5] which suggest an optimal level of expansion.

Figure 5. High magnification SEM images of the foams. (a) 0.5 wt.% MWCNT-LD, (b) 1.5 wt.%
TRGO-LD, (c) 0.5 wt.% MWCNT-HD, and (d) 1.5 wt.% TRGO-HD.

3.2. Thermal Conductivity

The cellular structure of polymer foams gives them very low thermal conductivity, which is a
sought after property for insulating applications. However, some specific applications can require
the transport of heat while maintaining lightweight characteristics. For example, improved thermal
conductivity (λ) in polymer foams can be useful to eliminate temperature gradients and maintain
a uniform temperature in the thermal insulation of the space shuttle [3], in mobile phones, or any
electronic circuit. Therefore, the incorporation of nanofillers with superior thermal conductivity has
been studied as a way to increase the thermal conductivity of foams [24,36].

Heat transfer can occur through three main mechanisms: conduction, convection, and radiation.
However, convection is considered to be negligible in foams with cell size below 4 mm [2], while
radiation has a minor contribution in systems with relative densities above 0.2 [37]. Since the developed
foams satisfy these two requisites, the dominant heat transfer mechanism would be via conduction
in both the solid and gas phases, which depends on the volume fraction of each phase, the cellular
structure and the thermal conductivity of the solid phase. Furthermore, as we mentioned above,
the cellular morphology of the foams is very similar among the samples with the same density.
Therefore, the differences in the thermal conductivity of the nanocomposite foams with the same
density should be ascribed to the presence of the nanofillers.

The developed nanocomposite foams exhibit very low thermal conductivity values, around
0.07 W/m K for LD and 0.25 W/m K for HD. Figure 6 shows the variation of λ with the foam density,
presenting a linear dependence. Hence, in order to eliminate the slight density differences within
the low- and high-density sets, the specific value of the conductivity (λ/ρ) is represented in Figure 7.
Both nanofillers improve the specific thermal conductivity of the foams with TRGO, showing the
largest increase of up to 20% with the addition of 1.5 wt.% of TRGO to HD foams. Such improvements
are lower than those previously reported in solid epoxy systems with values above 30% [28,38].
However, the presence of nanoparticles could act as infrared opacifiers [39] affecting the radiative
contribution of foams and reducing the thermal conductivity enhancements. This opacifier effect could
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also explain the downward trend with TRGO loading fraction in LD foams, since these foams are right
in the limit where the radiation term starts to contribute to the heat transfer mechanisms [37]. Further
studies are currently underway to elucidate such results.

Figure 6. Thermal conductivity as a function of density.

Figure 7. Specific thermal conductivity of (left) LD foams and (right) HD foams.

3.3. Electrical Conductivity

Among the most sought-after development of nanocomposites filled with carbon-based
nanoparticles has been to impart electrical conductivity to the otherwise insulating polymer matrix.
A large body of research is available on the subject since it could be exploited in a wide range of
applications, from electronics to packaging and aerospace sector. In particular, the development of
electrically conductive foams has also been largely studied as they will additionally provide weight
reduction to the system. Yang et al. [40,41] and soon after Xu et al. [42] reported PS and PU foams with
electrical conductivities of the order of 10−1 S/m with 15 wt.% CNF and 560 kg/m3, and 10−5 S/m with
2 wt.% CNT and 50 kg/m3, respectively. Bao and coworkers have more recently reported conductive
epoxy foams via a two-step foaming process with electrical resistivity in the order of 105 ohm·cm
with 0.5 wt.% CNT and 2 wt.% of EMSs [18], and conductivity in the order of 10−7 S/m with 2 wt.% of
CNT and of EMSs [20]. Meanwhile, studies carried out with hollow glass microballoons have reached
a resistivity of 105 ohm·m with 0.5 vol.% of graphene nanoplatelets and 30 vol.% of hollow glass
microballoons [15].

Figure 8 shows the electrical conductivity of the LD and HD foams. The conductivity of the neat
epoxy resin shows a linear dependency with the frequency, characteristic of an insulating material.
This behavior is modified by the addition of the conductive nanofillers, where the conductivity
shows a plateau up to a critical frequency. This behavior is commonly described by the percolation
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theory [43], which states the existence of a concentration, or percolation threshold, where the filler
forms a conductive network. Both concentrations of TRGO (1 wt.% and 1.5 wt.%) and 0.5 wt.% CNT
are above the percolation threshold for the two sets of foam densities, where the 0.5 wt.% MWCNT
sample shows the highest value of electrical conductivity, close to 10−5 S/m. Previous articles by the
authors have also observed differences in the percolation threshold and electrical conductivities of
CNT and TRGO filled solid epoxy resins, which were ascribed to the geometry of the fillers [26,44],
and have later been corroborated by other authors [45].

Figure 8. Electrical conductivity of (left) LD foams and (right) HD foams.

Finally, both high and low densities present very similar values of electrical conductivities.
This result is in agreement with Xu et al. that observed fairly constant electrical conductivities for
densities between 200 and 500 kg/m3, where the nanofillers formed a 3D percolated network. They then
reported a conductivity decrease with density and its disappearing at densities below 30 kg/m3 due to
a transition from 3D to 2D percolation network and the decrease in CNT content in the cell walls [42].

4. Conclusions

A one-step foaming process has been optimized using an industrial manufacturing process to
produce low and high-density epoxy foams using expandable microspheres. The key assets of the
proposed protocol are a very short foaming step followed by the cooling of the mold. The developed
foams present enhanced thermal and electrical conductivities, due to the addition of low loading
fractions of carbon-based nanoparticles. Here, the addition of 0.5 wt.% of MWCNTs increased the
electrical conductivity in five orders of magnitude. While the thermal conductivity was slightly
increased, up to 20%, by the nanoparticles in the low and high-density foams. Transport properties
showed a different tendency with foam density, where the electrical conductivity was almost constant
while the thermal conductivity presented a linear dependency with the density.

These expandable foams could widen the range of applications of syntactic foams as they could
be introduced as the core material in the sandwich structures of carbon fiber composites. Additionally,
the electrical conductivity of the nanocomposites could represent an asset in those composites, as it
would provide a higher electrostatic discharge after a lightning strike. Conductive epoxy foams can also
serve as EMI shielding barriers in electronics or in devices inside the aircraft, due to their lightweight.
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Abstract: Porous polym er materials have received great interest in both academic and industrial
fields due to their wide range of applications. In this work, a porous polyamide 6 (PA6) material was
prepared by a facile solution foaming strategy. In this approach, a sodium carbonate (SC) aqueous
solution acted as the foaming agent that reacted with formic acid (FA), generating CO2 and causing
phase separation of polyamide (PA). The influence of the PA/FA solution concentration and Na2CO3

concentration on the microstructures and physical properties of prepared PA foams were investigated,
respectively. PA foams showed a hierarchical porous structure along the foaming direction. The mean
pore dimension ranged from hundreds of nanometers to several microns. Low amounts of sodium
salt generated from a neutralization reaction played an important role of heterogeneous nucleation,
which increased the crystalline degree of PA foams. The porous PA materials exhibited low thermal
conductivity, high crystallinity and good mechanical properties. The novel strategy in this work
could produce PA foams on a large scale for potential engineering applications.

Keywords: foams; polyamide; crystalline; thermal conductivity; mechanical property

1. Introduction

Polyamide 6 (PA6), also known as Nylon 6, is widely known for its high impact resistance,
good toughness, abrasion resistance and strength. Due to its excellent physical properties, PA6 is
widely used in industry, for example, as textile fibers and engineering polymer composites [1]. It is
expected that PA6 can be processed into lightweight products that are used in the field of insulation
and cushioning.

Porous polymer materials have attracted wide attention from both industry and academia.
Depending on the application, the porous material must meet specific requirements. Thus, great effort
has been invested in the manipulation of their properties. Besides the material composition, the porous
structure plays a crucial role when it comes to the tailoring of porous materials [2]. Traditional polymer
foams, for example, expanded polystyrene, are produced from polymer melts and blowing agents [3].
They are usually used in fields such as packaging, insulation, and impact protection. Supercritical fluid
foaming technology is developed to manufacture microcellular foams with the cell size in the order
of 1–100 μm. In this process, gas diffuses into polymers and then bubbles nucleate in a gas–polymer
system at a high temperature [4]. Thermoplastic microcellular foams with improved properties are
obtained for possible engineering applications [5].

Recently, alternative strategies have been designed to process polymers into functional porous
materials. High-internal-phase emulsions polymerization used water-in-oil emulsions as templates
to construct cellular structures in subsequent synthesized polymers [6–8]. Anionic polymerization

Polymers 2018, 10, 1310; doi:10.3390/polym10121310 www.mdpi.com/journal/polymers118



Polymers 2018, 10, 1310

realized a porous structure by controlling the phase separation and growth of spherulitic domains
during polymerization [9]. Foam-like cryogels were produced by sublimating ice templates from
frozen polymer gels via freeze-drying [10,11]. Nanoporous aerogels were also fabricated from wet
gels by sol-gel chemistry via supercritical drying technique [12,13]. The phase inversion method
generated pores in wet phase using solvents exchange and then porous monoliths were obtained
after drying at ambient pressure [14,15]. However, supercritical drying and freeze-drying are slow
and energy-consuming, making the large-scale production of aerogels very expensive and risky.
Solvent exchange in phase inversion is not environmentally friendly and is also time-consuming.
The polymerization method usually suffers from complicated processing. New strategies with high
efficiency and low cost are desirable to produce novel porous materials on a large scale.

In the present work, we report an efficient, low-cost and template-free method for manufacturing
polyamide (PA) foams. In this process, Na2CO3 aqueous solution, used as a foaming agent, was injected
into a PA/formic acid (FA) solution. The reaction between Na2CO3 and FA induced phase separation
of PA and formed the cell walls of porous materials. Meanwhile, CO2 was generated, and bubbles
were nucleated in polymer solution by creating a thermodynamic instability. The influence of foaming
parameters, that is, concentration of PA/FA solution and Na2CO3 aqueous solution, on microstructures,
crystallinity, compressive mechanical properties and thermal conductivity were investigated.

2. Materials and Methods

2.1. Material

Polyamide 6 (PA6) with a molecular weight of 20,000 was brought from Ube Industries (Osaka,
Japan). Sodium carbonate (SC) and formic acid (FA) were produced by Tianjin Fengchuan chemical
reagents (Tianjin, China). All chemical reagents were used as received.

2.2. Preparation of PA Foams

The preparation process of PA foams is illustrated in Figure 1. Nylon-6 pellets were dissolved in
anhydrous formic acid with a desirable concentration through magnetic stirring at room temperature
for 3 h. Meanwhile, sodium carbonate (SC) solutions with desirable content were prepared by
dissolving SC particles in deionized (DI) water. Then, 6 mL of transparent PA/FA solution were
transferred into a cylinder mold with a diameter of 30 mm and height of 20 mm. Subsequently,
excessive SC solutions were injected into the mold through a syringe. Large amounts of CO2 were
generated by the neutralization reaction and bubbles nucleated in the viscous solution. Along with the
PA molecules separated from the solvent, the bubbles grew, foaming the porous structure. The obtained
porous materials were washed with DI water four times and dried in an oven at a temperature of
60 ◦C for 6 h. Samples prepared were named by PA concentration followed by blow agent solution
(SC) percentage according to the processing parameters, for example, 12PA-3SC.

Figure 1. Scheme of preparation procedure of porous PA materials.

119



Polymers 2018, 10, 1310

2.3. Characterizations

A field emission scanning electron microscope (ZEISS GeminiSEM 500, Oberkochen, Germany)
was used to characterize the macroporous structures of the sample. Prior to observation, all the samples
were cryo-fractured by immersing them in liquid N2 (−196 ◦C), and were then sputtered with gold to
ensure sufficient conductivity. Pore diameters of foams were measured using Image J software.

Differential scanning calorimetry (DSC) was performed using a 200F3 equipment (Netzsch,
Ahlden, Germany) following the procedure described below. A 10 mg tested sample was loaded
in an aluminum pan and first heated from 25 ◦C to 280 ◦C at a heating rising ramp of 10 ◦C/min.
The pan was held at 280 ◦C for 5 minutes and then cooled to 25 ◦C at the same temperature ramp.
The crystallinity (Xc) of porous PA6 was calculated according to the first melting curve using the
following equation:

Xc(%) =
ΔHm

ΔHc
× 100

where ΔHc for 100% crystalline PA6 is 188 J/g [16].
Wide-angle X-ray diffraction (WAXD) patterns were recorded in a D8 Discover X-ray diffractometer

(Bruker, Karlsruhe, Germany) with CuKα radiation (λ = 0.154 nm).
The bulk densities (ρb) of PA foams were calculated by the division of mass to volume of cylindrical

samples. Five samples were used to evaluate each composition.
The thermal conductivity of sample was measured using a TPS 2500S equipment (Hot Disk,

Uppsala, Sweden) based on ISO 22007-2.2. Prior to testing, two prepared cylinder samples with flat
bottoms were prepared by slight polishing. A thermo sensor probe was placed between the two
samples during the tests.

Compression tests were performed using a universal testing machine (Hongda, Beijing, China)
with a load cell of 5 kN. The crosshead rate and maximum strain were set to 1 mm/min and 60%,
respectively. To determine the elastic modulus, compression tests with intermittent unloading (to zero
force) and reloading were conducted additionally at ambient condition (20 ◦C and 65% humidity).
Five replicas were tested for each composition.

3. Results and Discussion

3.1. Morphologies

Each sample was characterized at a similar position and the corresponding SEM images of PA
foams are shown in Figure 2. It was found that the microstructures of three-dimensional PA foams
depended on two factors, including the amount of CO2 produced by reaction of Na2CO3 (SC) and
formic acid (FA) and the separation rate of PA molecules from FA. Irregular porous structures were
generated when 3 wt % of SC solution was used as a blowing agent, as seen in Figure 2a–c. This was
because the low foaming power resulted from the low concentration of SC. With the increase of SC
concentration, cellular structures appeared and the pores decreased in dimensions. For instance,
when the concentration of SC increased from 5% to 9% with fixed 16 wt % PA, the average cell diameter
of corresponding samples reduced from 2.2 to 0.75 μm (Figure 2e,k). This change of microstructure
could be attributed to two factors: On one hand, higher concentration of SC solution generated larger
amounts of CO2, thereby leading to a high pressure in the bubble, which could refine the cellular
structure and reduce the pore size [17]. On the other hand, nucleation sites for polymers during the
foaming stage increased due to the heterogeneous nucleation effect of sodium salts generated from
the neutralized reaction. This limited the expansion of bubbles and therefore made the obtained PA
foams have smaller pores with even distribution [18]. However, when the concentration of SC was
9%, excessive pressure in the mold intensified the combination of air bubbles, causing defects in the
cellular structure and uneven distribution of pore dimension, as seen in Figure 2j.

Sample 12PA-5SC showed an irregular porous structure (Figure 2d). When a proper fraction of
SC solution was used, a higher PA concentration led to greater viscosity of the solution. This was
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able to enhance homogeneous nucleation, generating a more regular internal structure (Figure 2e,f).
Moreover, the increase of viscosity may affect the expansion of bubbles and retard the growth of foams,
resulting in smaller pores and thicker cell walls [19].

In general, both solution viscosity and foaming rate could affect the morphologies of the prepared
PA foams. The released CO2 amount and the viscosity of solution should be adjusted to obtain the
optimal cellular structure. Both PA concentration and SC content had a critical influence.

Figure 2. SEM images of PA foams with different compositions and their corresponding pore’s size
distribution: (a) 12PA-3SC; (b) 16PA-3SC; (c) 18PA-3SC; (d) 12PA-5SC; (e) 16PA-5SC; (f) 18PA-5SC;
(g) 12PA-7SC; (h) 16PA-7SC; (i) 18PA-7SC; (j) 12PA-9SC; (k) 16PA-9SC; (l) 18PA-9SC.

The structural changes of PA foams along the foam growth direction were studied by taking
sample 16PA-5SC as a representative. Figure 3 shows the morphologies of three positions of bulk
sample from bottom to top (foaming direction). The average pore diameter, pore size distribution and
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cell wall thickness of the porous material had a hierarchical change along the direction of foaming.
The close pore percentage was relatively high at the beginning of foaming, resulting in an average pore
diameter of ~2 μm in the bottom of the sample (Figure 3c). As the foam grew, the mold’s space was
progressively occupied. Continuous CO2 release increased the pressure on the mold, which increased
the open cell content and decreased the mean pore diameter to 0.5 μm (Figure 3a) [20].

Figure 3. SEM images of the structural changes and pore size distribution along the foaming direction:
(a) top, (b) middle and (c) bottom part of 16PA-5SC.

3.2. DSC Analysis

The effect of processing parameters on crystalline properties was studied by DSC. The first
heating curve and the first cooling pattern are shown in Figure 4. Information such as crystallinity (X),
crystallization temperature (Tc) and melting temperature (Tm) provided by DSC analysis are included
in Table 1. PA6 polymer showed a single melting peak at 226.3 ◦C. However, the prepared PA foams in
this work exhibited a multiple melting phenomenon. The sodium salts played a role of heterogeneous
nucleation and crystal nuclei formed rapidly at a high temperature (230–240 ◦C). Crystals grew by a
polymer chain segments arrangement on the surface of nuclei, making the PA foams have a melting
peak at ~265 ◦C. Another melting peak was located at the low temperature side (~216 ◦C), which was
lower than the Tm of raw PA6, indicating that the foaming process was not beneficial for lamellae
stacking. This was possible due to the generated CO2, which prevented the arrangement and stacking
of polymer chain segments. In addition, the prepared PA foams had much higher crystalline degree
than raw PA6, as shown in Table 1, resulting from the heterogeneous nucleation effect of generated
sodium salts.

By increasing SC solution concentration to 7%, the crystallinity increased. Sodium salts generated
from neutralization in the PA matrix played an important role for heterogeneous nucleation.
The nucleation sites increased and the crystallizing rate also increased, which shortened the time for
segmental rearrangement to a certain extent [21]. However, when the SC concentration increased
to 9%, the crystallinity dropped. Large quantities of sodium salt caused competition for nucleating
sites, preventing heterogeneous nucleation, as seen in the crystallizing pattern in Figure 4d [22,23].
In addition, 16PA-9SC exhibited multiple crystallizing peaks. Rapid and massive nucleation inhibited
the growth of crystals and produced a large amount of non-perfect crystals in the polymer matrix.

When the PA concentration increased from 12% to 16%, no significant change was observed of the
crystallinity in the foams. Higher crystallinity was obtained by further increasing the PA concentration
to 18%. Nucleation and diffusion were the two factors determining crystallization behaviors of PA
foams [24]. With an increase of PA concentration, the nucleation rate was increased. Meanwhile,
the diffusion speed and growth rate of the crystal nucleus slowed down due to increased viscosity of
solutions [25]. Therefore, PA molecular chain segments had sufficient time to rearrange, resulting in a
significant increase of the crystallinity.
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Figure 4. Differential scanning calorimetry (DSC) patterns of raw PA6 and PA foams. (a,b): first melting
scans; (c,d): first cooling scans.

Table 1. Crystalline melting temperature and crystallinity of PA foams.

Samples X1 (%) X2 (%) X (%) Tm1 (◦C) Tm2 (◦C) Tc1 (◦C) Tc2 (◦C)

Raw PA6 25.4 / 25.4 226.3 / 165.5 /
16PA-3SC 13.6 34.7 48.3 215.9 263.9 178.2 237.9
16PA-5SC 20.9 29.8 50.7 215.5 264.3 176.1 233.4
16PA-7SC 17.1 40.2 57.3 215.8 264.0 178.5 234.3
16PA-9SC 17.3 31.6 48.9 217.8 265.3 174.0 /
12PA-5SC 24.1 29.0 53.1 216.9 265.6 176.4 227.9
14PA-5SC 9.4 45.4 54.8 216.7 264.1 179.5 233.6
18PA-5SC 26.7 35.2 61.9 216.8 264.0 177.8 240.4

3.3. WAXD Analysis

WAXD was carried out to investigate the crystalline morphologies of porous PA6 samples.
The corresponding spectra of representative samples are shown in Figure 5. The main diffraction peaks
are shown at 2 = 20.2◦ and 24.1◦, attributed to the (200) and (002) crystal planes of the α crystal phase,
respectively [26]. There was no crystal transformation taking place in PA foams prepared by different
processing parameters. It can be concluded that there is no certain connection between the multiple
melting peaks in DSC analysis and the melting of polymorphic structure of polymers.
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Figure 5. XRD patterns of raw PA6 and prepared representative PA foams.

3.4. Thermal Conductivity

Heat transfer within foams is composed of four distinct mechanisms [27]:

λ f oam = λs + λg + λr + λc

where λs and λg represent the thermal conductivity of the solid and the gas, respectively, λr is the
thermal radiation term and λc represents the convection within the cell. λc can be ignored when cell
size is less than 3 mm [28].

The thermal conductivity of the porous material was very sensitive to their bulk density [29].
An increase of PA concentration increased the bulk densities of PA foams, leading to a higher
contribution of λs and a smaller fraction of λg [30]. Therefore, higher thermal conductivity was
obtained, as shown in Figure 6.

Figure 6. Thermal conductivity vs relative densities of PA foams.

As the SC concentration increased at a fixed PA content, no significant change occurred on the
bulk density. However, the thermal conductivity of PA foams decreased slightly [31]. Two factors
contributed to this phenomenon. First, the dimensions of pores decreased when a greater amount of
SC was used, increasing the specific surface area of PA foams. As a result, the efficiency of internal
gas collision and the radiation heat transfer decreased [5]. Second, higher SC concentration increased
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the amount of non-perfect crystals. This change of microstructure increased interfacial thermal
conductivity, consuming more energy through scattering between different crystalline regions [32].

3.5. Mechanical Properties

The compressive curves of prepared PA foams are shown in Figure 7a. The corresponding
mechanical properties, such as compressive stress at 60% of strain (σ60%) and energy absorbed (Ea),
are summarized in Table 2. The energy absorbed was taken at 60% strain. Notably, the prepared foams
displayed a “zero-yield-stress” phenomenon, except for 18PA-5SC, possibly due to imperfections on the
end surfaces and some premature localized plastic deformation. Therefore, elastic moduli of samples
were determined by a corrected method described in a previous report [33]. The corresponding
stress–strain curves from uniaxial compression tests with intermittent unloading-reloading are shown
in Figure 7b. The measured values of moduli (E) are included in Table 2.

Figure 7. (a) Compressive curves of prepared PA foams and (b) stress–strain curves from uniaxial
compression tests with intermittent unloading-reloading.

Table 2. Compressive mechanical properties of PA foams.

Samples ρb (g/cm3) E (MPa) σ60% (MPa) Ea (kJ)

16PA-3SC 0.096 ± 0.002 1.38 ± 0.15 1.08 ± 0.05 231.8 ± <0.1
16PA-5SC 0.095 ± 0.002 1.33 ± 0.10 1.23 ± 0.06 239.2 ± <0.1
16PA-7SC 0.092 ± 0.002 1.29 ± 0.07 1.12 ± 0.03 238.8 ± <0.1
16PA-9SC 0.090 ± 0.001 1.05 ± 0.06 0.96 ± 0.02 198.2 ± <0.1
12PA-5SC 0.066 ±< 0.001 1.02 ± 0.07 0.92 ± 0.02 199.5 ± <0.1
14PA-5SC 0.082 ± 0.001 1.14 ± 0.04 1.21 ± 0.04 237.1 ± <0.1
18PA-5SC 0.101 ±<0.001 4.74 ± 0.08 1.53 ± 0.05 403.7 ± <0.1

When the PA content was 16% in solution, E decreased with the increase of SC content used.
This can be attributed to the increased microstructural defects in pore walls caused by higher foaming
power when larger quantities of SC were added. PA foams prepared from 5% SC foaming agent had
the highest compressive stress (σ60%) and greatest energy absorbed (Ea). This was because a more
regular cellular structure was obtained for this composition. Lower or higher foaming power increased
the structural defects in PA foams. When the concentration of SC increased from 3% to 5%, the cellular
structures of the PA foams became more regular. More cell walls were bent when the materials were
subjected to an external force. Therefore, more energy was absorbed [34]. Further increases of SC
concentrations caused an excessive growth of cells, resulting in cell merger and collapse. This caused
structural defects in cell walls, reducing the absorption of energy [35].

As PA concentration increased at 5% SC solution, PA foams with improved mechanical properties
were obtained. First, bulk densities of PA foams increased as higher quantities of PA were used,
resulting in thicker cell walls that could withstand higher loads. Second, the crystalline degree of
materials increased due to the homogeneous nucleation effect, as mentioned in DSC analysis [36].
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Moreover, the prepared PA foams displayed a hierarchal porous structure along the foaming direction
as shown in Figure 3. This structure made the PA foams an excellent material for cushioning. The PA
foams obtained from 18 % PA absorbed 403.7 kJ of energy at 60% of strain.

4. Conclusions

Porous PA materials were prepared from a PA/FA solution by a facile solution foaming strategy.
The obtained PA foams showed a hierarchical porous structure along the foaming direction and
the pore size ranged from 0.5 to 3 μm. By increasing the SC concentration, the foaming power and
the nucleation sites increased, decreasing the pore’s dimension in foams. The size of pores also
reduced as PA concentration increased because of the limited bubble expansion induced by the greater
viscosity. The crystalline degree of PA foams increased with the increase of PA concentration due
to the homogeneous nucleation effect. Sodium salt generated from neutralization mainly played a
role of heterogeneous nucleating agent. A critical content of SC was found to produce PA foams with
more regular cells and higher crystalline degree. Moreover, no crystal phase transformation occurred
during the foaming process. The increase of concentration of SC solution had a minor effect on the
bulk density of foams. However, it diminished the thermal conductivity of foams by increasing the
interfacial thermal loss between different crystalline regions. Prepared PA foams exhibited low thermal
conductivity and good mechanical properties. The novel strategy in this work could extensively
produce PA foams for a range of practical applications such as thermal insulation, cushioning and
adsorption, etc.
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Abstract: In the present work, foamed polypropylene (PP) composites were prepared by chemical
foaming technology, and the foaming quality and impact property of the foamed PP composites
were studied. The results showed that the foaming quality was significantly improved after the
introduction of thermoplastic rubber (TPR) and polyolefin elastomer (POE). Meanwhile, it was found
that the impact property depended on the intrinsic toughness and contribution of foams (cells) to
the PP composites. Furthermore, the data regarding impact property in low temperature showed
that when the temperature was between −80 and −20 ◦C, the impact properties of the foamed PP
composites were higher than that of the unfoamed sample, which was due to the impact property
being completely contributed by cells under this condition. Meanwhile, when the temperature ranged
from −20 to 20 ◦C, the impact property of the unfoamed sample was higher, which was due to the
PP matrix contributing more to the impact property under this temperature. This work significantly
improved the foaming quality of foamed PP composites and provided reliable evidence for the
improvement of impact property.

Keywords: polypropylene; foaming quality; impact property; intrinsic toughness

1. Introduction

Nowadays, the microfoamed polymer materials [1–3] have attracted increasing attention due
to their excellent comprehensive properties. Compared with traditional foamed materials, the
microfoamed polymer materials possess highly specific properties, including good thermal stability,
excellent sound absorption property, low thermal conductivity and dielectric constant, etc. [4–6]. As a
result, microfoamed polymer materials have been widely used in transportation, the military industry,
aerospace, electronics, daily necessities, and so on [7–10]. When the microfoamed polymer materials are
used as structural materials, the comprehensive properties of the materials need to be higher, especially
the mechanical properties, because the foamed materials have a certain weight loss [8,11]. Generally,
the mechanical properties of the microfoamed polymer structural materials are mainly determined
by the morphology of cells in the material, such as the shape, diameter, density, and distribution of
the cells [11,12]. Therefore, further study of the foaming quality and mechanical properties, such
as the impact property of the microfoamed polymer materials, is worthwhile. On the other hand,
isotactic polypropylene (iPP), as a widely used semicrystalline polymer, has a considerable commercial
importance owing to its numerous advantages, such as low cost, easy processing, recyclability, and
excellent mechanical performances [13–15]. iPP also has various crystalline modifications, such as α,
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β, γ, etc. [16]. Due to its excellent comprehensive properties, it is usually produced into various forms
of polymer products [16].

Recently, more and more researchers have focused on the research of foamed polymer materials,
especially the PP-based materials. Rizvi et al. [17] fabricated a microfoamed PP/PTFE material,
and the formative fibrous PTFE significantly improved the foaming quality with higher bubble
density and volume expansion ratio. The foamed PP/PTFE composites exhibited a high sorption
capacity to CO2. Keramati et al. [18] also studied the effects of nanoclay on the foaming behavior of
PP/ethylene–propylene–diene monomer rubber (EPDM). They found that the added nanoclay was
dispersed evenly in the PP matrix, and a small amount of nanoclay could hugely increase the cell
density and reduce the cell size. Kuboki et al. [19] have explored the effects of cellulose content and
processing condition on the foaming quality and mechanical properties of the PP foamed composites
reinforced with fiber by injection molding, and the results showed that the strength, flexural modulus,
and notched impact property increase with the increase of cellulose content. Xi et al. [20] also fabricated
a microcellular foamed PP/GF composites, and found that the introduction of GF (glass fiber) could
improve the foam structure and mechanical properties of the foamed materials. The above reports aim
at the preparation of foamed materials by introducing materials such as nanoparticles, fibers, EPDM,
polyolefin elastomer (POE), etc. into a polyolefin material, further studying the effects on the foaming
quality and mechanical properties of the foamed materials. These methods of preparing foamed
materials mainly focus on the physical foaming, while chemical foaming technology is rarely reported.

In this work, the foamed PP composites are prepared by adding different types of elastomers
using the chemical foaming technology. The effects of foaming quality and the impact property of
the materials are systematically studied through their structures, crystallization behavior, rheological
behavior, low-temperature toughness, and so on.

2. Materials and Methods

2.1. Materials

PP (iPP), S1003 was purchased from China Sinopec (Shanghai, China) with a melt flow index of
3 g·10 min−1 at 230 ◦C and a density of 0.92 g·cm−3. PP-MAH and CA100 was obtained from Arkema,
Paris, France with a grafting rate of 1% and melt flow index of 10 g·10 min−1 at 230 ◦C. TPR elastomer
2095 was gained from Shenzhen Jiaxinhao Plastic Products Co., Ltd., Shenzhen, China. POE elastomer
8200B with a melt flow index of 5 g·10 min−1 at 190 ◦C and density of 0.87 g·cm−3 was obtained from
Dupont Corporation, Wilmington, DE, USA.

2.2. Preparation of Modified Materials

First of all, the PP and the elastomer were melt extruded at a ratio of 9:1 on a twin-screw extruder
(CTE20, Coperion Koryo Nanjing Machinery Co., Ltd., Nanjing, China) to obtain the masterbatch, and
the parameters of the extrusion process were as follows: temperature of 180–200 ◦C, screw speed of
100 r·min−1, feeding speed of 10 r·min−1. Then, the PP composites were prepared by melt blending
the above masterbatch and PP on a twin-screw extruder with an extrusion temperature of 180–200 ◦C
and a screw speed of 200 r·min−1.

2.3. Preparation of Foamed Sample

PP foamed samples were prepared by the microcellular injection-foaming molding machine
equipped with a volume-adjustable cavity (Figure 1). The extrusion temperature profile from the
hopper to nozzle was 165–175 ◦C, and the expansion ratio was kept at a constant, and controlled by
the thickness of the sample expanding from 3.5 to 4.0 mm. In this study, the masterbatch and activator
were used at 10 and 5 wt % levels, respectively [11,21].
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Figure 1. The schematic of the foaming process with adjustable volume: (a) injection process, (b) slightly
open the mold to depressurize, (c) open the mold.

2.4. Characterization

2.4.1. Dispersion Characterization of Elastomers

Dispersion characterization of the elastomers was observed with two scanning electron
microscopy (SEM) at an accelerating voltage of 10.0 kV (Zeiss, Jena, Germany) and 25.0 kV
(KYKY-2800B, Shanghai, China), respectively. The mixture of 40 mL of H2SO4, 13 mL of H3PO4, 12.5 mL
of H2O, and two grams of CrO3 were used to etch the sample at 97 ◦C for five minutes. Subsequently,
the sample surface was cleaned with a KQ3200E ultrasonic cleaner (Kunshan Ultrasonic Instrument
Co., Ltd., Kunshan, China) at 80 ◦C for 20 minutes, and dried under vacuum at 80 ◦C for four hours.
The samples were freeze-fractured in liquid nitrogen and coated with gold before observation.

2.4.2. Characterization of Cell Structure

SEM was used to observe the morphology of the foamed (cells) samples. Here, the samples were
also freeze-fractured in liquid nitrogen and coated with gold before observation. The average size and
size distribution of cells in the foamed samples were analyzed with Image-Pro Plus software (Media
Cybernetic, Rockville, MD, USA), and the size distribution of cells could be denoted with a distribution
coefficient (Sd) and calculated according to the equation of standard deviation, as follows [21,22]:
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A

] 3
2
[
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√
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n
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∑
i

(
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where n was the number of cells, Di was the diameter of a single cell, D was the average diameter
of cells (μm), Vf was the foaming ratio (%), M was the magnification factor, A was the area of the
acquired image (cm2), ρ f was the foamed material density (g·cm−3), ρ was the unfoamed material
density (g·cm−3), and Sd was the distribution coefficient of cells (μm).

2.4.3. Thermal Analysis

Differential scanning calorimetry (DSC) experiments were performed with a 200F3 instrument
(Netzsch, München, Germany) under nitrogen atmosphere. All of the samples were quickly heated
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up to 220 ◦C and held for five minutes, followed by cooling down to 20 ◦C at a rate of 10 ◦C·min−1.
The degree of crystallinity was calculated by (ΔHm/ΔHm0) × 100%, where ΔHm was the fusion
heat generated by cold crystallization, and ΔHm0 was the theoretical fusion heat of 100% crystalline
polypropylene (PP) with a value of 207.1 J·g−1 [11,21].

2.4.4. Rheological Properties

Dynamic rheological measurements were carried out on a strain-controlled ARES rheometer
(TA Co., Wilmington, DE, USA) with a 25-mm parallel-plate geometry and a one-mm sample gap
at frequencies from 0.1 to 400 rad·s−1 in the linear viscoelastic range (strain = 2%). A rheological
temperature scanning test was performed from 220 to 130 ◦C with a cooling rate of 10 ◦C·min−1, a
frequency sweep of five Hz, and a strain of 0.5%. All of the measurements were performed under
nitrogen atmosphere to prevent polymer degradation and moisture absorption.

2.4.5. Mechanical Properties

Tensile tests were performed according to ASTM D638-10 at a draw speed of 50 mm·min−1.
Three-point flexural tests were executed according to ASTM D790-10 at a crosshead speed of
2 mm·min−1. Notched Izod impact property tests were carried out using an mechanical testing
& simulation (MTS) impact tester, according to ASTM D256-10. A side-edge notch with angle of 458,
depth of 2 mm, and tip radius of 0.25 mm was machined on each specimen. Five measurements were
taken for each sample to obtain data repeatability.

2.4.6. Dynamic Mechanical Analysis (DMA)

DMA was performed with a Q800 analyzer (TA Co., Wilmington, DE, USA). The double-cantilever
mode was selected, and the measurement was carried out on a rectangular cross-sectional bar of
35 × 10 × 4 mm3 (length × width × thickness) from −120 to 120 ◦C at a heating rate of 5 ◦C·min−1,
with an oscillatory frequency of one Hz.

3. Results and Discussion

3.1. Dispersion of Elastomers in PP Materials

In previous work, in order to make the added elastomers (thermoplastic rubber (TPR) or POE)
disperse evenly, we explored the optimum addition ratio of elastomers with the value of about 20
wt % [23]. As shown in Figure 2, neither TPR nor POE particles agglomerate in the PP matrix and
exhibit good dispersion. The PP/TPR presents a “sea-island” structure, and the TPR particles show a
smaller size distribution (Figure 2b). Meanwhile, for the PP/POE composites, the POE and PP matrix
exhibit two continuous interlocking structures (Figure 2c). The well-dispersed second phase (TPR or
POE) can supply large numbers of interfacial heterogeneous nucleation sites in the PP matrix, which
can significantly increase the nucleation sites of cells and facilitate cell generation [22,24]. Moreover,
the good dispersion of the elastomer may have a significant role in promoting the viscoelasticity and
impact property of the PP composites.

Figure 2. Microstructure of the polypropylene (PP) composites after etching, inset with the partial
enlargement: (a) pure PP, (b) PP/thermoplastic rubber (TPR), (c) PP/polyolefin elastomer (POE).
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3.2. Influence of Elastomers on Foaming Quality of Foamed PP Composites

Further, the foaming quality for the PP composites was measured. It can be seen from Figure 3 and
Table 1 that the foaming quality is obviously improved after adding TPR or POE (20 wt %). The number
of cells are significantly increased with the values of 7.54 × 106 cells·cm−3 and 12.5 × 106 cells·cm−3, and
the average diameter of cells decreased to 31.21 μm (TPR) and 25.42 μm (POE), respectively. In contrast,
for the foamed pure PP, the diameter of the cells is large, and the pore size distribution is uneven and
accompanied with bubble merging and rupture (as indicated by the arrow in Figure 3a). Therefore, the
addition of TPR or POE into PP materials could significantly improve the foaming quality.

Figure 3. Microstructures of the foamed PP composites: (a) pure PP, (b) PP/TPR, (c) PP/POE.

Table 1. The density and diameter of the cells in foamed PP composites.

Sample
Cell Density

(N0) (× 106 cells·cm−3)
Cell Diameter (D)

(μm)
Cell Dispersion (Sd)

(μm)

PP 2.62 55.36 20.5
PP/TPR 7.54 31.21 12.3
PP/POE 12.5 25.42 8.1

3.3. Effect of Elastomers on Crystallization and Rheological Behaviors of the PP Composites

The good foaming quality prompted us to study the crystallization and rheological behaviors of
the PP composites. DSC analysis of Figure 4 and Table 2 showed that the initial/peak crystallization
temperatures for all of the PP composites increased due to the addition of TPR or POE (20 wt %). As
the rapid growth and stabilization process of cells are closely related to temperature, the increase
in the initial crystallization temperature can inhibit the deformation and merging of the cells in the
later growth period, thus perfecting the cell structures. Meanwhile, the addition of TPR or POE also
leads to a decrease in the crystallinity of the PP composites (Table 2), which effectively improves
the gas diffusion and increases the uniformity of the cells. Both of these factors led to a significant
improvement in the foaming quality.

Figure 5 shows the curves of storage modulus (G’), loss modulus (G”), and loss factor for PP,
PP/TPR-20 wt %, and PP/POE-20 wt %. Figure 5a shows that the addition of TPR or POE increases
the G’ of the PP matrix, and the PP/TPR composites possess the largest G’ value. Usually, in the
low-frequency region, only the long relaxation time contributes to the elastic behavior; hence, the G’ of
PP/TPR and PP/POE is higher than that of PP. Figure 5b shows that the G” of PP/TPR and PP/POE
in the low-frequency region is higher than that of PP. The G” is a key index for material viscosity.
Generally, the greater the loss modulus of the material, the better the viscosity of the material [24–27].
Moreover, Figure 5c further indicates that the viscosity of PP/TPR and PP/POE is higher than that
of PP in the low-frequency region. Figure 5d shows the loss tangent versus angular frequency graph.
The loss tangent is defined as tanδ (= G”/G’), which reflects the relative ratio of material viscosity to
elasticity. It can be seen from Figure 5d that the values of tanδ for the PP/TPR and PP/POE composites
in the low-frequency region are smaller than that of pure PP, which indicates that the addition of
an elastomer improves the elastic property of the pure PP. These results show that the presence of
elastomers increases the viscoelasticity of PP/TPR and PP/POE, and the response of viscoelasticity

133



Polymers 2018, 10, 1375

helps prevent the merger, rupture, and growth of cells during cell forming [22,28]. Therefore, the
foamed PP/TPR and PP/POE composites have better foaming qualities.

Figure 4. Crystallization curves of the PP composites.

Table 2. Crystallization data of the PP composites.

Sample
Initial Crystallization

Temperature (◦C)
Crystalline Peak
Temperature (◦C)

Crystallinity (Xc) %

PP 106.6 113.3 43.1
PP/TPR 107.2 113.8 36.1
PP/POE 109.3 115.7 32.3

Figure 5. Rheological behavior curves of the PP composites: (a) storage modulus, (b) loss modulus,
(c) loss factor, and (d) loss factor.
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3.4. Influence of Elastomers on the Impact Properties of PP Composites

The good foaming quality also encouraged us to study the impact properties of PP composites.
Figure 6 shows the effect of different elastomer contents on the impact property of the foamed and
unfoamed PP composites. For the PP/TPR composites, the impact property of both foamed and
unfoamed samples gradually increases with the increasing content of TPR (Figure 6a), and the fracture
characteristics gradually become rough (Figure 7a–d, here PP/TPR-5 wt % and PP/TPR-20 wt % are
used as examples), indicating the gradual increase in material toughness. When the content of TPR
is more than 11 wt %, the impact property of the unfoamed sample is higher than that of foamed
sample, while when the content of TPR is below 11 wt %, the impact property of the foamed sample
is higher. For the PP/POE composites, as shown in Figure 6b, the notched impact property of the
foamed and unfoamed samples tended to increase with the increase of POE content, and the fracture
characteristics (figures 7e–h, similarly, PP/POE-5 wt % and PP/POE-20 wt % are used as examples)
also gradually became rough. When the POE content was higher than 15 wt %, the impact property
of the unfoamed sample was greater than that of the foamed sample, but when the POE content
was lower than 15 wt %, the impact property of the unfoamed sample was higher. Interestingly, the
relationship between the impact property and TPR/POE content has the same relationship as that
with the material impact property, of about 10.44 KJ·m−2. When the impact property of the material is
less than about 10.44 KJ·m−2, the impact property of the foamed PP composites is higher than that
of the unfoamed sample, but when the impact property is above 10.44 KJ·m−2, the impact property
of the unfoamed sample is higher, which may provide important evidence for the toughening of
foamed PP materials. In many research studies, it has also been reported that some foamed materials
have shown an increase in impact property, while some foamed materials have shown a decrease in
impact property, which provides a better explanation for this inconsistency [29–31]. In other words,
the increase/decrease of impact property for the foamed polymer material may depend on the intrinsic
toughness of the material. When the intrinsic toughness reaches a certain value, the impact property
of the foamed material is decreased, but for lower values, the impact property of the material after
foaming is increased.

Figure 6. Influence of elastomers on the impact properties of PP composites: (a) PP/TPR, (b) PP/POE.

Therefore, the key factor of the impact property for the foamed materials lies in the joint
determination of the intrinsic properties of material and the toughening of cells. An empirical formula
can be established to explain:

αk = α0 − α1 + α2 (5)

where α0 is the impact property of the matrix, α1 represents the drop in impact property due to the
introduction of cells, while α2 represents the increase in impact property due to the contribution
of cells.
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For the PP foamed composites, when the impact property is below 10.44 KJ·m−2, the introduction
of cells compensates for the loss of toughness due to the reduction of the effective cross-sectional area.
α2 > α1, so the impact property of material is improved. However, when the impact property is above
10.44 KJ·m−2, the toughening effect of cells is not equal to toughness reduction that arose from the
effective cross-sectional area (α2 < α1), which caused a decrease in the impact property of the material.

Figure 7. The impact section structures of PP composites, inset with the partial enlargement:
(a) unfoamed PP/TPR-5 wt %, (b) foamed PP/TPR-5 wt %, (c) unfoamed PP/TPR-20 wt %, (d) foamed
PP/TPR-20 wt %, (e) unfoamed PP/POE-5 wt %, (f) foamed PP/POE-5 wt %, (g) unfoamed PP/POE-20
wt %, (h) foamed PP/POE-20 wt %.

3.5. Effect of Cells on the Low-Temperature Toughness of PP Composites

In order to reflect the contribution of cells to the impact properties in foamed materials, the impact
properties at −80 to 20 ◦C were analyzed. Here, samples of the foamed and unfoamed PP/POE
(20 wt %) composites were chosen as the example.

Figure 8 shows that the brittle–ductile transition temperature of PP/POE composites is −20 ◦C.
When the temperature was −80 to −20 ◦C, the impact property of the foamed or unfoamed samples
all increased slowly, and the foamed sample had a higher value of impact property than that of the
unfoamed sample. The increase in the impact property of the foamed sample is entirely due to the
cell contribution below −20 ◦C; meanwhile, the fracture morphologies indicate that the PP molecular
chain is brittle at low temperatures (shown in Figure 9a–d,a1–d1) with less contribution to impact
property. When the temperature is higher than −20 ◦C, the impact property of the unfoamed sample
rises faster than that of the foamed sample. At this time, the PP matrix material contributes a lot to the
impact property, while the cells do little, which is further evidenced by the microstructures shown in
Figure 9d–f,d1–f1.

Figure 8. Analysis of low-temperature impact properties of PP/POE (20 wt %) composites.
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Figure 9. Microstructure of the foamed and unfoamed PP/POE composites at different temperatures:
(a–f) unfoamed sample, (a1–f1) foamed sample.

According to Figure 9, in the temperature ranging from −80 to 20 ◦C, the impact fracture
morphology is relatively smooth and exhibits typical brittle fracture characteristics whether it is
a foamed or unfoamed sample. At this time, the polymer chains in the material are frozen and brittle
at low temperature, which have little effect on the impact property when subjected to impact load [25].
The existence of cells is a key factor to increase the impact property of the foamed material. At
−20 ◦C, the characteristics of the fracture for the foamed and unfoamed samples all became rough,
and some microfibrils formed under the load, which indicates that this temperature (−20 ◦C) is the
ductile–brittle transition temperature point of the samples. When the temperature was between −20
and 20 ◦C, the formation of microfibril gradually increased with the increase of temperature (shown in
Figure 9d–f,d1–f1). At this time, the impact property was mainly attributed to the matrix material, so
the impact property of the unfoamed sample was larger than that of the foamed sample. These results
further explain the variation in Figure 6 and the feasibility of the empirical in Formula (5).

To further explain the impact properties of the foamed/unfoamed PP composites at low
temperature (−80 to −20 ◦C), dynamic mechanical analysis (DMA) was conducted. Figure 10 shows
that the loss modulus of the foamed PP composites was significantly higher than that of the unfoamed
sample between −120 and −10.5 ◦C. Generally, the greater the loss modulus of a material, the better
its viscosity and toughness [25,29]. Therefore, the toughness of the foamed PP composites was higher
than that of the unfoamed sample between approximately −120 and −10.5 ◦C. In low temperature, the
molecular chain segments in PP material can only vibrate slightly around a fixed position, and cannot
be rearranged to release stress, resulting in the brittle state of the material [21]. In this status, the PP
matrix material for the contribution of modulus and toughness is relatively small, and the increase
of loss modulus and toughness of the foamed PP composites mainly arises from the contribution
of cells. Moreover, it could be seen that the glass transition temperature (Tg) of the PP composites
shifts toward the low-temperature range after the introduction of cells; usually, a decrease in the
transition temperature indicates an increase in toughness in terms of macromechanics. In a word, the
introduction of cells has a certain role in increasing the toughness of the PP matrix.
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Figure 10. Loss modulus of the foamed and unfoamed PP (POE, 20 wt %) composites at
different temperatures.

4. Conclusions

In conclusion, the foaming quality of the PP composites was obviously improved after the
addition of TPR or POE, and there was no bubble phenomenon. Compared with the pure PP materials,
the number of cells in the foamed PP composites increased significantly, reaching 7.54 × 106 (TPR)
and 12.5 × 106 cell·cm−3 (POE), respectively, and the average diameter of cells was also significantly
reduced, with values of 31.21 (TPR) and 25.42 μm (POE), respectively. Moreover, the influences of
TPR or POE contents on the impact properties of PP composites were studied, and the results showed
that the key factor of impact property for the foamed materials relied on the union of the intrinsic
properties of the material and the toughening of cells. Particularly, the low-temperature toughness of
PP composites showed that when the temperature was between −80 and −20 ◦C, the impact property
of the foamed sample was higher than that of the unfoamed sample, and the increase in impact
property was entirely due to the introduction of cells. When the temperature was in the range of −20
to 20 ◦C, the impact property of the unfoamed sample was much larger, which was due to the PP
matrix contributing more to the impact property, while the cell did little at this temperature.
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Abstract: In this study, a small amount of fluoroelastomer (FKM) was used as a nucleating agent to
prepare well-defined microporous PP foam by supercritical CO2. It was observed that solid FKM
was present as the nanoscale independent phase in PP matrix and the FKM could induce a mass
of CO2 aggregation, which significantly enhanced the diffusion rate of CO2 in PP. The resultant
PP/FKM foams exhibited much smaller cell size (~24 μm), and more than 16 times cell density
(3.2 × 108 cells/cm3) as well as a much more uniform cell size distribution. PP/FKM foams possessed
major concurrent enhancement in their tensile stress and compressive stress compared to neat PP
foam. We believe that the added FKM played a key role in enhancing the heterogeneous nucleation,
combined with the change of local strain in the multiple-phase system, which was responsible for the
considerably improved cell morphology of PP foaming. This work provides a deep understanding of
the scCO2 foaming behavior of PP in the presence of FKM.

Keywords: polypropylene; fluoelastomer; scCO2 foaming; heterogeneous nucleation

1. Introduction

As a widely investigated commercial polymer, polypropylene (PP) foam has numerous desirable
and beneficial properties, such as good chemical-resistance, outstanding mechanical properties, low
electrical conductivity, low cost and a unique porous honeycomb structure [1–4]. PP foams have
wide range of many industrial applications in the fields of packaging, aerospace, automobiles,
acoustic absorbent, dielectric materials, energy storage materials, thermal insulators, as well as
tissue engineering [1,2,5–9]. However, due to their very low melt strength and high crystallinity,
the fabrication of linear PP foams is not successful [10–13]. Consequently, the resultant neat PP foam
usually exhibits large cell diameter, low cell density, and poor mechanical properties.

To improve the melt strength, considerable efforts have been made to optimize the process
of PP foaming, enhance PP foam ability as well as improve cellular structure [12,14–19], such as
long-chain branching, crosslinking [11,16,20,21], polymer blending [12,22], and compounding [23,24].
In recent years, it was found that nano-materials such as carbon nanotubes, carbon nanofibers, and
graphene added in PP could enhance heterogeneous nucleation to increase cell density, reduce cell
size, improve cell size uniformity, and at the same time reinforce the PP matrix [12,18,25–28]. But the
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cost of these nanoparticles is expensive, so it is difficult to use them for the high-volume production of
PP foams [12]. Moreover, the foaming behavior of polymer is greatly influenced by the solubility of
CO2, which determines the cellular structure, expansion ratio, and crystallization parameters of the
resultant foams [29–31]. In addition, the use of scCO2 can decrease the melt viscosity of the polymer
owing to the strong plasticizing effect of the dissolved CO2 and thus improve the processability of
polymers [12,18,29,30,32].

Thermoplastic fluoroelastomer (FKM) possesses outstanding chemical-resistant, high melt point,
excellent weather resistance as well as flame retardant properties. In particular, good affinity and
solubility between fluorine compunds and carbon dioxide were found [33,34]. However, PP foaming
by scCO2 has not been investigated in the presence of FKM. Herein, a small amount of FKM was
applied as the nucleating agent to improve scCO2 foaming behavior of PP. The results showed that
enhanced heterogeneous nucleation and increased foaming ability were obtained in the presence
of FKM. The saturated mixed phases (PP/FKM/CO2) are like an “island model”, and the existence
of FKM can increase the number of the heterogeneous nucleation sites during the foaming process.
The obtained PP/FKM foam possessed large cell density, small cell size, uniform cell size distribution
as well as an excellent expansion ratio. In addition, the resultant PP/FKM foams endowed unusual
tensile and compressive strength across a wide foaming pressure range. Furthermore, the foaming
parameters of PP/FKM including saturation pressure and saturation time were also investigated in
this work.

2. Materials and Methods

2.1. Materials

Random polypropylene (Sep-540) with a density of 0.89 g/cm3 and a melt flow rate (MFR) of
7.0 g/10 min was purchased from LOTTE Chemical Co. (Jiaxing, China) Fluoroelastomer (FKM 246)
with a density of 1.86 g/cm3 was supplied by Sinopec Shanghai Chemical Co. (Shanghai, China). CO2

with a purity of 99.95% was used as a foaming agent.

2.2. Sample Preparation

The PP pellets and FKM were dried at 60 ◦C for 4 h before they were used. A series of
mixtures with FKM contents of 0.5, 1.0, and 2.0 wt %, were prepared at 240 ◦C using a two-screw
extruder (Thermo Haake PolyDrive 7, Shanghai, China). The extruded strands were cooled in water
and pelletized with a strand cutter. PP/FKM sheets with a thickness of 1 mm were obtained by
hot-pressing under the conditions of 190 ◦C and 20 MPa. For comparison, a neat PP sheet was also
prepared. The samples were denoted as PP/FKM(0.5), PP/FKM(1.0), and PP/FKM(2.0), respectively.
The characteristic parameters of the mixtures are shown in Table 1.

Table 1. Characteristic parameters of neat PP and PP/FKM mixtures.

Samples PP PP/FKM(0.5) PP/FKM(1.0) PP/FKM(2.0)

Tm/◦C 165.4 165.9 166.4 167.3
XC/% 38.2 38.8 39.7 40.4

2.3. Foaming Process

PP sheet samples were placed in a high pressure autoclave, and the autoclave was pressurized
with CO2 using a plunger metering pump; the parameters of the foaming device have been described
in the previous literature [11,12,16,18,19,21]. The system was kept at the pre-set temperature and
pressure for 1 h. Then, the autoclave was vented in less than 10 s. Finally, the samples were removed
from the autoclave and cooled to room temperature.
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2.4. Sample Characterization

A differential scanning calorimeter (DSC, NETZSCH STA 449 F3 Jupiter, Shanghai, China) was
used to scan the melting transitions of the specimens in aluminum crucibles. The specimens were first
heated from 25 to 250 ◦C at 10 ◦C/min under an argon flow (20 mL/min), then cooled to 30 ◦C at
10 ◦C/min under an argon flow (20 mL/min), and again heated to 250 ◦C under the same conditions.
The first heating was performed to eliminate the thermal history of the specimens. The crystallization
parameters of the specimens were obtained from the software Proteus-6 (NETZSCH, Shanghai, China).
The crystallinities were calculated using Equation (1).

Xc(%) =
ΔHf
ΔHf0

×100 (1)

where ΔHf is the melting enthalpy measured in the heating process, and ΔHf0 is the theoretical
enthalpy of 100% crystalline PP, 207.1 J/g [35].

The micro-morphologies of the unfoamed and foamed specimens were observed using a scanning
electron microscope (SEM, Zeiss MERLIN Compact 14184, Shanghai, China). Samples were immersed
in liquid nitrogen for 2 min, then fractured, mounted on stubs, and sputter-coated with gold.

2.5. Morphological Observation of the Foams

Image Pro-Plus software 6.0 (Media Cybernetics, Rockvill, MD, USA) was used to analyze the
SEM images. The average cell size D of the cells in the micrographs was calculated using Equation (2).

D =
∑ dini

∑ ni
(2)

where ni is the number of cells with a perimeter-equivalent diameter of di. To ensure the accuracy of
the average cell size measurement, i is greater than 200.

The volume expansion ratio of each foam was calculated as the ratio of the density of the
solid PP, ρs, to the measured density of the foam, ρf. The foam density (ρf) was determined from
Archimedes’ law by weighing the PP foam in water with a sinker using an electronic analytical balance
(HANG-PING FA2104) and the foam density was calculated using Equation (3).

ρf =

(
a

a + b − c

)
ρw (3)

where a, b, and c are the weights of the specimen in air without the sinker, the totally immersed sinker,
and the specimen immersed in water with the sinker, respectively, and ρw is the density of water.

The volume expansion ratio (Vf) was calculated using Equation (4).

Vf =
ρs
ρf

(4)

where ρs and ρf are the density of un-foamed and foamed samples, respectively.
The porosity Pf is related to the density of the PP foam ρf and the un-foamed PP ρs, which was

calculated using Equation (5).

Pf(%) =

(
1 − ρs

ρf

)
×100 (5)

The cell density (N0) was calculated using Equation (6).

N0 =
( n

A

) 3
2 Vf (6)

where n and A are the number of cells in the SEM image and the area of the image (cm2), respectively.
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2.6. Mechanical Properties

The tensile strength of the un-foamed and foamed specimens was measured using a universal
testing machine (5943, Instron, Shanghai, China). The foams were cut into 2 mm × 4 mm × 25 mm
pieces. All the specimens were measured in accordance with ASTM D-638 at a room temperature
of 23 ◦C. The compression strength of the resultant foams was measured using an MTS universal
microtester (Jinan zhongchuang testing machine technology Co. LTD, Jinan, China) equipped with
a 50 N load cell. The side lengths of 6 mm of cubic specimens cut from the foamed samples were
employed for compression tests; the speed was 1 mm/min, and more than five data points were
measured for each sample under the same conditions.

3. Results and Discussion

3.1. Microscopic Structure of PP/FKM Blends

PP/FKM mixtures with various FKM contents were mixed by an extrusion system. To understand
the dispersion of FKM in the PP phase, we analyzed the SEM micrographs of PP/FKM samples.
Figure 1 shows the fractured surface images of the resultant neat PP and PP/FKM mixtures. It can be
easily seen that FKM has an excellent dispersion in PP matrix. The size of the formation dispersion
phase of FKM was about 250 nm in the PP phase and it could be clearly seen that the sizes of FKM
particles in PP matrix were all at the nanoscale level. According to the literature [33,34], the FKM
phase is still in a solid state at the foaming temperature (152 ◦C), so the FKM may play a role as the
nucleating agent in forming the cellular structure of PP during the foaming process.

 
Figure 1. SEM images of fractured surfaces of (a) neat PP, (b) PP/FKM(0.5), (c) PP/FKM(1.0),
and (d) PP/FKM(2.0) samples.

3.2. Morphologies and Properties of PP/FKM Foams

The cell morphologies of neat PP, PP/FKM(0.5), PP/FKM(1.0), and PP/FKM(2.0) foams prepared
at 152 ◦C and 20 MPa are shown in Figure 2. The cell size declined as the loading of FKM increased to
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1.0 wt %. Cracked and consolidated cells appeared, and the cell continuity was poor in the neat PP
foam. The PP/FKM foams exhibited a different cellular structure with different FKM contents. The cell
size distributions of different foams are shown in Figure 2. PP/FKM foams possessed narrower cell
distributions than those of the neat PP foam. In particular, PP/FKM(1.0) and PP/FKM(2.0) foams
exhibited much more uniform cell size distribution. Moreover, increased porosities were obtained as the
loading of FKM increasing, which indicated a much better foaming ability of PP. These results implied
that the enhanced diffusion rate and increased solubility of CO2 were obtained in the presence of FKM,
resulting in a large porosity, which was also found in the previous studies on fluorinated ethylene
propylene copolymer (FEP) foaming by scCO2 [35,36]. Furthermore, the independent solid-state
FKM phase in the PP matrix may significantly increase the heterogeneous nucleation site in the
foaming process.

 
Figure 2. SEM images and cell size distributions of foams (a) neat PP, (b) PP/FKM(0.5), (c) PP/FKM(1.0),
and (d) PP/FKM(2.0), all prepared at 152 ◦C and 20 MPa.

The average cell diameter and cell density of the cellular structure of the neat PP and PP/FKM(0.5),
PP/FKM(1.0), and PP/FKM(2.0) foams are summarized in Figure 3a. The cell size of PP foams
decreased from 65 to 23 μm as the loading of FKM increased from 0 to 1.0 wt % and the cell density
increased significantly compared to neat PP foam, by more than 16 times. The foam density and
expansion ratio of foamed samples are shown in Figure 3b. The foam density declined as the content of
FKM increased from 0 to 2.0 wt %, in agreement with the results in Figure 2. The existence of FKM led
to a higher diffusion rate and solubility of CO2 in the melt PP matrix, and enough CO2 could support
cell growth for a long time [35,36]. According to “Heterogeneous Nucleation Theory”, the formed
nanoscale solid FKM phase in the PP matrix can act as the nucleating agent; it is vividly shown in
Figure 4. It is known that foaming is a rapid process for cells growing in a few seconds, which depends
on the thermophysical and rheological properties of PP/CO2 mixtures, and this process is related to the
change of temperature, pressure, and local stress, etc. In the multiple phase system, the existence of the
FKM phase induces a mass of CO2 aggregation, which is similar to an “island”. During the process of
release pressure, it was easy to cause the change of local stress around the “island”, and induce a large
number of nucleation sites, which greatly increased the nucleation rate. Furthermore, a large number
of cell sites, caused by heterogeneous nucleation, competed for the limited CO2, which restricted
the cell growth [37]. Additionally, the suitable foaming conditions of FKM were about 230 ◦C and
30 MPa [35]. A small amount of CO2 might dissolve into the FKM phase in the saturation process, so it
might also enhance the foaming ability of PP/FKM samples.
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Figure 3. (a) Cell diameter and cell density, (b) Foam density and expansion ratio of neat PP,
PP/FKM(0.5), PP/FKM(1.0), and PP/FKM(2.0) foams.

Figure 4. Schematic diagram showing the nucleation mechanism of the inner region of neat PP and
PP/FKM samples. For clarity, the symbols are not proportional to the real size.

The mechanical properties of the resultant PP foam are the important evaluation parameters for
potential industrial applications. The tensile stress-strain and compressive stress-strain curves of neat
PP and PP/FKM foams are shown in Figure 5. The PP/FKM foams possess excellent stress and strain
compared to neat PP foam. The tensile stress increased to more than 15 MPa and the tensile strain
of PP/FKM foam reached 110%. The compressive strength results showed that PP/FKM exhibited
higher stress than neat PP foam. The obtained outstanding mechanical properties were ascribed to
the well-defined cellular structure and high continuous polygonal cell morphology of PP/FKM(1.0)
foam [10,12,18,19]. All these clear results signified the key role of FKM in preparing fine PP foam with
excellent mechanical properties, which indicated promising engineering applications.

Figure 5. Mechanical properties of neat PP and PP/FKM foams: (a) tensile strength and (b) compressive strength.
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3.3. Effects of Foaming Pressure on the Foaming Behavior of PP/FKM(1.0)

Figure 6 shows the effects of different saturation pressures on the cell morphologies of
PP/FKM(1.0) samples at 152 ◦C. All the specimens foamed regardless of the pressures (15, 20,
and 25 MPa). However, there was large difference between the cellular structures of neat PP foams
prepared at different pressures. There were non-foaming regions and non-uniform cell size in the
neat PP foam prepared at 15 MPa and this was caused by insufficient swelling of CO2. The resultant
PP/FKM(1.0) foams exhibited good cellular structures at different saturation pressures.

 
Figure 6. SEM images of PP/FKM(1.0) foams prepared at 152 ◦C and different pressures: 15, 20, and
25 MPa.

The cell diameter and cell density of neat PP and PP/FKM(1.0) foams are summarized in Figure 7.
It can be seen that the PP/FKM(1.0) foams showed small average cell size and high cell density.
In addition, the cells of PP/FKM(1.0) foams almost all exhibited good continuity at different pressures,
which indicated good mechanical properties. In general, cell size increased as the pressure increased
for the enhanced expansion force of CO2 against the cell wall. We believe that the existence of the
nanoscale FKM phase increased the solubility of CO2 around the FKM “island” in the PP matrix,
improving the foaming ability of PP/FKM.

Figure 7. (a) Cell size and (b) cell density of PP/FKM(1.0) foams prepared at 152 ◦C and different
saturation pressures.

3.4. Effects of Saturation Time on the Foaming Behavior of PP/FKM(1.0)

From the previous discussion, the porosities of PP/FKM foams increased as the loading of FKM
increased and we ascribed it to the increased solubility of CO2 in the PP matrix. It is known that
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the solubility of CO2 is also affected by the saturation time. Consequently, the influence of different
saturation times on the cellular structures of PP/FKM(1.0) foams was also studied. It could be seen
that the foaming ability of PP/FKM(1.0) was significantly enhanced as the saturation time increased,
as shown in Figure 8. Some non-foamed regions could be clearly seen in Figure 8a. The reason was that
the melt PP matrix was not fully swelled by CO2 in 30 min, so it was inclined to form a non-uniform
distribution of cell size. More CO2 dissolved into PP as the saturation time increased, which improved
the foaming ability of PP. As CO2 continually dissolved into the melt PP, the increased expansion force
of CO2 further supported the cell growth, resulting in a larger cell size.

 

Figure 8. SEM images of PP/FKM foams prepared at 152 ◦C and 20 MPa with different saturation
times, (a) 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.

Figure 9 summarizes the parameters of the cellular structure of PP/FKM(1.0) foams as a function
of saturation time. The cell size increased and the cell density decreased as the saturation time
increased from 30 to 120 min. The foam density of resultant PP/FKM(1.0) foams showed the declining
phenomenon as the saturation time increased, which indicated an increasing porosity and expansion
ratio of the foams. These results signified that the solubility of CO2 was further increased as the
saturation time increased, and a large amount of CO2 supported cell growth. The changes of the tensile
stress and compressive stress of the foams prepared at different saturation times are shown in Figure 10.
It is observed that the mechanical properties decrease as the saturation time increases. A well-defined
cellular structure with uniform cell size distribution and good cell continuity, often exhibited good
elasticity during the tensile and compressive process, resulted in unusual properties [38,39]. These
results are consistent with the conclusion in the previous studies [7,10,12,38,39].
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Figure 9. (a) Average cell diameter and cell density, (b) Foam density and expansion ratio of
PP/FKM(1.0) foams prepared at different saturation times (30 min, 60 min, 90 min, and 120 min).

 

Figure 10. (a) Tensile stress and (b) compressive stress of PP/FKM foams prepared at different
saturation times (30 min, 60 min, 90 min, and 120 min).

4. Conclusions

In this study, microcellular PP foam with fine cellular structure was fabricated in the presence
of FKM by scCO2 foaming. It was found that the nanoscale solid FKM phase induced a mass of
CO2 aggregation, which was similar to the “island model”, and the FKM could greatly enhance
the heterogeneous nucleation as the nucleation agent during the foaming process. The resultant
PP/FKM foams exhibited smaller cell size, and more than 16 times higher cell density compared to
neat PP foam. PP/FKM foams possessed a higher tensile and compressive stress compared to neat
PP foam. The results also showed that FKM significantly improved the cell morphology parameters
of PP/FKM foams in a large foaming pressure window. Finally, the obtained PP foams with various
performance parameters could be easily controlled by changing the FKM content, foaming temperature
and saturation time.
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Abstract: Herein, lightweight nanocomposite foams with expansion ratios ranging from 2–10-fold
were fabricated using an isotactic polypropylene (iPP) matrix and cellulose nanofiber (CNF) as the
reinforcing agent via core-back foam injection molding (FIM). Both the native and modified CNFs,
including the different degrees of substitution (DS) of 0.2 and 0.4, were melt-prepared and used for
producing the polypropylene (PP)/CNF composites. Foaming results revealed that the addition
of CNF greatly improved the foamability of PP, reaching 2–3 orders of magnitude increases in cell
density, in comparison to those of the neat iPP foams. Moreover, tensile test results showed that
the incorporation of CNF increased the tensile modulus and yield stress of both solid and 2-fold
foamed PP, and a greater reinforcing effect was achieved in composites containing modified CNF.
In the compression test, PP/CNF composite foams prepared with a DS of 0.4 exhibited dramatic
improvements in mechanical performance for 10-fold foams, in comparison to iPP, with increases in
the elastic modulus and collapse stress of PP foams of 486% and 468%, respectively. These results
demonstrate that CNF is extraordinarily helpful in enhancing the foamability of PP and reinforcing
PP foams, which has importance for the development of lightweight polymer composite foams
containing a natural nanofiber.

Keywords: polypropylene; cellulose nanofiber; foam injection molding; mechanical properties

1. Introduction

Polymeric foams have aroused great interest in a variety of fields, including construction,
transportation, thermal and sound insulation, together with tissue engineering [1–3]. Compared
with their solid counterparts, polymeric foams possess many distinctive physical characteristics, such
as high impact strength, low density, good energy absorption, and excellent thermal and acoustic
insulation [1–3]. Typically, polymeric foams can be prepared from different techniques such as extrusion
foaming, batch foaming, bead foaming, and foam injection molding. One of the major advantages
of the foam injection molding (FIM) technique is that it is feasible to fabricate foam products with
complex three-dimensional geometries, whereas this is difficult to achieve with other processing
technologies [4]. This makes the FIM process especially appealing in areas such as automotive and
electronic packaging. Additionally, in comparison to regular solid injection molding, FIM products
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exhibit several advantages, such as less material usage, better geometric accuracy, lower energy
consumption, and less product shrinkage [4]. To date, extensive work has been reported on preparing
polymeric foams using resins such as polyethylene (PE) [5,6], polypropylene (PP) [7–10], polylactide
(PLA) [11,12], and polyamide 6 (PA6) [13] via the FIM technique.

Isotactic polypropylene (iPP) is a widely-used commercial polymeric material and has good
overall performance, including easy processing, excellent chemical resistance, high thermal stability,
and good mechanical properties [14]. It demonstrates greater strength than other polyolefins such
as PE, as well as better impact strength with respect to PS. Moreover, iPP exhibits a higher servicing
temperature than PE and PS, which makes iPP more attractive than other thermoplastics in the
foam industry. However, the intrinsically weak melt strength of iPP, together with its tendency to
crystallize into sizable spherulites make iPP foam suffers from poor cellular structures and inferior
mechanical properties, which unavoidably restrict it from extensive applications [8,9,15]. Accordingly,
the improvement of the foamability of PP has always been open to further research. Until now, several
approaches have been employed to enhance the foaming property of PP, including blending with
other polymers [16,17], chemical crosslinking and/or introducing long-chain branching [7,18–20],
compounding with inorganic or organic particles (e.g., nanofillers) [21–24], and adding a special
nucleating agent [7,8]. There is no doubt that these avenues, to a greater or lesser extent, improve the
foamability of iPP and expand its application.

The incorporation of nanoparticles is a simple and viable approach, which not only improves
the melt strength of iPP but also promotes its crystallization property. Thus, this would notably
improve the cellular structures of iPP and enhance its foaming ability. Usually, nanoparticles, such as
nanoclay [22,23], carbon nanotubes [25,26], and carbon nanofibers [27] have been used to improve the
foamability of iPP. Additionally, compared with other modification routes, the presence of nanoparticles
normally brings additional benefits, including good mechanical performance, good conductivity, and
excellent EMI shielding [25–28]. But there remains one main drawback of these nanoparticles, namely,
they are not biodegradable. This produces environmental concerns regarding their fabrication, usage,
and disposal. In this context, we recently proposed the use of cellulose nanofiber (CNF), which
originates from the most abundant biopolymer on earth, as a cell nucleating agent to improve the
foamability of iPP, and for the purpose of reinforcing the mechanical properties of PP foams [29–31].
As a natural and biodegradable material, CNF is a good alternative to conventional inorganic
nanoparticles resulting from its biocompatibility, sustainability, renewability, and surface group
functionality [32–34]. Moreover, CNF exhibits other important attributes including low density and
good physical properties, such as high strength, good elasticity, and favorable thermal property [35,36].
However, very few studies have been conducted on fabricating composite foams containing CNF.

In our recent work [29–31], we have demonstrated the feasibility of preparing PP/CNF
nanocomposite foams using FIM with core-back operation. Due to the hydrophilic nature of native
CNF, it is difficult to disperse the unmodified CNF into hydrophobic polymers such as PP and PE, and
poor adhesion is inevitably obtained at the interface of CNF and the hydrophobic polymer. To solve this
issue, CNF was first modified using alkenyl succinic anhydride (ASA) and then compounded with iPP
through a melting extrusion technology, which is eco-friendly and promising in large-scale processing
for industrial application [29–31]. Very recently, the influence of modified CNF on the dispersion,
rheological properties, and crystallization behavior of PP was comprehensively investigated, although
the composite foams were only prepared at a fixed expansion ratio of 2-fold [37]. In this work,
PP/CNF nanocomposite foams with different expansion ratios (2–10-fold) were prepared using the
same core-back FIM technique. The effect of native and modified CNF on the cellular structures, tensile
properties and compressive properties of PP foams were studied.
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2. Experimental Section

2.1. Materials

The PP used in this study was an iPP (grade F133A), which was supplied by the Prime Polymer
Corp., Tokyo, Japan. It has a weight-average molecular mass of 379 kg/mol and displays a melt flow
index of 3.0 g/10 min (2.16 kg load at 230 ◦C). Commercial nitrogen (N2) (99.9%, Izumi Sangyo, Kyoto,
Japan) was used as the physical blowing agent for the foam injection molding experiments.

2.2. Preparation of PP/CNF Nanocomposites

Native and hydrophobic-modified CNF were prepared from needle-leaf bleached kraft pulp.
Surface modification of the pulp was conducted prior to the fibrillation process. Briefly, the obtained
pulp was surface-modified using alkenyl succinic anhydride (ASA), which was specified in our
previous work [29,30]. The hydrophobicity of CNF was controlled by changing the ratio of cellulose to
ASA. The degree of modification of the modified CNF was characterized by the degree of substitution
(DS), which was determined using a Fourier transform infrared spectroscopy (FTIR) calibration
curve [38]. Following our previous work [37], two different hydrophobic-modified CNFs, each with
DS of 0.2 and 0.4, were prepared and used here. Then, the PP composites with native and modified
CNF were prepared by melt-compounding the PP resin with cellulose using the following procedures:
mixing, kneading, drying, and melt extruding in a twin-screw extruder, followed by pelletizing for
the FIM. Finally, a 17 wt% PP/CNF master batch was prepared and used for the following injection
molding experiments.

2.3. Core-Back Foam Injection Molding Process

Foam injection molding (FIM) experiments were carried out using combination of a 35-ton
clamping force injection mold machine (J35EL III-F, Japan Steel Work, Tokyo, Japan) and a Trexel
gas dosing system (SCF device SII TRJ-10-A-MPD, Trexel Inc., Showa Tansan, Japan). The PP/CNF
master batch was dry-blended with neat iPP, and an optimum concentration of 5 wt% CNF was used
here, based on our earlier study [31]. For simplicity, PP/CNF composites with the unmodified CNF
(DS = 0) and modified CNF with DS of 0.2 and 0.4 are referred to as CNF-0, CNF-0.2, and CNF-0.4,
respectively. For comparison, pure iPP was also used for the foaming experiments. A rectangular
mold with dimensions of 70 mm × 50 mm × 1 mm was used.

To produce foams with different expansion ratios, FIM with core-back operation was applied.
The main difference between core-back FIM and the regular FIM process lies in an additional
mold-opening operation. In the core-back FIM process, part of the mold can be quickly opened
to expand the cavity volume, which simultaneously initiates the foaming process, caused by the rapid
pressure drop, and produces a uniform cellular structure [7–9]. Thus, different expansion ratios of
foams could be obtained by controlling the expanded cavity volume; detailed information on FIM
with core-back operation was described previously [8,9]. Herein, N2 was used as the physical blowing
agent and a 0.2 wt% N2 dosage was used. By fixing the core-back rate at 20 mm/s, core-back distance
was changed to four values of 1, 4, 6, and 9 mm; thus, different expansion ratios of foams such as 2-,
5-, 7-, and 10-fold could be prepared. The optimum cellular structure was separately obtained and
reported for each sample under the current processing condition. Other processing parameter details
used during the core-back FIM experiments are given in Table 1.
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Table 1. Processing conditions for the core-back foam injection molding experiments.

Parameters Values

Barrel temperature (◦C) 180, 200, 230, 220, 210, 210, 210
Mold temperature (◦C) 40
Injection speed (mm/s) 70
Injection pressure (MPa) 180

Shot size (mm) 35
Packing pressure (MPa) 60

Dwelling time (s) 2.0–4.0
Core-back distance (mm) 1–9
Core-back rate (mm/s) 20

N2 content (wt %) 0.2

2.4. Foam Morphology Characterization

To observe cell morphology, a tiny slice was cut from the middle of the injection-molded bars
and cryogenically fractured after immersing in liquid nitrogen. Prior to observation, the prepared
samples were gold-coated using a VPS-020 Quick Coater (Ulvac Kiko, Ltd., Miyazaki, Japan). Then,
the microstructure was examined via a scanning electron microscope (Tiny-SEM Mighty-8, Technex
Lab Co., Ltd., Tokyo, Japan).

Cell size was analyzed using ImageJ software and cell density, N0, was then calculated according
to Equation (1):

N0 = (
n
A
)

3/2
(1)

where n is the number of cells in the selected micrographs and A is the area of the micrograph.

2.5. Open Cell Content

The open cell content (OCC) of iPP and its composite foams were measured using a gas
pycnometer (AccuPycII, Shimadzu, Kyoto, Japan) under a nitrogen environment. The measured
volume value, Vmeasure, from the gas pycnometer excluded the specimen’s open cell volume, and thus
the OCC could be obtained using Equation (2):

OCC =
Vapparent − Vmeasure

Vapparent
× 100% (2)

2.6. Thermal Analysis

Thermal behaviors of the injection-molded samples were investigated using a differential
scanning calorimeter (DSC 7020, Hitachi High-Tech Science Corporation, Tokyo, Japan). Specimens
of approximately 5–7 mg were cut from the middle of the solid and foamed injection-molded parts.
Each sample was measured by heating from 30 to 200 ◦C at a heating rate of 10 ◦C/min under a
nitrogen atmosphere.

2.7. Tensile Test

Tensile tests were conducted using a universal testing instrument (Autograph AGS-1 kN,
Shimadzu, Japan) with a crosshead speed of 10 mm/min according to the ISO standard 37-4 at
room temperature. Dog-bone shaped specimens were taken from the center of injection-molded bars
and the prepared parts had a gauge length of 12 mm and width of 2 mm. The tensile properties were
reported by averaging the results of at least five samples. Prior to mechanical testing, the foamed
product was placed in an atmospheric environment to diffuse the gas for at least one month.
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2.8. Compression Test

A universal testing instrument (Autograph AGS-1kN, Shimadzu, Japan) was used to investigate
the compressive properties of foamed samples. Cubic specimens with a side length of 10 mm, cutting
from the middle of injection-molded bars, were used for the compression tests. A crosshead speed of
1 mm/min was used and at least five specimens were measured for each condition at room temperature.

3. Results and Discussion

3.1. Evolution of Cell Morphology

Figure 1a shows the overall cell morphology of microcellular injection-molded iPP foams with a
2-fold expansion ratio. The SEM images display the microstructure of injection-molded foams from a
view parallel to the core-back direction. It was observed that the injection-molded iPP foam exhibited
a hierarchical morphology and could be divided into the solid layers (non-foamed layer) and foamed
core layer. Figure 1b illustrates the magnified morphology of the core region of iPP foam, and we
can observe that very large bubbles were generated in the iPP alone. This poor cellular structure was
ascribed to the weak melt strength as well as poor crystallization behavior (formation of large crystals)
of linear PP under the FIM processing condition. According to calculations, the cell density and
averaged cell diameter for the 2-fold iPP foam were approximately 6.8 × 105 cells/cm3 and 103 μm,
respectively, which were congruent with our previous work [7–9].

 

Figure 1. Typical SEM micrographs of: (a) the injection-molded isotactic polypropylene (iPP) foams;
(b) the enlarged image of the core layer of (a).

Figure 2 displays the SEM images at the core region of the 2-fold PP/CNF composite foams
with different DS. To better study the influence of CNF on the cellular structure of PP, in the
following discussion, we mainly analyzed cell morphology in the core layer observed from the view
perpendicular to the core-back direction [7,9]. Generally, compared with iPP foams, the added CNF
greatly enhanced the cell nucleating ability of PP and produced finer foams with much smaller cell
sizes and larger numbers of cells. In addition, with respect to the unmodified CNF, such improvement
in cellular morphology was more conspicuous for composites with the modified CNF, which resulted
from the promoted dispersion of modified CNF [37]. In our previous work [37], the X-ray CT results
revealed massive bundles and very large agglomerations in the PP matrix reinforced with the native
CNF, whereas much less agglomeration existed in the PP composites with the modified CNF. Moreover,
they demonstrated that the cell structure of the CNF-0.2 sample was the finest among all the foams
prepared at the 2-fold expansion ratio.
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Figure 2. SEM micrographs of the cross-section of (a) cellulose nanofiber (CNF)-0, (b) CNF-0.2, and (c),
CNF-0.4 foams at a fixed 2-fold expansion ratio.

Figure 3 reveals the effect of native and modified CNF on the microstructure of PP foams with
different expansion ratios. As noted previously, different expansion ratios of foams were prepared
by changing the core-back distance. For example, 10-fold foam was obtained by enlarging the initial
1 mm mold-thickness to the final 10 mm through the core-back operation, while keeping the prepared
foams well-expanded and integrated. Similarly, the cellular morphology was examined from the
view perpendicular to the mold-opening direction. As shown in Figure 3a, large cells were inevitably
generated for iPP foams with different expansion ratios. The presence of CNF clearly improved
PP’s foam structures at all the investigated expansion ratios. Similar to the results at 2-fold, the
hydrophobic-modified CNF revealed more enhancement in the foaming ability of PP than the native
CNF. In addition, at the high expansion ratio of 10-fold, iPP foams could not maintain their spherical
cell shape, even observed from the view perpendicular to the core-back direction, and displayed a
fibrillary structure. This was due to the introduction of intensive elongation force during the core-back
operation process, which would cause the deformation of the cell wall and subsequent cell coalescence
and void formation [8,9,31]. Owing to the low melt strength and weak melt elasticity of iPP, its cell
walls tended to rupture and break easily especially at high expansion ratios. In contrast, spherical
cell shapes were maintained for the PP/CNF composite foams at 10-fold, revealing the role of CNF in
stabilizing the cellular structure of PP. This was achieved by the promoted crystallization of PP as well
as the increase in its melt strength with the addition of CNF [29,37].

Figure 3. SEM micrographs of the cross-section of (a) iPP; (b) CNF-0; (c) CNF-0.2; and (d) CNF-0.4
foams in the core layer with different expansion ratios.
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3.2. Analysis of the Cellular Parameter

Figure 4 summarizes the cell density and average cell diameter variables for iPP and PP/CNF
composite foams as a function of the expansion ratio. It was revealed that iPP foams always possessed
a low cell density of approximately 105~6 cells/cm3 at different expansion ratios. With the presence of
CNF, cell densities of the PP foams were greatly increased to 107~9 cells/cm3, realizing an increase of
2–3 orders of magnitude for the different expansion ratios of foams. Such substantial improvements
in the cell density for PP foams were ascribed to the addition of CNF. In our previous reports [29,37],
it was clearly demonstrated that the added CNF could act as the crystal nucleating agent for PP and
enhanced the crystallization rate, resulting in the formation of large quantities of small-sized crystals.
These changes in the crystallization property of PP would greatly affect its final foaming behavior.
According to the literature [39–41], the formation of plenty of tiny crystals in semi-crystalline polymer
could provide more cell nucleating sites and increase local gas supersaturation, and thus, the promoted
crystallization in PP/CNF composites would contribute to their formation of fine cellular structures
with much smaller cell sizes [7,40,42]. Correspondingly, the nano-sized CNF could equally play the
role of bubble nucleating agent and improve the foaming ability of PP. Moreover, the added CNF
enhanced the melt strength of PP and this would be beneficial for the restriction of cell growth, together
with diminishing cell coalescence [7,37].

Figure 4. (a) Cell density and (b) average cell diameter of the neat iPP and polypropylene (PP)/CNF
nanocomposite foams as a function of the expansion ratio.

As shown in Figure 4, if we go into more detail, the native and modified CNF had different
promoting effects in the cellular parameters of PP and these were closely related to the detailed
values of the expansion ratios. At the low expansion ratio of 2- and 5-fold, the CNF-0.2 sample
exhibited the highest cell density and smallest cell sizes, followed by the CNF-0.4 sample. For example,
cell density for the iPP, CNF-0, CNF-0.2, and CNF-0.4 foams at 5-fold were 2.33 × 105, 1.32 × 108,
5.82 × 108, and 2.95 × 108 cells/cm3, respectively. In summary, at low expansion ratios of 2- and 5-fold,
changes in cell density followed the sequence of CNF-0.2 > CNF-0.4 > CNF-0 > iPP. Our previous
crystallization results revealed that the variation of the crystallization rate was CNF-0.2 > CNF-0.4 >
CNF-0 > iPP, which was the same as the changing cell density for low expansion-ratio foams. Generally,
the role of nanoparticles in promoting the foaming ability of polymer could be classified into the
melt-strength promoted factor and the crystallization promoted factor. Given that these two factors
always combine, it is rather difficult to state which one is dominant. Herein, by changing the expansion
ratio, we wanted to uncover the factors controlling or dominating the expansion ratio. Moreover, our
earlier findings indicated that CNF-0.4 had the highest melt viscosity and melt elasticity, and even
that a network was generated within the composite, which was ascribed to the good dispersion of
modified CNF and its long fibrillar structure [37]. This was followed by the similar melt properties
of CNF-0.2 and CNF-0 composites, while iPP exhibited the lowest melt viscosity and melt elasticity.
Considering the changes in crystallization behaviors and melt properties, it is reasonable to say that the
crystallization-promotion-effect dominates the foaming behavior of iPP and PP/CNF nanocomposite
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at the 2- and 5-fold expansion ratios. This can be understood as follows: the pre-existing crystals could
act as the cell nucleation sites and enhance the cell nucleation process, and hence promote the foaming
property of the polymer. Since the CNF-0.2 sample had the fastest crystallization rate and the possible
formation of the largest amounts of initial tiny crystals at high temperature, this would supply more
nucleating sites, and thus obviously improve the foaming behavior and produce the finest cellular
structure in CNF-0.2 sample.

In contrast, at the high 7- and 10-fold expansion ratios, CNF-0.4 exhibited the finest cellular
structures, and in terms of cell density, CNF-0.4 > CNF-0.2 > CNF-0 > iPP. For instance, at the
expansion ratio of 7-fold, cell density of the neat iPP, CNF-0, CNF-0.2, and CNF-0.4 foams was
1.15 × 105, 2.64 × 107, 3.59 × 107, and 1.10 × 108 cells/cm3, respectively. This indicated that the
crystallization-promotion factor was not the main cause of the foaming behavior at a high expansion
ratio. Unlike the CNF-0.2 and CNF-0 samples, a rheological network was generated in the CNF-0.4
specimen [37]. The formation of a network structure in the CNF-0.4 sample was beneficial for the
increasing of melt strength, which was helpful in suppressing bubble breakage and bubble coalescence.
This was extremely important for the high expansion-ratio injection-molded foams, as the high
extensional force was always concurrent, and it would significantly stretch the cell wall and affect
the cell growth stage [30,31]. Moreover, to explore the effect of CNF on the foamability of PP, we
tested the maximum expansion ratio for each material in the FIM experiments. It was found that
the maximum expansion ratios for iPP, CNF-0, CNF-0.2, and CNF-0.4 foams were 10-, 13-, 17-, and
20-fold, respectively. Due to the low melt strength and weak elasticity, iPP foams could easily collapse
at high expansion ratios and could not maintain their integrated cellular structures. In our previous
work [30], it was revealed that the maximum expansion ratio was about 12-fold for the long-chain
branching PP, with obvious strain-hardening behavior. Thus, the highest expansion ratio achieved in
the CNF-0.4 sample was possibly related to the formation of a network structure, which would be the
key to keeping the overall cellular skeleton and avoiding serious cell rupture caused by the intensive
extensional force induced during the core-back operation process.

This can also be validated from the variation in the degree of opening of the cell in different
samples. Figure 5 shows the effect of the expansion ratio on the open cell content (OCC) for iPP
and PP/CNF composites. Compared with the iPP foams, adding both the native and modified CNF
increased the OCC of PP foams, which was ascribed to the promoted cell nucleation caused by the
enhanced crystallization and concurrent thinner cell wall [37,40]. In addition, the changing sequence
of OCC was the same as the order of crystallization rate for iPP and PP/CNF composites [37]. Taking
7-fold foams as an example, the OCC for iPP, CNF-0, CNF-0.2, and CNF-0.4 foams was about 15%,
50%, 67%, and 45%, respectively, revealing that the added CNF could not only act as the cell nucleating
agent, but also as the bubble opening agent for PP. Compared with the CNF-0 and CNF-0.2 samples, a
relatively low OCC was achieved in the PP/CNF composite foams with the DS of 0.4. This can provide
indirect evidence of the role of the formation of a network structure in stabilizing the cellular structure
and diminishing cell breakage. In summary, the crystallization-promotion factor was dominant for
preparing low expansion-ratio injection-molded foams since the cell nucleation process prevails over
the foaming process, while the melt-strength-promotion factor dominates the production process for
high expansion-ratio foams, whereas the foaming process is more related to the cell growth process
and mold-opening operation.
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Figure 5. Open cell content for iPP and PP/CNF nanocomposite foams as a function of the expansion ratio.

3.3. Tensile Results

The mechanical properties of the neat iPP and PP/CNF composites were studied by the
tensile tests. Firstly, we investigated the effect of CNF on the mechanical performance of the solid
injection-molded PP. Figure 6 shows the obtained stress–strain curves, yield stress, tensile modulus,
and elongation at break for the solid injection-molded products. As expected, pure iPP exhibited an
obvious necking phenomenon and a ductile failure as shown in Figure 6a. A similar mode of ductile
failure was observed for the PP/CNF nanocomposites. As for the solid iPP, the yield stress and tensile
modulus were 40.2 MPa and 1126.9 MPa, respectively. The addition of native CNF to PP enhanced the
yield stress and the tensile modulus of PP to 43.4 MPa and 1219.7 MPa, respectively. This reinforcement
effect resulted from the well-known reinforcing mechanisms of stiff nanoparticles in a soft matrix,
since the added fibers can support the stresses transferred from the polymer [43,44]. In contrast, the PP
composites containing the modified CNF at a DS of 0.2, displayed a yield stress and tensile modulus of
44.3 MPa and 1346.9 MPa, respectively, which were about 10% and 20% higher than those of the iPP
product. Similarly, the mechanical response of the CNF-0.4 sample was enhanced by 12% and 10% for
yield stress and tensile modulus, respectively. Compared with the native CNF, a higher reinforcing
efficiency was observed in PP composites with modified CNF. This greater improvement was attributed
to the good interaction between modified CNF and PP, possibly resulting from the incorporation of the
double alky chain structure of ASA into the surface of CNF [36,37]. Correspondingly, the elongation at
break of PP was decreased by the incorporation of CNF, which was a typical behavior for the polymer
composite with an added particle [43]. This decrease was more obvious for the CNF-0.2 sample, which
reduced the elongation at break from 384% for iPP to 300% for the composites. This was similar to
other systems of polymer mixed with filler, which was due to the decreasing deformability of a rigid
interphase between the polymer resin and the stiff filler [36,43–45].
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Figure 6. Tensile results of the solid injection-molded parts: (a) typical stress–strain curves; (b) yield
stress; (c) tensile modulus; and (d) elongation at break of (A) iPP, (B) CNF-0, (C) CNF-0.2 and (D)
CNF-0.4 specimens.

Moreover, we studied the tensile properties of foamed sample at the low expansion ratio of
2-fold, whereas other expansion-ratio foams were inappropriate to test due to their large thickness.
Figure 7 illustrates the typical stress-strain curves, yield stress, elongation at break, and tensile modulus
for the foamed iPP and PP/CNF nanocomposites. The foamed samples displayed a similar tensile
behavior as the solid injection-molded bars, fracturing in a ductile manner with obvious yield and
necking. Generally, the mechanical strength of all the samples was decreased by foaming, which
was due to incorporation of the void fraction. For instance, the yield stress and tensile modulus
were reduced from 40.2 MPa and 1126.9 MPa for solid iPP, to 17.1 MPa and 561.5 MPa for 2-fold
iPP foams. The addition of native and modified CNF again reinforced the mechanical strength of
PP foams and similarly, more improvement was observed in PP composites containing modified
CNF. Compared with the iPP foams, the yield stress of the CNF-0, CNF-0.2 and CNF-0.4 composites
was enhanced by 8%, 12%, and 14%, respectively. This percent increment was similar to that of the
solid sample. However, a more significant increase was achieved in the tensile modulus. Specifically,
tensile moduli of the CNF-0, CNF-0.2 and CNF-0.4 composites were enhanced by 14%, 26%, and
21%, respectively, with respect to the iPP foam; while the corresponding values were about 8%, 20%,
and 10%, respectively, for the solid injection-molded iPP product. This demonstrated that the added
CNF was more effective in reinforcing the mechanical strength of foams in comparison to its solid
counterpart, which was attributed to improved stress transfer due to incorporating CNF together with
the improved cellular structures.
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Figure 7. Tensile properties of the injection-molded foams with a 2-fold expansion ratio: (a) typical
stress–strain curves; (b) yield stress; (c) elongation at break; and (d) tensile modulus of (A) iPP, (B)
CNF-0, (C) CNF-0.2 and (D) CNF-0.4 specimens.

As displayed in Figure 7d, the elongation at break of iPP foam was greatly increased compared to
its solid injection-molded product, exhibiting an approximately 55% increment. This obvious increase
in elongation at break was unusual for PP foams when considering their relatively large cell sizes
(about 100 μm). To explore the factors increasing the elongation at break of PP, we studied the crystal
structures of the samples by differential scanning calorimeter (DSC). Figure 8 displays the melting
curves in core region of the iPP and the PP/CNF nanocomposites. Apart from the main melting peak
at around 173 ◦C, a weak melting peak at around 146–152 ◦C was observed for the solid iPP (Figure 8a).
This lower melting peak was ascribed to the formation of β-crystal in iPP, which was sometimes found
in the injection molding process of PP [46]. As shown in Figure 8, most of the samples exhibited a
very weak peak of β-crystal, signifying very low content of β-crystal. In contrast, a more obvious
melting peak for β-crystal was observed for the 2-fold iPP foams. This revealed that a relatively high
content of β-crystal was generated in the core area of the iPP foam, which was also confirmed by our
previous results [37]. This resulted from the introduction of extensional force during the core-back
operation, since α-nuclei of PP was prone to induce the formation of β-nuclei on its surface under an
appropriate flow field [47–49]. It is known that α-crystal of PP exhibits greater strength than that of
β-crystal, while a higher ductility is achieved in β-crystals compared to the α-crystal of PP [48,50].
By calculating [46], the content of β-crystals was increased from approximately 3.4% for the solid iPP
to 15.1% for the 2-fold iPP foams. Thus, it is reasonable to say that the higher elongation at break in
iPP foams relative to its solid counterpart is mainly attributed to the formation of more β-crystal in iPP.
Moreover, elongation at break of the PP/CNF nanocomposite foams was also improved after foaming.
The elongation at break of CNF-0, CNF-0.2 and CNF-0.4 composites was enhanced by 8%, 85%, and
23%, respectively, with respect to their solid counterparts. Since the added CNF worked against
the formation of β-crystals [37], the increase in elongation at break for the PP/CNF nanocomposite
foams was mainly due to the efficiency of transferring applied stress enhanced by the incorporation
of microcellular cells. From the above SEM results, it was found that the CNF-0.2 sample had the
smallest cell size (approximately 6.6 μm) and highest cell density (4.48 × 109 cells/cm3). This finest
cellular structure gave the CNF-0.2 sample with the largest increase in elongation at break. Compared
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with other composite foams, the cell walls were thinner in the CNF-0.2 sample due to the smaller cell
sizes and higher cell densities, and thus these struts and cell walls were more easily deformed. Under
tensile testing, highly fibrillated cells were produced along the drawing direction by interconnecting
with the nearby microscale cells, which were beneficial for shear yielding of piles of fibrils along
the stretching direction. Therefore, much higher elongation at break was achieved in the CNF-0.2
composite foams, which was similar to our previous work on long-chain branching PP (LCBPP) with
an added nucleating agent.

Figure 8. The first heating curves of the core region for: (a) solid, and (b), 2-fold foamed iPP and
PP/CNF nanocomposites.

3.4. Compression Results

Figure 9 shows the typical compressive stress–strain curves for different expansion ratios of iPP
and PP/CNF composite foams. As can be observed, regardless of the type of CNF, the mechanical
performance of the PP/CNF composites was much higher than that of the iPP foams, which indicates
the further reinforcing effect of the added CNF on high expansion-ratio PP foams. Figure 9a shows
that stress increased with enhanced strain for all 2-fold foams, which was due to the formation of
closed cells in such a low expansion ratio. As for the closed-cell foam, the compression of gas within
the cells, as well as the membrane stress that occurred in the cell faces, typically led to a stress increase
with strain [51]. In contrast, other expansion ratios of foamed samples exhibited similar stress–strain
behaviors as the elastomeric open-cell foams (Figure 9b–d), which were characterized by three distinct
stages: a linear elastic stage, a collapse plateau stage and a densification stage [51,52].

Figure 9. Cont.
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Figure 9. Characteristic stress–strain curves for foamed iPP and PP/CNF nanocomposites at the
expansion ratios of: (a) 2-fold; (b) 5-fold; (c) 7-fold; and (d) 10-fold, respectively.

To understand the role of CNF, the elastic modulus and collapse stress were calculated for the
iPP and PP/CNF composite foams. The elastic modulus was obtained from the slope of the initial
linear elastic region of the stress–strain curve. Figure 10 shows the experimental results of elastic
modulus and collapse stress of iPP and those of composite foams. As expected, the elastic modulus of
all the foamed specimens decreased with an increase of the expansion ratio (Figure 10a), due to the
density reduction and the larger cellular sizes. It also shows that the added CNF improved the elastic
modulus of PP foams. The elastic modulus of 2-fold iPP, CNF-0, CNF-0.2, and CNF-0.4 foams were
131.4, 135.7, 149.4, and 145.3 MPa, respectively, which indicates a slight increase of elastic modulus at
a low expansion ratio. Furthermore, comparing with the effect of CNF, the percentage increment of
the composite foams with respect to the iPP was calculated and is shown in Figure 11. As shown in
Figure 11a, compared with iPP, the percentage increment in the elastic modulus of CNF-0, CNF-0.2 and
CNF-0.4 composites at the 5-fold expansion ratio were 56%, 81%, and 103%, respectively. As presented,
the modified CNF always exhibited a higher elastic modulus than the native CNF, realizing our aim of
improving the mechanical properties of PP with hydrophobic-modified CNF. In addition, among all
the samples, CNF-0.4 had the highest elastic modulus and provided the strongest reinforcement effect
for PP foams. This can be explained by the open cell content exhibited by the PP/CNF composites.
It is known that the formation of opening cells has a negative impact on the mechanical performance
of foams [51]. From the above SEM results, it was shown that the CNF-0.4 sample had the lowest open
cell content, and thus the highest elastic modulus was achieved in the CNF-0.4 composite. Moreover,
the added CNF had the highest percentage increase in elastic modulus for the 10-fold foam, reaching
204%, 288%, and 486% for CNF-0, CNF-0.2 and CNF-0.4, respectively. This clearly signified that
the presence of CNF was extremely effective in reinforcing the mechanical properties of the high
expansion-ratio foams.

Figure 10. Change of (a) elastic modulus and (b) collapse stress for the iPP and PP/CNF nanocomposite
foams as a function of the expansion ratio.
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Figure 11. Percentage increment in mechanical response for the PP/CNF nanocomposite foams:
(a) increments in elastic modulus, and (b) increments in collapse stress as a function of the
expansion ratio.

The experimental results of collapse stress for the iPP and PP/CNF composites are plotted
along the expansion ratio in Figure 10b. An increment in collapse stress was observed for PP based
composites due to the addition of CNF. Due to density reduction, high expansion-ratio foams always
exhibited lower values of collapse stress than the low expansion-ratio foams. Even though iPP foams
exhibited relatively low open cell contents, the addition of CNF invariably strengthened the collapse
stress of PP and this reinforcement effect was more obvious for the modified CNF. This improvement
in the foamed nanocomposites lies in two main reasons: firstly, the added nanoparticles can improve
both the stiffness and strength of the polymeric matrix comprising cell walls of the foams; and second,
the CNF plays the role of a cell nucleating agent, which is favorable for increasing the cell density and
decreasing the cell size, together with improving the homogeneity of the cell size distribution.

A similar analysis of elastic modulus was carried out for collapse stress and percentage increment
in terms of collapse stress for PP/CNF composites with respect to iPP and the results obtained
are shown in Figure 11b. It was found that the percentage increase in collapse stress for PP/CNF
nanocomposite foams first increased for 2-fold to 5-fold samples and then decreased at the 7-fold
expansion ratio. The relatively lower increment in collapse stress for the 7-fold PP/CNF nanocomposite
foams was due to the large difference in open cell content between the neat iPP and PP/CNF composite
foams. Specifically, the open cell content for the 7-fold iPP, CNF-0, CNF-0.2, and CNF-0.4 foams was
15%, 50%, 67%, and 45%, respectively, and these large amounts of opening cells in the PP/CNF
composites would partially counteract their mechanical strengthening of PP. Finally, the percentage
increase in collapse stress again increased for the 7-fold to 10-fold PP/CNF composite foams. This was
attributed to the reinforcement effect of the stiff CNF and the concurrent improvement in cellular
structures, while the above SEM results revealed that markedly poor cellular morphologies were
observed in the 10-fold iPP foams. For instance, a very high percentage increment in collapse stress
of approximately 469% was achieved in the 10-fold CNF-0.4 sample, while the corresponding values
were approximately 20% and 155% for the CNF-0 and CNF-0.2 composites. These findings clearly
demonstrate that the addition of hydrophobic-modified CNF is a viable approach to refine the foaming
ability of PP for preparing high expansion-ratio injection-molded foams as well as reinforcing their
mechanical performance, which potentially enlarges the application of lightweight PP foams into areas
such as construction and transportation.

4. Conclusions

PP/CNF nanocomposite foams incorporating native and modified CNF with different expansion
ratios were prepared via a core-back FIM process. It was revealed that the addition of CNF
greatly improved the cellular structures of PP, and the PP/CNF (DS = 0.2) composite exhibited
the smallest cell sizes and highest cell densities for its 2- and 5-fold foams. This was ascribed to
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the crystallization-promotion-effect that dominated the foaming behavior of low expansion-ratio
foams, with the PP/CNF (DS = 0.2) composite the one possessing the best crystallization property.
In contrast, for high expansion-ratio foams including 7- and 10-fold, the finest cellular structures
were achieved in the PP/CNF (DS = 0.4) specimen. Such improvement in cellular structure resulted
from the melt-strength dominating effect for high expansion-ratio injection-molded foams. Since a
rheological network was generated in PP/CNF (DS = 0.4), it not only endowed CNF-0.4 with finest
cellular structures at high expansion ratios but also produced the maximum expansion ratio foams.
Additionally, the open cell content results provided further evidence for the above findings. It was
demonstrated that CNF-0.2 had the largest OCC, due to the thinner cell wall caused by enhanced
crystallization and consequent increased cell nucleation; while the high melt strength of CNF-0.4 gave it
a relatively low OCC. Accordingly, the addition of CNF brought out an increase in the tensile modulus
and yield stress of both the solid and foamed PP samples. Compressive results also validated the
finding that the presence of native and modified CNF improved the mechanical properties of PP foams,
and that more improvement was achieved in the PP composites with modified CNF. As for expansion
ratios as high as 10-fold, the percentage increments in the elastic modulus for CNF-0, CNF-0.2, and
CNF-0.4 were 204%, 288%, and 486%, respectively, with respect to iPP foam. Moreover, the CNF-0.4
sample exhibited a notable increase in the collapse stress, reaching approximately 5.7 times higher
than that of the 10-fold iPP foam. The present work reveals that the incorporation of CNF is a feasible
method to develop high expansion-ratio PP composite foams with fine cellular structures and good
mechanical properties, which can possibly be applied in the construction and transportation industries.
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Abstract: Low thermal conductivity and adequate mechanical strength are desired for extruded
polystyrene foams when they are applied as insulation materials. In this study, we improved the thermal
insulation behavior and mechanical properties of extruded polystyrene foams through morphology
control with the foam nucleating agent 1,3,5-benzene-trisamide. Furthermore, the structure–property
relationships of extruded polystyrene foams were established. Extruded polystyrene foams with selected
concentrations of benzene-trisamide were used to evaluate the influence of cell size and foam density
on the thermal conductivity. It was shown that the addition of benzene-trisamide reduces the thermal
conductivity by up to 17%. An increase in foam density led to a higher compression modulus of
the foams. With 0.2 wt % benzene-trisamide, the compression modulus increased by a factor of 4
from 11.7 ± 2.7 MPa for the neat polystyrene (PS) to 46.3 ± 4.3 MPa with 0.2 wt % benzene-trisamide.
The increase in modulus was found to follow a power law relationship with respect to the foam density.
Furthermore, the compression moduli were normalized by the foam density in order to evaluate the
effect of benzene-trisamide alone. A 0.2 wt % benzene-trisamide increased the normalized compression
modulus by about 23%, which could be attributed to the additional stress contribution of nanofibers,
and might also retard the face stretching and edge bending of the foams.

Keywords: polystyrene foams; 1,3,5-benzene-trisamides; cell nucleation; foam extrusion; foam morphology;
supramolecular additives; thermal insulation; compression properties

1. Introduction

With the development of technology and society worldwide, the energy demand is increasing
constantly, while fossil energy resources are becoming increasingly short. In the European Union,
the total energy consumption of buildings accounts for more than 40%. Additionally, the CO2 emitted
by buildings and constructions corresponds to almost a quarter of the global CO2 emissions [1].
However, over 60% of the energy is wasted by heat loss through building elements such as walls, roofs,
floors, and windows [2–5]. Therefore, the thermal insulation of buildings is of high environmental
importance. Among the commonly used thermal insulation materials for building applications such
as glass, stone wool, and polymer foams, polymer foams accounted for a share of 41% in 2015 and
are reported to exhibit the fastest growth rate during the next 10 years [6]. In this context, extruded
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polystyrene (XPS) foams play a significant role for thermal insulation applications given their ease of
foaming, low price, and distinguished thermal insulating and mechanical properties [7–10]. Therefore,
XPS foams have been extensively applied as insulating material in floor panels and in basement outer
walls of buildings [11,12].

In contrast to macrocellular XPS foams with a cell size larger than 100 μm, microcellular XPS
foams with a cell size smaller than 10 μm possessing the same density offer improved mechanical and
insulation properties due to their microcellular morphology [13]. Therefore, most studies have been
conducted based on cell size reduction in order to achieve structure–property optimization [8,14–16].
Recently, a novel class of nucleating agents, namely 1,3,5-benzene-trisamide (BTA), was investigated
with regard to its effect on the morphology control of polypropylene (PP) foams [17,18]. Depending
on the concentration and process conditions, BTA can be completely dissolved in polymer melt.
Upon cooling, the dissolved BTA molecules can self-assemble into nanofibers which can act as
a heterogeneous nucleating agent. Typical issues such as agglomeration, which is associated with the
use of inorganic additives [19], can be avoided, while a high surface area for cell nucleation is provided.
For semi-crystalline PP, BTAs can act not only as foam nucleating agents [17,18] but also as nucleating
agents for the polymer crystallization [20]. Therefore, by applying BTA to amorphous polystyrene
(PS), the nucleation of polymer crystallization is excluded, and thus only the cell nucleation effect is
present. The principle cell nucleation capability of BTAs in PS was shown in the patent application
from Clariant [21] and the recent paper from our group, in which the influence of BTA concentration
on foam morphology was revealed [22].

Here, we demonstrate that XPS foams containing BTA can lead to improved thermal insulation
behavior and mechanical properties when compared to neat XPS foams, which are important for the
application of insulation panels in buildings. The optimization in foam properties are discussed at
different BTA concentrations and the structure–property relationships of the XPS foams are established.

2. Materials and Methods

2.1. Materials

Commercial PS (trade name: PS168N) from INEOS STYROLUTION (Frankfurt am Main,
Germany), of which the molecular weight (Mw) is 340 kg/mol and the polydispersity index (PDI) is
2.3, was used. BTA (chemical name: 1,3,5-Tris(2,2-dimethylpropionylamino) benzene, trade name:
Irgaclear XT386) from BASF SE (Ludwigshafen, Germany) was used as a foam nucleating agent at
concentrations of 0.1 wt %, 0.2 wt % and 0.5 wt %.

XPS foams used in this study were produced by a tandem extrusion line from Dr. Collin GmbH
(twin-screw extruder with a 25-mm screw and L/D 42; single-screw extruder with a 45-mm screw and
L/D 30) equipped with a slit die with a 0.6-mm gap and a 30-mm width. The processing parameters
for foam extrusion were set as 260 ◦C, from 113 ◦C to 118 ◦C, and 126 ◦C for the melt temperature in
the first extruder, the melt temperature in the second extruder, and the die temperature, respectively.
The mixture of 4 wt % of CO2 and 3 wt % of ethanol was used as the physical blowing agent [14].
The cell size and cell density were determined by the software Image J using SEM micrographs of the
XPS foams. At least 70 cells were taken into account to determine the average cell size and cell density.
The obtained morphological properties and densities of the neat XPS foam and XPS foams with BTA
are summarized in Table 1. It should be noticed that 0.2 wt % BTA reduced cell size most efficiently,
while the higher concentration of 0.5 wt % BTA increased the cell size slightly due to its incomplete
solubility at this processing condition, resulting in larger aggregates in the PS matrix.
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Table 1. Density and morphological properties of extruded polystyrene (XPS) foams.

Sample
Foam density

(kg/m3)
Cell size

(μm)
Cell density
(cells/cm3)

Neat XPS 52.3 ± 0.9 632 ± 182 2.7 × 103

XPS + 0.1 wt % BTA 72.6 ± 0.5 26 ± 7 5.6 × 107

XPS + 0.2 wt % BTA 77.8 ± 1.4 18 ± 6 1.5 × 108

XPS + 0.5 wt % BTA 69.1 ± 1.3 31 ± 10 3.1 × 107

2.2. Thermal Conductivity

The thermal conductivities of the foam samples were measured by the heat flow meter LaserComp
FOX 50 from TA Instruments. Foam samples were cut into cylinders with a diameter of 60 mm and
thicknesses (L) between 3 mm and 8 mm depending on the extruded foam thickness. The samples
were positioned between two temperature-controlled plates. These plates established a temperature
difference (ΔT) of 10 ◦C across the samples by setting the upper plate as 30 ◦C, while the lower plate
was set as 20 ◦C. The resulting heat flux (Q/A) through samples was measured by two proprietary
thin film heat flux transducers. Thermal conductivities (λ) were calculated according to Equation (1):

λ =
Q
A

L
ΔT

. (1)

At least five samples from each foam at different positions were measured and average values of
the thermal conductivities were determined.

2.3. Mechanical Properties

The compression moduli of extruded PS foams were measured by a Universal Test Machine
(Z050, ZwickRoell GmbH & Co. KG, Ulm, Germany) based on ISO 844. Samples for the compression
tests were prepared by cutting foams into cylinders with a diameter of 10 mm and a length of 10 mm.
The compression loads were applied perpendicular to the extrusion direction of the foam samples.
The compression strain was limited to 30%, which was sufficient to characterize the modulus and
plateau stress values for each sample. The test speed was 1 mm/min with a 0.5-N preload to ensure
full contact between the sample surfaces and plates of the test machine. At least five samples of each
XPS with and without BTA were tested.

3. Results and Discussion

3.1. Effect of BTA on the Thermal Conductivity of XPS Foams

Thermal conductivity is crucial when considering XPS foams applied as insulation panels
in buildings and constructions. To elaborate the complicated mechanism of thermal insulation
improvements, the different thermal contributions need to be discussed individually. In foams,
it is assumed that the total thermal conductivity (λt) can be described by four different contributions,
as expressed in Equation (2):

λt = λc + λs + λg + λr (2)

where λc represents the thermal convection between neighbouring foam cells, which can be neglected
as all extruded foam samples had closed cells and cell sizes smaller than 4 mm [23]; λs is the thermal
conduction along the solid phase, namely cell walls and cell struts; λg is contributed by the thermal
conduction across the cells by the impulse transfer of gas molecules to the cell walls and struts; and λr

is the thermal radiation term, which is caused by electromagnetic radiation emitted by all surfaces [12].
When radiative energy passes through the foam, it undergoes (i) adsorption by solid; (ii) reflection
at the interface; and (iii) transmission [24]. Thermal radiation only plays a significant role for low
density foams (<40 kg/m3) [25]. Moreover, λr is a temperature-dependent term showing an increase
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by a function of 3 with the increasing average temperature of the inside and outside temperature [26].
A schematic representation of the heat transfer mechanisms in foams is shown in Figure 1. Each term
is influenced by various factors such as foam density, cell size, cell wall and strut thickness, and the
thermal conductivity of solid BTA.

Figure 1. Schematic representation of heat transfers in foams.

λs is mainly determined by the intrinsic thermal conductivity of solid materials (PS and BTA)
and the amount of their content in the foams. A lower foam density leads to a decrease in λs due
to the reduced contribution from the solid matrix [27]. On the other hand, the contribution from
gas molecules, i.e., air, in foam cells (λg) is influenced by the cell size. As the cell size decreases,
the energy transfer by air in the cells is significantly reduced. However, a cell size reduction is achieved
at the expense of an increase in foam density, which in turn causes a higher λs. Therefore, there is
an optimal foam density for the lowest thermal conductivity. Figure 2 exhibits the change in the
thermal conductivity of the XPS foams with the increasing additive concentration and foam density.

Figure 2. Thermal conductivity of XPS foams including foam density and mean cell size with increasing
additive concentration (left) and with increasing foam density (right).

As illustrated in Figure 2 (left), thermal conductivities of XPS foams with BTA at all concentrations
were significantly lower than that of neat XPS foam (0.040 W/(m·K)), indicating an improved thermal
insulation performance. The largest decrease of about 17% in thermal conductivity was achieved for
foams containing 0.5 wt % BTA. Moreover, XPS foams with 0.1 wt % and 0.2 wt % BTA had similar
thermal conductivity due to their similar foam densities and foam cell sizes. We found that foams
with 0.1 wt % and 0.2 wt % BTA still led to a reduction in the thermal conductivity by about 11%
and 12%, respectively. As shown in Figure 2 (right), foams with 0.5 wt % BTA exhibited the lowest
thermal conductivity, which can be attributed to the optimal compromise between cell size reduction
and an increase in foam density.
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3.2. Effect of BTA on the Compression Modulus of XPS Foams

Aside from enhanced thermal insulation properties, XPS foams should exhibit a sufficient
compression modulus (typically in the range of 6.5 to 25 MPa [28]) to meet the application requirements
as insulation for floor panels and outer walls of basements in buildings and constructions where the
foams are mainly subjected to compression loads. The mechanical properties of the PS foams are
strongly influenced by foam density as well as a variety of other factors such as the intrinsic reinforcing
effect of additives, the orientation of fibrillar additives, the cell opening effect, and the gas pressure
inside the closed-cell foams. Figure 3 shows the representative stress–strain curves of the extruded
neat PS and PS with 0.1 wt %, 0.2 wt %, and 0.5 wt % BTA.

Figure 3. Compressive stress–strain diagram of the curves for neat XPS and XPS foams with various
BTA concentrations.

According to Figure 3, all of the curves possessed an initial linear elasticity region where the
elastic bending of the cell walls and face stretching took place. The slope of the tangent at the linear
elasticity region provided the compression modulus. A plateau region in the compression stress was
observed beyond the linear-elastic regime. Elastic buckling of the unaligned struts led to the plastic
collapse of the cells and stress at 10% to 20% of deformation corresponded to the plastic collapse
stress [29]. It can be clearly seen (Figure 4) that there was an increase in the compression modulus
as well as the plastic collapse stress of the BTA-containing foams when compared to those of the
neat XPS foams. The highest plastic collapse stress and the largest slope of the linear elasticity region
corresponding to the highest compression modulus were achieved by the XPS foam with 0.2 wt % BTA.
The improvement in the compression moduli and plastic collapse stresses might be due to an increase
in foam density with the addition of BTA and the effect of nanofibers on cell walls and struts. In order
to validate the correlation between the foam density and the compression modulus, compression
moduli were plotted with respect to the foam density in a logarithmic scale in Figure 4.
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Figure 4. Change in the compression modulus independent of foam density.

According to Figure 4, with increasing foam density, the compression moduli became higher, proving
that foam density plays a significant role on the compression modulus. By increasing the fraction of the
solid matrix in foams in both the cell walls and cell struts, the compression modulus increased due to the
increased foam density. This behavior was also explained by the Gibson–Ashby model [29]. According to
the model, the stiffness of a closed-cell foam results from three contributions. The first component is the cell
struts and cell wall edge bending stiffness, which determines the elastic modulus. The second component is
the cell wall elastic buckling, which causes elastic collapse. The final component is the internal gas pressure
of the closed cells, which only plays a minor role in the atmospheric pressure and small deformations.
Thus, the sum of the first two components can be expressed by Equation (3):

Ef

Es
= φ2

(
ρ f

ρs

)2
+ (1 − φ)

ρ f

ρs
(3)

where Ef is the elastic modulus of the foam; Es is the elastic modulus of the solid material; ρf is the foam
density; ρs is the solid polymer density; φ is the fraction of polymer contained in the cell struts, and 1 – φ is
the solid fraction in the cell walls. The simplified Equation (4) can be yielded from Equation (3), showing
a power law relationship describing the functional dependence of the modulus on the foam density.

Eαρn (4)

where n is the density exponent of the foam. For bulk materials, the density exponent is 1, suggesting
a linear relationship between the modulus and solid material density. Theoretically, the value of n should
be between 1 and 2 for closed-cell foams [30]. A fitting curve, which is shown in Figure 5, was obtained
by fitting at least five values from each sample to a power function. The power law equation described
the relationship between the compression moduli and foam density very well, except for foams with
0.2 wt % BTA. For these foams, the compressive moduli increase was sharper, leading to a coefficient of
determination, R2, of 0.72 and a density exponent of 2.88, which was higher than the expected value of 2
for closed foams. This might be due to an additional stress contribution induced by BTA nanofibers with
diameters of 200 to 600 nm, depending on the concentration. In our previous study [22], we observed that
BTA nanofibers located in cell walls and struts of XPS foams contributed further to the improvement in
the compression moduli of foams. The most significant increase in the compression modulus at the BTA
concentration of 0.2 wt % will be discussed further. Figure 5 exhibits the influence of BTA concentration on
the compression modulus. In general, a significant improvement in the compression moduli of the XPS
foams with BTA in comparison with that of the neat XPS foam was found. In the best case, the compression
modulus increased from 11.7 ± 2.7 MPa for the neat PS to 46.3 ± 4.3 MPa with 0.2 wt % BTA. However,
a further increase in the BTA concentration to 0.5 wt % led to a decrease in foam density as well as a decrease
in the compression modulus due to the stress concentration points in foam that resulted from aggregates

176



Polymers 2019, 11, 268

induced by the incomplete solubility of BTA [22]. These imperfections in the porous non-straight and
misaligned struts might lead to weakened mechanical properties.

Figure 5. Compression moduli of XPS foams independent of BTA concentration.

However, it is well known that foam density has a significant effect on the compression modulus [29].
In order to eliminate this effect and better understand the sole influence of BTA on the compression modulus
of the foams, the normalized compression moduli at 52.3 kg/m3 were calculated. The normalization
calculations were conducted using Equation (5), which was derived from Equation (4) [31]:

Enormalized = Emeasured ∗
(

ρre f erence

ρmeasured

)n
(5)

where Enormalized is the normalized compression modulus; Emeasured is the measured modulus of the
foam sample; ρre f erence is the foam density of the reference (neat XPS) foam (52.3 kg/m3); ρmeasured is
the measured density of the sample; and n is the slope of the log compression modulus versus log
foam density graph (Figure 5), which was 2.88.

Figure 6 depicts the density and normalized compression moduli of the neat XPS foam and XPS
foams with different BTA concentrations at a foam density of 52.3 kg/m3.

Figure 6. Normalized compression moduli of the XPS foams with different concentrations of BTA
compared to the neat XPS foam.

Figure 6 illustrates the normalized compression moduli at the reference density of 52.3 kg/m3 and
determines the influence of BTA solely on the mechanical properties of PS foams. The highest increase in the
normalized compression modulus of about 23% when compared to the neat XPS was obtained at the BTA

177



Polymers 2019, 11, 268

concentration of 0.2 wt %. While the neat XPS foams exhibited a relatively large standard deviation of the
normalized modulus, the XPS with 0.2 wt % BTA possessed the minimum standard deviation. This might
be correlated with the increase in the uniformity of the foam morphology induced by BTAs. The addition
of 0.1 wt % BTA was not enough to improve the modulus of the XPS foam significantly. The normalized
modulus at 0.5 wt % BTA decreased by about 12% when compared to that of the neat XPS foam. The reduction
in the compression modulus and increase in standard deviation in the modulus could be attributed to the
agglomeration of non-dissolved BTA due to the incomplete solubility of the additive at concentrations
higher than 0.2 wt %, which is the solubility limit in PS at this foaming condition. Based on the improved
compression moduli of the XPS foams with 0.2 wt % BTA, we attributed this to the nanofibers with a high
aspect ratio on the cell walls and struts [22], providing an additional stress contribution to the compression
modulus. These may also retard the face stretching and edge bending, leading to increased buckling resistance
and better mechanical properties of the foam. A similar reinforcing effect of BTA nanofibers on compression
mechanical properties has already been shown for PP by Mörl et al. [18].

4. Conclusions

In this study, the improved thermal insulation behavior and mechanical properties of XPS foams
containing BTA were investigated. Furthermore, the structure–property relationships of a neat XPS foam
and XPS foams with 0.1 wt %, 0.2 wt %, and 0.5 wt % of BTA as the foam nucleating agent were established
with regard to thermal insulation and mechanical performance. Although the cell size reduction achieved
through 0.5 wt % BTA was less effective than that achieved with 0.1 wt % and 0.2 wt % BTA due to its
partial solubility in PS, the lowest thermal conductivity of 0.033 W/(m·K) was obtained with 0.5 wt % BTA.
The 17% reduction in thermal conductivity, when compared to that of the neat XPS foam, was due to the
optimum compromise between the competing effects from cell size and foam density. While the smaller
cell sizes reduced the gas thermal conductivity (λg), the higher foam density increased the solid thermal
conductivity (λs). On the other hand, XPS foams with 0.2 wt % BTA showed the highest compression
modulus of 46.3 MPa (seven times the reinforcement when compared with that of the neat XPS foam),
which was attributed to the highest foam density of 78 kg/m3. Additionally, the enhancement of the
normalized compression modulus of the XPS foam with 0.2 wt % BTA showed that the fibrillar nanofibers
of BTA positively influenced the mechanical properties of the foams.

Author Contributions: Conceptualization, M.A., C.Z., B.K., K.K., H.-W.S., and V.A.; Data curation, M.A. and C.Z.;
Formal analysis, M.A. and C.Z.; Investigation, M.A. and C.Z.; Methodology, M.A. and C.Z.; Project administration,
H.-W.S. and V.A.; Resources, H.-W.S. and V.A.; Supervision, H.-W.S. and V.A; Validation, H.-W.S. and V.A;
Writing—original draft, M.A. and C.Z.; Writing—review and editing, M.A., C.Z, B.K., K.K., H.-W.S., and V.A.

Funding: The authors thank the German Research Foundation (DFG) for the financial support of the Collaborative
Research Center 840 (SFB 840, Project B4) and the support of the KeyLabs of the Bavarian Polymer Institute.
Open access charges were funded by the German Research Foundation (DFG) and the University of Bayreuth
through the funding program Open Access Publishing.

Acknowledgments: We appreciate the support of Sebastian Gröschel during the foam extrusion process and the
valuable input and fruitful discussions of Daniel Raps (Polymer Engineering, University of Bayreuth). The authors
are also indebted to Prof. Dr. Martin Weber of BASF SE for providing the additive.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Simona, P.L.; Spiru, P.; Ion, I.V. Increasing the energy efficiency of buildings by thermal insulation.
Energy Procedia 2017, 128, 393–399. [CrossRef]

2. Garay, R.; Arregi, B.; Elguezabal, P. Experimental Thermal Performance Assessment of a Prefabricated
External Insulation System for Building Retrofitting. Procedia Environ. Sci. 2017, 38, 155–161. [CrossRef]

3. Ürge-Vorsatz, D.; Harvey, L.D.D.; Mirasgedis, S.; Levine, M.D. Mitigating CO2 emissions from energy use in
the world’s buildings. Build. Res. Inf. 2007, 35, 379–398. [CrossRef]

4. Utrey, J.I.; Shorrock, L.D. BRE: Domestic Energy Fact File. 2008. Available online: https://www.bre.co.uk/
page.jsp?id=879 (accessed on 20 March 2018).

178



Polymers 2019, 11, 268

5. Meggers, F.; Leibundgut, H.; Kennedy, S.; Qin, M.; Schlaich, M.; Sobek, W.; Shukuya, M. Reduce CO2 from
buildings with technology to zero emissions. Sustain. Cities Soc. 2012, 2, 29–36. [CrossRef]

6. Pavel, C.C.; Blagoeva, D.T. Competitive Landscape of the EU’s Insulation Materials Industry for Energy-Efficient
Buildings; Publications Office of the European Union: Luxembourg, 2018.

7. Gong, P.; Wang, G.; Tran, M.-P.; Buahom, P.; Zhai, S.; Li, G.; Park, C.B. Advanced bimodal polystyrene/multi-walled
carbon nanotube nanocomposite foams for thermal insulation. Carbon N. Y. 2017, 120, 1–10. [CrossRef]

8. Gong, P.; Buahom, P.; Tran, M.-P.; Saniei, M.; Park, C.B.; Pötschke, P. Heat transfer in microcellular
polystyrene/multi-walled carbon nanotube nanocomposite foams. Carbon N. Y. 2015, 93, 819–829. [CrossRef]

9. An, W.; Sun, J.; Liew, K.M.; Zhu, G. Flammability and safety design of thermal insulation materials
comprising PS foams and fire barrier materials. Mater. Des. 2016, 99, 500–508. [CrossRef]

10. Yeh, S.-K.; Yang, J.; Chiou, N.-R.; Daniel, T.; Lee, L.J. Introducing water as a coblowing agent in the carbon
dioxide extrusion foaming process for polystyrene thermal insulation foams. Polym. Eng. Sci. 2010, 50,
1577–1584. [CrossRef]

11. Vo, C.V.; Paquet, A.N. An evaluation of the thermal conductivity of extruded polystyrene foam blown with
HFC-134a or HCFC-142b. J. Cell. Plast. 2004, 40, 205–228. [CrossRef]

12. Berge, A.; Johansson, P.Ä.R. Literature Review of High Performance Thermal Insulation. Build. Phys. 2012, 40.
13. Okolieocha, C.; Raps, D.; Subramaniam, K.; Altstädt, V. Microcellular to nanocellular polymer foams:

Progress (2004–2015) and future directions—A review. Eur. Polym. J. 2015, 73, 500–519. [CrossRef]
14. Okolieocha, C.; Köppl, T.; Kerling, S.; Tölle, F.J.; Fathi, A.; Mülhaupt, R.; Altstadt, V. Influence of graphene

on the cell morphology and mechanical properties of extruded polystyrene foam. J. Cell. Plast. 2015, 51,
413–426. [CrossRef]

15. Zhang, C.; Zhu, B.; Lee, L.J. Extrusion foaming of polystyrene/carbon particles using carbon dioxide and
water as co-blowing agents. Polymer 2011, 52, 1847–1855. [CrossRef]

16. Min, Z.; Yang, H.; Chen, F.; Kuang, T. Scale-up Production of Lightweight High-Strength Polystyrene/
Carbonaceous Filler Composite Foams with High-performance Electromagnetic Interference Shielding. Mater. Lett.
2018, 230, 157–160. [CrossRef]

17. Stumpf, M.; Spörrer, A.; Schmidt, H.-W.; Altstädt, V. Influence of supramolecular additives on foam
morphology of injection-molded i-PP. J. Cell. Plast. 2011, 47, 519–534. [CrossRef]

18. Mörl, M.; Steinlein, C.; Kreger, K.; Schmidt, H.W.; Altstädt, V. Improved compression properties of
polypropylene extrusion foams by supramolecular additives. J. Cell. Plast. 2018, 54, 483–498. [CrossRef]

19. Gutiérrez, C.; Garcia, M.T.; Mencía, R.; Garrido, I.; Rodríguez, J.F. Clean preparation of tailored microcellular
foams of polystyrene using nucleating agents and supercritical CO2. J. Mater. Sci. 2016, 51, 4825–4838.
[CrossRef]

20. Blomenhofer, M.; Ganzleben, S.; Hanft, D. Altstädt, V. “Designer” Nucleating Agents for Polypropylene.
Macromolecules 2005, 38, 3688–3695. [CrossRef]

21. Scholz, P.; Jan-Erik, W. Polymeric Foam. US 2015/0166752, 18 June 2015.
22. Aksit, M.; Klose, B.; Zhao, C.; Kreger, K.; Schmidt, H.-W.; Altstädt, V. Morphology control of extruded

polystyrene foams with benzene-trisamide-based nucleating agents. J. Cell. Plast.. (accepted).
23. Holman, J. Heat transfer, 10th ed.; McGraw-Hill: New York, NY, USA, 1981.
24. De Micco, C.; Aldao, C.M. On the prediction of the radiation term in the thermal conductivity of plastic

foams. Lat. Am. Appl. Res. 2006, 36, 193–197.
25. Hingmann, R.; Hahn, K.; Ruckdäschel, H. Trends in Research on Polymer Foams. Presented at Industrial

Workshop on Polymer Foams, Bayreuth, Germany, 2011.
26. Williams, R.J.J.; Aldao, C.M. Thermal conductivity of plastic foams. Polym. Eng. Sci. 1983, 23, 293–299.

[CrossRef]
27. Nait-Ali, B.; Haberko, K.; Vesteghem, H.; Absi, J.; Smith, D.S. Thermal conductivity of highly porous zirconia.

J. Eur. Ceram. Soc. 2016, 26, 3567–3574. [CrossRef]
28. High Density Extruded Polystyrene Insulation-CELLFORT®300 & FOAMULAR®400,600,1000 Insulation

Boards, Product Description. Available online: http://www2.owenscorning.com/worldwide/admin/
tempupload/pdf.3-74495-199_HighDensity_E.pdf (accessed on 21 August 2018).

29. Gibson, I.; Ashby, M.F. The mechanics of three-dimensional cellular materials. Proc. R. Soc. Lond. A Math.
Phys. Eng. Sci. 1982, 382, 43–59. [CrossRef]

179



Polymers 2019, 11, 268

30. Menges, G.; Knipschild, F. Estimation of Mechanical Properties for Rigid Polyurethane Foams. Polym. Eng. Sci.
1975, 15, 623–627. [CrossRef]

31. Lyon, C.K.; Garrett, V.H.; Goldblatt, L.E.O.A. Solvent-Blown Rigid Urethane Foams from Castor-Based
Polyols. J. Am. Oil Chem. Soc. 1961, 38, 262–266. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

180



polymers

Article

Extrusion Foaming of Lightweight Polystyrene
Composite Foams with Controllable Cellular
Structure for Sound Absorption Application

Yanpei Fei 1, Wei Fang 1, Mingqiang Zhong 1, Jiangming Jin 2,*, Ping Fan 1, Jintao Yang 1,

Zhengdong Fei 1, Lixin Xu 1,* and Feng Chen 1,*

1 College of Materials Science and Engineering, Zhejiang University of Technology, Hangzhou 310014, China;
201101391305@zjut.edu.cn (Y.F.); 2111625018@zjut.edu.cn (W.F.); zhongmq@zjut.edu.cn (M.Z.);
fanping@zjut.edu.cn (P.F.); yangjt@zjut.edu.cn (J.Y.); feizd@zjut.edu.cn (Z.F.)

2 College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310014, China
* Correspondence: jjm@zjut.edu.cn (J.J.); gcsxlx@zjut.edu.cn (L.X.); chenf@zjut.edu.cn (F.C.)

Received: 8 December 2018; Accepted: 4 January 2019; Published: 9 January 2019

Abstract: Polymer foams are promising for sound absorption applications. In order to process
an industrial product, a series of polystyrene (PS) composite foams were prepared by continuous
extrusion foaming assisted by supercritical CO2. Because the cell size and cell density were the key to
determine the sound absorption coefficient at normal incidence, the bio-resource lignin was employed
for the first time to control the cellular structure on basis of hetero-nucleation effect. The sound
absorption range of the PS/lignin composite foams was corresponding to the cellular structure and
lignin content. As a result, the maximum sound absorption coefficient at normal incidence was
higher than 0.90. For a comparison, multiwall carbon nanotube (MWCNT) and micro graphite (mGr)
particles were also used as the nucleation agent during the foaming process, respectively, which
were more effective on the hetero-nucleation effect. The mechanical property and thermal stability of
various foams were measured as well. Lignin showed a fire retardant effect in PS composite foam.

Keywords: extrusion foaming; super critical CO2; lignin; sound absorption coefficient;
mechanical property

1. Introduction

With the advancement of industrial modernization, noise pollution has become a worldwide
problem affecting the quality of human life. Sound absorption and noise reduction have gradually
evolved into a comprehensive subject related to high-tech applications, environmental protection fields,
and human coordinated development. The performance and application of novel sound absorption and
noise reduction materials have become the development goals of all countries in the world. Compared
with traditional metal materials [1], polymer materials [2–6] especially polymer foams [7–12], have
great advantages in the field of sound absorption due to their light weight and good processability.
Sound waves can be greatly absorbed during propagation in foam structures through the internal
reflection, refraction and dissipation of the sound waves in a cellular structure. It has been proved
that foam structure is the determinant factor affecting the sound absorption efficiency [13]. However,
it is difficult in most of the foam preparation methods to control the foam structure and foam density
precisely of general polymers (PP, PE, polyolefin) except polystyrene (PS) [14].

PS foam is broadly used in building, transportation, refrigeration, insulation and shock absorbing
materials, and occupied the second largest usage of foaming plastics in the market, because of its light
weight, low thermal conductivity and good impact resistance [15]. In order to achieve the industrial
production and commercial worth of PS foams with low density, low cost and environmental benign
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process, extrusion foaming by using supercritical CO2 (ScCO2) as a physical blowing agent has been
identified as the most promising technology [16]. However, so far, there have been few reports about
controllable cell structure of PS foam for its acoustic property.

In this paper, we demonstrate excellent sound absorption PS composite foams using ScCO2

assisted extrusion foaming process. Lignin, a bio-resource material [17–19], was employed to control
the cell structure and morphology for the first time. The variable foam structure resulted in controllable
reflection, dissipation and absorption of sound wave. For comparison, carbonaceous fillers (multiwall
carbon nanotube and micro graphite) were invested in for the hetero-nucleation effect on PS foam and
its sound absorption property.

2. Experimental

2.1. Materials and Samples Preparation

Polystyrene (PS) was grade Total 5197 and obtained from the Total Petrochemicals (Houston,
Texas, USA). Lignin, micro-graphite (mGr) and multiwall carbon nanotube (MWCNT) were used as
the nucleation agent and sound absorption fillers: lignin (kraft lignin, Mw > 5000) was purchased
from Aladdin Company (Shanghai, China). And mGr with an average plate diameter of 5 μm and
thickness of 0.5 μm were purchased from Qingdao Yanhai Carbon Materials Inc. (Qingdao, China).
MWCNT with average diameter of 15 nm and length of 2 μm was provided by Jiangsu Hengqiu
Carbon Materials Inc. (Suzhou, China).

Prior to the extrusion foaming, MWCNT, mGr and lignin powders were dried in vacuum over
night, and the compounding of PS/Lignin and PS/carbonaceous fillers was carried out using a
twin-screw extruder (Leistritz ZSE-27, Nuernberg, German; L is for length and D is for diameter,
L/D = 40:1; D = 27 mm) with the content of 10 wt% MWCNT, 10 wt% and 50 wt% lignin, respectively.
Extrusion foaming of PS and PS composites was carried out in the same twin-screw extruder.
The blowing agent CO2 was firstly cooled and pressurized in a Telydyne ISCO Model 500D (Lincoln,
NE, USA) syringe pump, then pumped into the twin-screw extruder through a gas/liquid injection
port located at L/D = 16 from the hopper of the extruder.

2.2. Morphology Characterization

The cell morphology of the foams were characterized by using scanning electron microscopy
(SEM, type S-4700, JEOL, Tokyo, Japan). The fractured surface of PS foams were obtained by immersing
samples in liquid nitrogen and spayed with gold before SEM examination.

The dispersions of multi-walled carbon tubes, microcrystalline graphite and lignin were observed
by transmission electron microscopy (TEM, JEM-100 CX II, 300 kV, JEOL, Tokyo, Japan).

2.3. Mechanical Properties

The dynamic thermal mechanical analysis was conducted using dynamic thermal mechanical
analyzer (DMA, type Q-800, TA Instruments, New Castle, DE, USA). Samples were obtained by hot
pressing. The sample size was cut to small plate with a scale of 30 × 10 × 2 mm3. The mode was single
cantilever. The temperature range was from 40 to 150 ◦C. The heating rate and frequency were set to
3 ◦C/min and 1Hz, respectively.

Samples were cut into 5 × 5 cm2 square sample blocks and their thickness were measured after
grinding. Three samples were made for each group and compressive strength test was carried out.
Using Instron 5966, the compression test was carried out at the compression speed of 1.000 mm/min.
The modulus of each sample was calculated at the pressure of 50% compression deformation. Finally,
three groups of numerical average values were obtained.
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2.4. Sound Absorption Property

Absorption was tested using a Bruel and Kjaer, four-microphone small standing wave tube [20]
(Type: 4206-T, the length is 50 cm and the diameter is 29 cm). The effective sound wave was measured
in the range from 500 to 6000 Hz at 25 ◦C. The thickness of all samples was 5 mm and the diameter
was 29 cm. Three specimens were tested to calculate the average value.

2.5. Density Test

The weight (m) of samples was measured by the electronic scales (FA1104N, Shanghai, China).
The initial water volume (V0) and the volume (V) after the samples needled into the water were
measured by the measuring cylinder. The density equals quality divided by the volume that was V
minus V0. At least five specimens for each sample were tested and the average value was calculated.

ρ =
m

V − V0
(1)

2.6. Cell Morphology

After the foaming sample was placed in liquid nitrogen for 2 min, the chips were quickly broken
and sprayed. The bubble distribution and the morphology of the brittle fracture surface were observed
by scanning electron microscope. The SEM pictures obtained were processed and analyzed by Gatan
Digital Micrograph software (Gatan, Pleasanton, CA, USA), and the average bubble size and cell
density of the foams were obtained. The cell density (N0) is the number of cells per cubic centimeter
and can be calculated by:

N0 = (
n
A
)

3
2 ρun f oamed

ρ f oam
(2)

where n is the number of the cells in a single SEM picture and the A is the area of the SEM picture.
ρfoam is the foam density and ρunfoamed is the bulk density of PS composites. The average cell diameter
(D) can be calculated by:

D =
∑ nidi

∑ ni
(3)

where di is the diameter of each cell and ni is the number of cells with the diameter di in the
SEM pictures.

2.7. Thermogravimetry Analysis

Samples less than 10 mg were cut from each sample and heated from 40 to 800 at a heating rate of
20 ◦C/min in N2 atmosphere (TGA Q5000, TA, New Castle, DE, USA).

3. Results and Discussion

3.1. Cell Morphology

Figure 1 shows TEM images of various PS composites taken by the freezing section method.
It was obvious that lignin with low content (10 wt%) was well dispersed in the PS matrix, presenting
globular agglomerates at the micron and submicron scales (Figure 1a). Considering the large content
of aromatic structure in lignin skeleton, the lignin has excellent compatibility with the PS matrix [21].
With the increase of the lignin content, the size of lignin aggregations was gradually increased, and
the composite sample with 50 wt% lignin content showed rich lignin-phase separation (Figure S1).
Figure 1b,c depicted that both the MWCNT and the mGr particulates were well dispersed in the PS
matrix at low concentration (1 wt%), illustrating the 1D or 2D orientation of the nanoparticles. The
dispersion and the orientation of fillers strongly influenced the hetero-nucleation efficiency during the
extrusion foaming process.
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According to classical nucleation theory [22–24], the heterogeneous nucleation rate (Nhet) can be
expressed as:

Nhet = fhetChet exp(−ΔG∗
het/kT) (4)

where f het is the frequency factor of gas molecules joining the nucleus, Chet is the concentration of
heterogeneous nucleation sites, k is the Boltzmann’s constant, T is the temperature, and ΔG∗

het is the
Gibbs free energy associated with the formation of a nucleus. ΔG∗

het is related to the interfacial tension
(γ) and the difference (ΔP) between the pressure inside the critical nuclei and around the surrounding
liquid as:

ΔG∗
het =

16πγ

3(ΔP2)
f (θ, ω) (5)

where f (θ,ω) represents the corrected factor of heterogeneous nucleation, which is a function of the
polymer-gas-particle contact angle (θ) and the relative curvature ω of the nucleate surface to the critical
radius of the nucleated phase. Qualitatively, a small contact angle and a large surface curvature offer a
higher reduction of critical energy, and consequently an increase in the nucleation rate [25].

We can obtain foamed boards (12 cm width × 1 cm thickness) by using the extrusion foaming
with a slit die, which is expected to be easy for industrial and mass-scale production. The upper
images in Figures 2 and 3 illustrated that the cross section of various foams were relatively uniform
and large foamed boards can be easily produced at the industrial scale. The cell morphology of the
PS/lignin and PS/carbonaceous filler composite foams prepared by supercritical CO2 foaming is
shown in Figures 2 and 3, respectively. It is indicated that the these are closed porosity foams. For both
lignin and carbonaceous nanoparticles (MWCNT and mGr), the cell size became smaller and the cell
density became higher with increasing the content of fillers, which contributed to the hetero-nucleation
effect. Figure 2 displays that the average cell diameter increased from 175 μm to 413 μm after adding
10% lignin. With the increase of lignin content, the average cell size decreased gradually from 414 to
141 μm, and the cell density increased from 1.14 × 105 to 1.34 × 106 cells/cm3. The cell size of the foam
sample with 40 wt% lignin reduced greatly, due to the fact that the lignin domain is spherical so that
the nucleation efficiency is not significant until the content and phase size of lignin are sufficient for
hetero-nucleation effect. It is worth mentioning that the extrusion foaming process was still successful
when lignin was added to the 50 wt% (Figure 2d), which has not been reported before. The advantage
of using lignin as a hetero-nucleation agent is that it is a natural product and abundant resource
obtainable at very low cost.

Meanwhile, the composite foams with MWCNT and mGr nanoparticles exhibited similar cell
size (100~350 μm) and cell density (1.38 × 105~2.63 × 106 cells/cm3) as shown in Figure 3. Both
MWCNT and mGr displayed excellent hetero-nucleation efficiency at low contents (0.5 wt%) due to
their one-dimensional tubular and two-dimensional layered structure [26,27]. The carbonaceous fillers
are CO2-philic and the gas bubble can be easily nucleated at the edge of nanoparticles, so the increase
of filler content is attributed to higher nucleation and cell growth rate. The density of different PS
composite foams is summarized in Table S1.

 
Figure 1. The transmission electron microscope (TEM) images of particles dispersed in polystyrene
(PS). (a) 10% Lignin; (b) 0.2% multiwall carbon nanotube (MWCNT); (c) 1% mGr.
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Figure 2. The cross-section view of extruded PS/lignin composite foams and representative cell
morphology observed by scanning electron microscope (SEM) (the magnification ratio was 100 times).
(a) pure PS; (b) 10 wt% lignin; (c) 30 wt% lignin; (d) 50 wt% lignin; (e) the cell size and cell density of
PS/lignin composite foams.

Figure 3. The cross-section view of extruded PS/carbonaceous fillers composite foams and
representative cell morphology observed by SEM (the magnification ratio was 100 times). (a) 0.2 wt%
MWCNT; (b) 0.5 wt% MWCNT; (c) 1 wt% MWCNT; (d) the cell size and cell density of PS/MWCNT
composite foams; (e) 0.2 wt% mGr; (f) 0.5 wt% mGr; (g) 1 wt% mGr; (h) the cell size and cell density of
PS/mGr composite foams.

3.2. Sound Absorption Property

Generally, a sound wave is reflected at the solid-gas interface and dissipated in the cellular
structure on the propagation route. The sound absorption efficiency of PS composite foams can also
be influenced by the modulus of the polymer, the cell size and cell density. Figure 4 compared the
sound absorption performance of different PS composite foams. All the samples showed a tremendous
sound absorption coefficient at normal incidence in a range of certain frequency. The pure PS foam
showed an obvious peak of sound absorption coefficient at normal incidence around 5100 Hz, whose
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value could reach as high as 0.97. With the addition of filler, the peak of sound absorption coefficient
at normal incidence moved to low frequency zone firstly, and then shifted to high frequency zone
gradually. For example, the peak position of sound absorption coefficient at normal incidence of
PS/lignin composite foams was shifted from 4216 Hz (10 wt% lignin, 368 μm cell size) to 5552 Hz
(50 wt% lignin, 140.6 μm cell size), while all the maximum values were higher than 0.90. This can be
explained by the different cell size and cell density that mainly dominated the dissipation of reflect
sound wave. Despite the modulus of the polymer being related to the surface reflection, the sound
absorption coefficient at normal incidence has little effect on the modulus because of the very rigid
state of PS and its composites at room temperature. With the increase of the filler content, the filler
as nucleation agent promoted the formation of the cell, the cell size decreased and the cell density
increased. Meanwhile, the absorption range of PS composite foams became broader than pure PS foam.
When the sound wave was incident into the PS composites, more sound energy can be dissipated in
the polymer. Moreover, the propagation distance of the sound wave was increased, which further
enhanced the internal dissipation of sound energy. This corroborated with the previous SEM results.
The sound absorption coefficient at normal incidence was composed of sharp, narrow peaks, meaning
the foams absorbed sound selectively in a relatively narrow band, suggesting the use of this material
for applications requiring a narrow acoustic absorption bands.

Figure 4. Sound absorption property of PS composite foams: (a) PS/lignin; (b) PS/MWCNT;
(c) PS/mGr.

The acoustic energy dissipation of materials was related to the loss modulus and tan δ of the
materials [13]. In this work, the loss modulus measured by DMA is used to characterize the sound
absorption and noise reduction performance of PS composite foams, and the energy dissipation
performance of the PS foam material can be represented. The temperature dependence curves of
storage modulus, loss modulus and tan δ were shown in Figure 5. It can be found that the storage
modulus of PS composites has been greatly improved compared with pure PS in the whole temperature
range after adding different fillers. This indicated that the stiffness of foamed materials has been
greatly improved by adding both lignin and carbonaceous nanoparticles. The loss modulus of PS
composite also improved in comparison with that of pure PS, which indicated that PS composite foams
can restrain more mechanical vibration and dissipate more acoustic energy in the process of sound
propagation. With the increase of lignin content, tan δ of PS/lignin composites decreased slightly.
This phenomenon may be due to the phase separation in PS/lignin composite, and the heterogeneous
domain will restrain the movement of the polymer chain [28–30].
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Figure 5. Dynamic thermal mechanical analyzer (DMA) results of different PS composites: (a) storage
moduli (E′) of PS/lignin composites; (b) loss moduli (E”) of PS/lignin composites; (c) tan δ of PS/lignin
composites; (d) storage moduli (E′) of PS/MWCNT composites; (e) loss moduli (E”) of PS/MWCNT
composites; (f) tan δ of PS/MWCNT composites; (g) storage moduli (E′) of PS/mGr composites; (h) loss
moduli (E”) of PS/mGr composites; (i) tan δ of PS/mGr composites.

3.3. Mechanical Property

Figure 6 plots the specific compression strength (divide compressive stress by foam density)
of PS composite foams at the 50% strain. As shown in Figure 5a, this indicated that the specific
compressive strength gradually increased with the increase of MWCNT or mGr content, and the
specific compressive strength have been greatly improved at low filler content (1 wt%). It is because
the MWCNT has a super-high aspect ratio, and the mGr also has a larger surface area and aspect ratio,
that it provided very low percolation value of the nanoparticles [31,32]. On the other side, the specific
compressive strength of PS/Lignin composite foam decreased gradually with the increase of lignin
content (Figure 5b). Considering the intrinsic hyper-branch structure and low molecular weight of
lignin molecules, the lignin is much brittler than pure PS. Besides the phase separation of PS/lignin
composites, the mechanical property PS/lignin composite foams is reasonably weaker than the pure
PS foam. This phenomenon has been previously reported in other polymer/lignin composites [33].
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Figure 6. Specific compressive strength of different PS composite foams: (a) PS/MWCNT and PS/mGr;
(b) PS/lignin.

3.4. Thermal Stability

Table 1 summarizes the thermal decomposition behaviors of different PS composite foams. It can
be seen that MWCNT and mGr have little effect on the thermal decomposition temperature of PS
composite foams, while PS/lignin composite foams obtained higher degradation temperatures and
char residues. The decomposition temperature of 50 wt% weight loss and the char weight increased
with the increase of lignin content, which indicated that lignin can achieve flame retardant effects in PS
composite foams [34].

Table 1. The decomposition temperature of PS composite foams.

Sample 10 wt% Degradation (◦C) 50 wt% Degradation (◦C) Char Weight (%)

Pure PS 397.14 422.72 0.12
PS/0.2% MWCNT 398.10 423.20 0.32
PS/0.5% MWCNT 398.09 423.35 0.53
PS/1.0% MWCNT 397.96 423.87 1.15

PS/0.2% mGr 397.97 422.90 0.33
PS/0.5% mGr 396.92 423.00 0.76
PS/1.0% mGr 392.87 419.45 1.37

PS/10% Lignin 400.92 423.87 1.74
PS/20% Lignin 401.61 425.06 2.72
PS/30% Lignin 401.46 428.21 5.96
PS/40% Lignin 394.22 435.38 11.47
PS/50% Lignin 388.73 435.65 14.49

4. Conclusions

In summary, a series of PS composite foams were prepared by continuous extrusion foaming
assisted by supercritical CO2. Lignin was successfully compounded in a PS matrix with high content
and foamed with various cell structures on the basis of the hetero-nucleation effect. Compared with
PS/MWCNT or PS/mGr composite foams, despite the hetero-nucleation effect of lignin being weaker
than that of carbonaceous nanoparticles the PS/lignin composite foam exhibited variable sound
absorption coefficients at normal incidence in ranges of much broader sound wave frequency. This is
ascribed to the cell size and cell density being essential for reflection and dissipation of sound wave
propagation. Moreover, lignin with high content tented to agglomerate and separate from the PS
matrix, which could increase the energy loss of the sound wave. The compressive strength of PS
composite foams was tested to confirm the dispersion of lignin and carbonaceous particles in the PS
matrix. The lignin also showed a fire-retardant effect in the PS composite foam. In view of the need
for industrial polymer foams for sound absorption applications, lignin is an alternative option for
producing low-cost and environmentally benign polymer foams.
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Abstract: The present work deals with the study of phosphorus flame retardant microcellular acrylonitrile–
butadiene–styrene (ABS) parts and the effects of weight reduction on the fire and mechanical
performance. Phosphorus-based flame retardant additives (PFR), aluminum diethylphosphinate and
ammonium polyphosphate, were used as a more environmentally friendly alternative to halogenated
flame retardants. A 25 wt % of such PFR system was added to the polymer using a co-rotating
twin-screw extruder. Subsequently, microcellular parts with 10, 15, and 20% of nominal weight
reduction were prepared using a MuCell® injection-molding process. The results indicate that the
presence of PFR particles increased the storage modulus and decreased the impact energy determined
by means of dynamic-mechanical-thermal analysis and falling weight impact tests respectively.
Nevertheless, the reduction of impact energy was found to be lower in ABS/PFR samples than in
neat ABS with increasing weight reduction. This effect was attributed to the lower cell sizes and
higher cell densities of the microcellular core of ABS/PFR parts. All ABS/PFR foams showed a
self-extinguishing behavior under UL-94 burning vertical tests, independently of the weight reduction.
Gradual decreases of the second peak of heat release rate and time of combustion with similar
intumescent effect were observed with increasing weight reduction under cone calorimeter tests.

Keywords: flame-retardant ABS microcellular foams; phosphorus flame retardants; MuCell®

injection-molding foaming

1. Introduction

Acrylonitrile–butadiene–styrene (ABS) is one of the most used engineering polymers due its good
combination of properties and low cost, being widely used in different industrial areas such as in
the automotive sector, building, and construction, as well as in electrical and electronic applications.
In the automobile sector, ABS is commonly used for interior and exterior car parts due to its high
thermal insulation performance and the fact that its electrical properties do not change significantly
with temperature and humidity [1]. Nevertheless, its high flammability with release of gases and toxic
fumes during combustion significantly limits its use for this type of application.

Traditionally, the flame retardancy enhancement of polymeric materials such as plastics, foams,
resins, and adhesives has been achieved through the use of brominated flame retardant additives.
These materials were introduced in the 1960s and 1970s and are very effective at low concentrations [2].
However, the use of these halogenated flame retardants was demonstrated in the 1990s to adversely
affect the environment due to high toxicity and bioaccumulation. In the past decade, the use of such
additives has been highly limited due to European environmental restrictions [3], in some cases even
resulting in their removal from the market as in the case of octabromodiphenyl oxide (OCTA) [4] and
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several brominated diphenyl ethers (BDEs) [5,6], making it critical to find alternative halogen-free
flame retardant formulations.

Although styrenic polymers such as ABS are non-charring polymers, halogen-free phosphorous-based
flame retardants (elemental red phosphorous, phosphines, phosphonium compounds, phosphonates,
phosphites, phosphinates, and phosphates) are still the most used alternative to halogen-based
FRs [7]. It is known that organophosphorus compounds in which phosphorus displays a high
level of oxygenation (e.g., phosphates) decompose to form phosphorus acids that promote cationic
crosslinking/char formation [8]. However, those containing phosphorus with a low level of
oxygenation (e.g., phosphonates, phosphinates) generally decompose to liberate PO· radicals to the gas
phase, where it scavenges combustion propagating radicals [9]. Phosphorus compounds with different
mechanisms of action have been combined [10], as well as phosphorus and nitrogen compounds [11],
to establish synergistic effects and enhance the fire performance. Moreover, expandable graphite or
products derived from biomass [12], montmorillonite [13], layered double hydroxide [14], or carbon
nanotubes [11,15] have been shown to act as synergist in phosphorus flame retardant systems.

Furthermore, there has been a great interest in some industrial sectors such as the automobile
industry to replace conventional materials with lighter and eco-friendly alternatives. In this sense,
due to its ease of processing and cellular structure control, styrenic-based foams, and particularly
ABS foams, have experienced a great development, especially in terms of achieving microcellular or
even nanocellular structures using foaming processes such as the MuCell® injection-molding physical
foaming process or the supercritical gas dissolution batch foaming process [16–19], hence achieving
the best combination of weight reduction and mechanical performance.

Efforts to characterize the mechanical performance of polymer foams have been made during
the past years, focusing on aspects such as strength and stiffness, energy absorption, impact
strength, creep behavior, and dynamic-mechanical properties, as well as the influence of foam
aspects such as composition, density, and cellular structure [20,21]. Particularly, several reports have
considered the mechanical characterization of microcellular ABS-based foams, focusing on specific
aspects such as the effects of processing and addition of secondary phases on foam density and
cellular structure morphology and, as a consequence, on the mechanical properties of the resulting
microcellular foams [22–24]. The addition of secondary phases, especially nanometric-sized particles,
has been shown to favor cell nucleation during foaming, contributing to cell size reduction and
cell density enhancement, which, together with their reinforcement of the polymer phase, results
in foams with enhanced stiffness, strength, and improved storage modulus [25]. Nevertheless,
the dynamic-mechanical analysis of microcellular ABS-based foams is still quite incipient, mainly due
to the multiphase complex nature of these materials and the high complexity of such analysis.

A vast number of reports describing the enhancement of the fire behavior of polyurethane foams
have appeared. The effects of adding phosphorus-based agents [26–28], intumescent compounds [29–32],
inorganic or hybrid layered materials [33–35] and other bio-based flame retardants [36–38] have been
discussed. However, the research and development of flame retardant styrenic foams [39–42] has
received little attention. Even less has been reported for ABS foams. Consequently, the development
of environmentally friendly ABS foams that meet demanding fire protection requirements remains a
major challenge.

With all that in mind, the present work focuses on the study of the effects of weight reduction
on the mechanical and fire performance of phosphorus flame retardant ABS structural microcellular
parts prepared by MuCell® injection-molding foaming. From this study, it was possible to note
that weight reduction did not alter the self-extinguish behavior of the ABS flame retardant material.
Unfoamed and foamed ABS/PFR parts showed a higher storage modulus than unfoamed ABS.
Furthermore, the reduction of impact energy was smoother in ABS/PFR than in ABS parts with
increasing weight reduction. Hence, coming as promising structural materials for fire proofing weight
saving applications.
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2. Materials and Methods

An acrylonitrile–butadiene–styrene copolymer (ABS), with the commercial name ELIXTM 128 IG,
was provided by Elix Polymers (Tarragona, Spain). According to the manufacturer, ABS contains
26–28 wt % of butadiene in a matrix of styrene acrylonitrile (SAN) and has a melt volume rate of
15 cm3/10 min, measured at 220 ◦C and 10 kg. An ammonium polyphosphate (APP), Exolit® AP422,
and an aluminum diethylphosphinate (AlPi), Exolit® OP1230, both supplied by Clariant Produkte
(Sulzbach, Germany), were used as flame retardants. The APP, with chemical formula (NH4PO3)n,
possesses a polymerization degree (n) higher than 1000 and a phosphorus and nitrogen content of
31–32 wt % and 14–15 wt % respectively, a density of 1.90 g/cm3 and an average particle size of
15 μm. The AlPi, with chemical formula [(C2H5)2PO2]3Al, has a phosphorus content of 23.3–24.0 wt %,
a density of 1.35 g/cm3 and an average particle size of 30 μm, as reported by the manufacturer.

Before compounding, the ABS pellets and the phosphorus flame retardants (PFR) powders were
respectively pre-conditioned at 80 ◦C during 4h and at 100 ◦C during 12h.

Neat ABS and ABS containing 12.5 wt % of APP and 12.5 wt % of AlPi (so-called for now on
ABS/PFR) were melt-mixed in a co-rotating twin-screw extruder (Collin ZK-36, Germany) at a constant
rotating speed of 110 rpm and a temperature profile from entrance to die of 160–170–185–190–190 ◦C.
At the end, the extrudates were water-cooled and pelletized. Prior to injection-molding, extruded
pellets of neat ABS and ABS/PFR were dried at 80 ◦C for 4 h. This APP and AlPi ratio was previously
studied in ABS, where the mechanisms and mode of action of APP/AlPi were discussed and related to
the enhancement of the fire performance of ABS [43].

A Victory 110 injection-molding machine (Engel GmbH, Schwertberg, Austria) with a clamping
force of 1100 kN, equipped with a 40 mm screw, a MuCell® supercritical fluid (SCF) series II 25-mm
injection valve, a SCF SII delivery system (Trexel Inc., Woburn, MA) for the conveying of SCF N2

and a mold temperature controlling device, were used for preparing the foamed parts. An injection
temperature profile of 160–170–185–190–190 ◦C from hopper to nozzle was employed. The mold
contained a 100 × 100 × 5 mm square-shaped plate cavity with a single fan gate located at one of
the ends of the plate (see Figure 1). The N2 flow rate was kept constant at 0.25 kg/h, with dosage
apertures of 2 s. A controlled mold temperature of 30 ◦C was used during a total time of 30 s. Melt
plasticizing pressure was monitored at 19 MPa. Unfoamed parts were obtained as reference samples
and foamed parts were injected with three different nominal weight reductions of 10%, 15%, and 20%.
Foamed parts were identified as M-x, M being ABS or ABS/PFR and x the percentage of nominal
weight reduction (10, 15, or 20). The experimental conditions were a result of a prior optimization of
the injection-molding foaming process in order to obtain the mentioned nominal weight reductions.

Figure 1. Scheme representing the square-shaped injection-molded part and the sample taken for
dynamic-mechanical-thermal analysis (in blue). Blue arrow indicates the surface of the sample taken
for the analysis of the cellular morphology of foams by scanning electron microscopy. VD: Vertical
direction; WD: Width direction.
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The central zone of the parts was analyzed by means of scanning electron microscopy (SEM)
using a JEOL JSM-5610 microscope. Samples were prepared by cryogenically fracturing the foams
using liquid nitrogen and sputter depositing at their surfaces a thin layer of gold using a BAL-TEC
SCD005 Sputter Coater. The values of the average cell size (φ), cell nucleation density (N0) and cell
density (Nf) of the core of all microcellular foams were determined from the analysis of a minimum of
five characteristic ×500 magnification SEM micrographs taken from the foamed core according to the
intercept counting method [44]. As can be seen in Figure 1, two cell sizes were determined according
to the direction: φVD, VD representing the vertical direction, i.e., the cell size in the thickness direction;
and φWD (WD—width direction). On the other hand, N0 and Nf were calculated assuming an isotropic
distribution of spherical cells according to Equations (1) and (2)

N0 =
( n

A

)3/2
(1 − ρrc) (1)

Nf =
6

πφ3 (1 − ρrc) (2)

where in Equation (1) n is the number of cells in the micrograph, A (in cm2) its area, and ρrc is the
relative density, determined as the quotient between the density determined at the core center of
the foamed parts and the density of the unfoamed reference material; and in Equation (2) φ is the
average cell size determined as the average of the measured cell sizes in VD and WD directions (i.e.,
φVD and φWD, respectively). In Equations (1) and (2), N0 represents the number of cells per volume
of unfoamed material and Nf the number of cells per volume of foamed material. Also, the relative
density of the foamed parts, ρr, was determined as the quotient between their density and the density
of the unfoamed reference material.

Dynamic-mechanical-thermal analysis (DMTA) was used to study possible differences in the
storage modulus, loss modulus and tan δ of the unfoamed and foamed parts. A DMA Q800 from
TA Instruments (New Castle, DE, USA) was used and calibrated in a single cantilever configuration.
The experiments were performed from −90 to 135 ◦C using liquid nitrogen at a constant heating rate
of 2 ◦C/min and frequency of 1 Hz, applying a dynamic strain of 0.1%. Test specimens were cut from
the center of the parts (see Figure 1) with a typical length of 30.0 ± 1.0 mm, width of 10.0 ± 1.0 mm,
and thickness of 5.0 ± 0.1 mm.

Impact tests were carried out on an instrumented vertical falling weight testing machine CEAST
Dartvis (Torino, Italy) at room temperature using a drop mass of 27.96 kg and a drop height of 1
m, according to ISO 6603-2 standard. The injection-molded parts (100 × 100 × 5 mm) were freely
supported on a steel ring of inner diameter 40 mm and a transverse collision between the hemispherical
indentation tip (20 mm diameter) and the part was applied. The impact force was recorded as a function
of time by means of a piezoelectric force transducer with a load cell of 4 kN mounted on the head
indentation tip. The signal was processed by the CEAST DAS 16000 advanced data acquisition system
with a frequency of 1 MHz. Three different samples were tested for both unfoamed and foamed parts.
Values of the maximum impact force (Fmax), energy absorbed until the maximum impact force (Emax)
and total absorbed energy (ET) were registered.

The flammability behavior was investigated using the UL-94 combustion vertical test on 125 × 13
× 5 mm specimens (cut directly from the injection-molded parts) ignited from bottom in the vertical
configuration according to UL-94 standard (Underwriters Laboratories, USA).

Reaction-to-fire tests were carried out by means of a cone calorimeter (INELTEC, Barcelona, Spain)
according to ISO 5660 standard procedure. Unfoamed and foamed specimens of 100 × 100 × 5 mm
were irradiated with a constant heat flux of 50 kW/m2 using a constant distance between the electrical
resistance and the specimen of 25 mm. Heat release rate (HRR) vs. time curves were registered during
the tests. Typical fire-reaction parameters such as time to ignition (TTI), peak of the heat release rate
(PHRR) and total heat emitted (THE) were obtained from the cone calorimeter tests.
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3. Results

3.1. Structure of the Microcellular Parts

First of all, as can be seen by the characteristic low magnification SEM images displayed in
Figure 2, the structural foams obtained by means of Mucell® injection-molding foaming process
showed a characteristic solid skin, a transition zone with decreasing density and a microcellular core
structure. In proportion, the skins and transition zones represented around 30–40% of the whole
thickness of the part and the microcellular core around 60–70%.

Figure 2. Low magnification SEM images showing the characteristic structure of injection-molded
foams (ABS/PFR-15): (a) Skin and transition zone; (b) Core zone.

As can be seen from SEM images (Figure 3), clear differences could be observed between ABS and
ABS/PFR’s core cellular structures. Particularly, ABS foams presented average cell sizes in both VD
and WD directions higher than ABS/PFR foams, which were related to a heterogeneous cell nucleation
effect promoted by the presence of the PFR particles (see Table 1). As a consequence, ABS/PFR
foams displayed higher cell density and cell nucleation density values, reaching Nf and N0 values
clearly higher than 108 cells/cm3, in one case even surpassing 109 cells/cm3 (ABS/PFR-15). No clear
relation was found between the weight reduction and the average cell size. For instance, ABS-15 foams
presented lower average cell sizes than ABS-10 and ABS-20 foams, while ABS/PFR foams presented
average cell sizes almost identical independently of the weight reduction (around 8–9 μm). Also,
in terms of morphology all foams presented a homogeneous isotropic-like microcellular structure
formed by spherical cells having aspect ratios (φVD/φWD) around 1.

Table 1. Structural analysis of ABS and ABS/PFR microcellular foams

Material

Complete Part Core

Density
(g/cm3)

Relative Density, ρr
Density
(g/cm3)

Relative Density, ρrc
φVD

(μm)
φWD

(μm)

Nf

(cells/cm3)

N0

(cells/cm3)

ABS-10
0.939

0.900
0.782

0.774
13.6 12.6

1.72 × 108 1.35 × 108
(0.003) (0.047) (2.2) (6.3)

ABS-15
0.887

0.850
0.750

0.743
9.2 8.5

6.32 × 108 6.46 × 108
(0.011) (0.033) (1.9) (1.4)

ABS-20
0.834

0.800
0.696

0.668
19.5 18.9

9.70 × 107 8.07 × 107
(0.001) (0.015) (4.9) (5.6)

ABS/PFR-10
1.047

0.909
0.904

0.805
7.8 7.9

7.87 × 108 6.88 × 108
(0.020) (0.016) (0.6) (0.3)

ABS/PFR-15
0.988

0.862
0.834

0.743
7.6 7.6

1.15 × 109 1.60 × 109
(0.002) (0.018) (0.8) (0.4)

ABS/PFR-20
0.925

0.807
0.740

0.659
9.5 8.9

7.74 × 108 9.68 × 108
(0.005) (0.010) (0.9) (0.7)

ABS density = 1.043 g/cm3; ABS/PFR density = 1.145 g/cm3.
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Figure 3. SEM images showing the characteristic core cellular morphology of ABS and ABS/PFR foams.

In terms of PFR particles distribution, it can be seen by observing the characteristic SEM images
presented in Figure 4 that, although the presence of particles having very different sizes, PFR particles
were uniformly distributed throughout the cell walls of ABS/PFR foams.

196



Polymers 2019, 11, 30

Figure 4. SEM images showing PFR particles throughout the cell walls of ABS/PFR foams.

3.2. Dynamic-Mechanical-Thermal Behavior

The storage modulus (E′), loss modulus (E”) and tan δ were obtained from DMTA. E′ indicates
the ability of a material to storage elastic deformation energy, while E” describes the energy dissipation
of a material when it is deformed, being a measurement of the energy loss [45,46]; and tan δ gives
a measure of the viscous fraction to the elastic one (tan δ = E”/E′). In the present work, the glass
transition temperature (Tg) of the rubbery and rigid phases were determined using tan δ curves.
It should be mentioned that there was a slight difference between the onset and the end of tan δ

associated to the glass transition of SAN. The end of the transition was taken as reference to determine
its intensity (peak of tan δ—end of tan δ).

Figure 5a,b show the variation of the storage modulus with temperature. From these plots it
was observed that there was a decrement in the value of the storage modulus at a temperature near
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−75 ◦C in the case of ABS and near −80 ◦C in the case of ABS/PFR. This phenomenon was related to
a higher degree of free movement of some butadiene segments. At lower temperatures, the molecules
of the glassy material have lower kinetic energies and their oscillations regarding their mean position
are small, hence the materials presenting higher storage modulus values [47]. As the temperature
increased, the storage modulus showed a sharp drop and then slowly decreased in the temperature
region from −60 to 60 ◦C until reaching the energy of free movement of the SAN chain segments.
For foamed samples, the beginning of the E′ decrement shifted towards lower temperatures.

Figure 5. Evolution of the storage modulus with temperature for unfoamed and foamed (a) ABS and
(b) ABS/PFR.

The values of E′ at −90 ◦C and 30 ◦C for the ABS and ABS/PFR materials versus nominal weight
reduction are shown in Figure 6a,b, respectively. It was observed that the addition of the PFR system
resulted in an enhancement of E′, increasing ABS’s energy storage capacity. Moreover, the value of
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this parameter decreased in both materials (ABS and ABS/PFR) as the nominal weight reduction
increased. This fact indicates that the stiffness of ABS and ABS/PFR is affected by the foamed structure.
However, ABS/PFR-20 foam showed an identical storage modulus to that of the unfoamed ABS,
and ABS/PFR-10 and ABS/PFR-15 foams even higher.

Figure 6. Variation of the storage modulus of ABS and ABS/PFR with the nominal weight reduction at
(a) −90 ◦C and (b) 30 ◦C.

Figure 7a,b show the variation of the tan δ with temperature for unfoamed and foamed ABS and
ABS/PFR. Two well-defined peaks corresponding to the relaxations associated to the glass transition
of the rubbery and rigid phases were observed. The characteristic temperature corresponding to the
peak point observed at lower temperature was related to the glass transition temperature of butadiene
(Tg1) and that observed at higher temperature to the styrene-acrylonitrile (SAN) (Tg2) one [48].

199



Polymers 2019, 11, 30

Figure 7. Evolution of the tan δ with temperature for the unfoamed and foamed (a) ABS and
(b) ABS/PFR.

Also, from Figure 8a,b it is possible to see with a greater detail that the incorporation of the
PFR system slightly decreased the two glass transition temperatures of ABS (Tg1 and Tg2) and
that the foamed parts globally displayed slightly lower values when compared to the respective
unfoamed counterparts, indicating that the presence of the PFR particles and/or the microcellular
structure of the foamed parts contributed to slightly decrease the chemical interactions between ABS’
macromolecules. The highest observed reduction was of 3.7 ◦C between the Tg2 of the unfoamed ABS
and ABS/PFR-10 foam.
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Figure 8. Variation of the glass transition of the (a) rubbery (Tg1) and (b) rigid (Tg2) phases of ABS and
ABS/PFR with the nominal weight reduction.

Moreover, a chain mobility reduction was observed during the glass transitions of the rubbery
and rigid phases with the presence of APP and AlPi particles (Figure 9a,b), resulting in a decrease in
the damping properties. No influence of the weight reduction was noted on the intensity of the glass
transitions of ABS/PFR, which indicates that the foamed structure had no influence on the molecular
mobility of ABS when such particles were present.
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Figure 9. Variation of the intensity of tan δ of the (a) rubbery (Tg1) and (b) rigid (Tg2) phases of ABS
and ABS/PFR with the nominal weight reduction.

3.3. Fracture Behavior

Figure 10 shows the characteristic falling weight impact curves and Figure 11 the parts after
impact testing. From these figures it was possible to observe that unfoamed and foamed ABS parts
displayed a ductile fracture pattern. Nevertheless, this ductile fracture pattern turned gradually to
brittle with increasing weight reduction. Although the addition of the flame-retardant system led to a
change in the fracture behavior from ductile to brittle with material detachment, the microcellular core
structure developed in ABS/PFR specimens contributed in some way to minimize the brittle fracture
pattern. This can be attributed to the role of cellular morphology, acting as a barrier against crack
propagation [49].

Unfoamed parts displayed higher values of Fmax than ABS and ABS/PFR foamed parts, as well
as higher Emax and ET. As can be seen in Table 2, parts with a ductile behavior (without PFR) showed
a significant difference between ET and Emax, much higher than in the case of ABS/PFR materials,
which was related to a more significant plastic deformation during impact. Researchers have argued
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that the impact resistance reduction in cellular parts is due to the stress concentrator role of cells [50].
This implies that in materials with multiple crazing as the main mechanism of plastic deformation,
the fracture behavior is brittle. This feature can also be increased by the presence of defects in the
microcellular structure, such as big size bubbles or non-spherical cell geometries [51].

ABS/PFR showed lower Fmax than pure ABS, as well as a totally brittle fracture. This behavior
has also been observed in polymeric compounds with phosphorous-flame retardant additives [52].
A poor adhesion between additive and polymeric matrix is usually the main cause of this behavior.
Nevertheless, comparatively the reduction in Fmax, Emax, and ET (see Table 2) was smoother in
ABS/PFR than in ABS with increasing weight reduction. This effect is attributed to the lower cell size
and higher cell density of ABS/PFR foams (see Figure 3). Quantitative studies have been performed
on the influence of cell size and cell density on the fracture resistance of several amorphous and
semicrystalline polymers, demonstrating that lower cell sizes and higher cell densities increase the
fracture resistance, which was related to an increase of the surface area inside the material, acting as a
barrier to crack propagation [49].
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Figure 10. Characteristic force versus time falling weight curve of unfoamed and foamed (a) ABS and
(b) ABS/PFR.
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Figure 11. Characteristic images of unfoamed and foamed ABS and ABS/PFR parts after impact testing.
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Table 2. Falling weight impact results of unfoamed and foamed ABS and ABS/PFR parts

Material Fmax * (N) Fmax Reduction ** (%) Emax * (J) Emax Reduction ** (%) ET * (J) ET Reduction ** (%)

ABS 9385 - 79.9 - 119.6 -
ABS-10 3626 61.4 18.3 77.1 42.0 64.9
ABS-15 3314 64.7 16.6 79.2 28.9 75.8
ABS-20 2629 72.0 13.7 82.9 25.9 78.3

ABS/PFR 2439 - 9.5 - 10.7 -
ABS/PFR-10 1672 31.4 7.0 26.3 7.7 28.0
ABS/PFR-15 1297 46.8 5.3 44.2 6.6 38.3
ABS/PFR-20 1157 52.6 3.8 60.0 5.4 49.5

* Standard deviation values typically lower than 5%. ** Reduction of Fmax, Emax, and ET of microcellular parts over
the reference unfoamed material.

3.4. Fire Behavior

The flammability of both unfoamed and foamed parts was assessed by UL-94 vertical burning
tests. From those, it was observed that the microcellular core structure of ABS or ABS/PFR foams did
not change the materials’ behavior. Independently of the weight reduction, ABS burned completely and
resulted in flammable drips that ignited the cotton (no rating in UL-94), while all ABS/PFR samples
showed a self-extinguishing behavior (UL-94 V0 classification). This self-extinguishing behavior
was associated to the flame inhibition promoted by the liberation of phosphorus radicals during the
hydrolysis of AlPi and the formation of an effective protective layer due to the strong interactions
between PFR particles and the polymer, being APP the major char-promoting component [43].

The forced flaming fire behavior was assessed by means of cone calorimeter tests. Figure 12 presents
the characteristic heat release rate curves from said tests and Table 3 summarizes the main results.
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Figure 12. Characteristic HRR versus time curves of unfoamed and foamed ABS and ABS/PFR.

As can be seen, the burning behavior of ABS and ABS/PFR gave rise to different characteristic
HRR versus time curves. ABS showed a typical curve of a thermal intermediate thick non-charring
and no residue forming material (as can be seen in Table 3). After ignition, the HRR values strongly
increased until reaching a shoulder followed by a second increase of the HRR until reaching the
maximum value (PHRR1). On the contrary, ABS/PFR showed a typical curve of a thermal thick
charring material with an additional peak at the end of burning [53]. These curves showed an initial
increase in HRR (until an efficient char layer was formed), followed by a quasi-static HRR plateau,
with an average HRR value almost 5 times lower than that of unfoamed ABS. Although the existence
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of a second peak indicates a not completely efficient protective mode of action on the condensed phase,
it should be noted that it occurred at a combustion time higher than 8 min without surpassing the
value of the first peak. This highly efficient flame retardant effect of the PFR system was attributed to a
combined gas and condensed-phase mode of action of the APP/AlPi in the ABS [34].

Table 3. Results obtained from cone calorimeter tests.

Material TTI (s)
PHRR1 *
(kW/m2)

Time of
PHRR1 (s)

PHRR2 *
(kW/m2)

Time of
PHRR2 (s)

THE
(MJ/m2)

Residue
(wt %)

ABS 32 1760 156 - - 191 0.52
ABS-10 22 1502 147 - - 178 0.50
ABS-15 22 1436 144 - - 168 0.49
ABS-20 17 1432 123 - - 157 0.47

ABS/PFR 28 402 39 345 522 173 11.3
ABS/PFR-10 28 415 36 306 522 162 11.3
ABS/PFR-15 25 409 33 301 483 140 13.0
ABS/PFR-20 23 409 33 280 468 132 12.6

* Standard deviation values typically lower than 2%.

In a general way, by increasing the weight reduction of ABS and ABS/PFR, a gradual reduction
of the TTI, PHRR, THE, and time of combustion were registered (see Figure 12 and Table 3). This is not
surprising, taking into account the lower weight fraction of polymer under the radiant heat flux [54].

Figure 13 shows the main stages of ABS/PFR heat release curves. After ignition (Stage I),
no significant differences were observed between the PHRR1 of unfoamed and foamed ABS/PFR.
This was related to a combined effect of the foamed samples solid skin and the PFR mode of action.
In Stage II, the average value of the quasi-static HRR plateau value of foamed materials was slightly
higher than the unfoamed one, being such difference related to the high surface area per unit mass of
the core cellular structure of foams. However, in the last stage (Stage III), a gradual reduction of the
second PHRR (PHRR2) and time of combustion (see Table 3) was observed as the weight reduction
increased. This indicates that for higher times of combustion the low fuel contribution per unit volume
of foamed ABS/PFR prevailed, contributing to a fire behavior enhancement.
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Figure 13. Characteristic HRR curves of unfoamed and foamed ABS/PFR parts showing the three
main combustion stages.
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Moreover, ABS/PFR foams showed similar residue contents (see Table 3) and residue expansion
degrees (see Figure 14). This fact indicates that the weight reduction did not affect the intumescence
of unfoamed ABS/PFR. Unfoamed and foamed ABS/PFR parts swelled and no collapse of the core
structure was observed.

 

Figure 14. Residues of unfoamed and foamed ABS/PFR parts after the cone calorimeter tests.

The morphology of the char residue was also analyzed to assess the structure formed during
combustion. All ABS/PFR parts, independently of the weight reduction, showed a porous
carbonaceous structure (see Figure 15), which limited more effectively the heat and mass transfer
from the flame to the underlying material. This condensed mode of action of the APP/AlPi system,
combined with the releasing of its phosphorus radicals that worked like scavengers of the HO· and
H· radicals yielded during ABS combustion [44], promoted a highly efficient flame retardant effect.
This behavior is consistent with the self-extinguishing behavior observed during the UL-94 vertical
burning tests of unfoamed and foamed ABS/PFR parts.

 

Figure 15. SEM micrograph showing the characteristic foamed morphology of a ABS/PFR char residue
after cone calorimeter test.
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4. Conclusions

Microcellular ABS and ABS/PFR parts with 10, 15, and 20% of weight reduction were prepared
and characterized. They presented a cellular structure gradient with skin, transition zone of decreasing
density and a microcellular core. The addition of APP and AlPi into ABS promoted the formation of a
more homogeneous microcellular core structure with smaller cell sizes and higher cell densities than
neat ABS.

Both unfoamed and foamed ABS/PFR parts globally showed an increased storage modulus and
a slight decrease of the butadiene and SAN glass transition temperatures compared to neat ABS.

The incorporation of the PFR system and the foaming process led to a change in the ABS fracture
behavior from ductile to brittle. Nevertheless, the reduction in impact energy was found to be lower in
ABS/PFR parts than in neat ABS with increasing weight reduction.

Compared with the unfilled ABS, unfoamed and foamed ABS/PFR displayed an improved
fire behavior. Both unfoamed and foamed ABS/PFR parts showed a UL-94 V0 classification and
similar intumescent effect under the cone calorimeter tests. Compared with the unfoamed ABS/PFR,
foamed ABS/PFR parts showed a gradual reduction of the second PHRR and time of combustion with
increasing weight reduction.
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Abstract: Lightweight electromagnetic interference shielding cellulose foam/carbon fiber composites
were prepared by blending cellulose foam solution with carbon fibers and then freeze drying.
Two kinds of carbon fiber (diameter of 7 μm) with different lengths were used, short carbon fibers
(SCF, L/D = 100) and long carbon fibers (LCF, L/D = 300). It was observed that SCFs and LCFs
built efficient network structures during the foaming process. Furthermore, the foaming process
significantly increased the specific electromagnetic interference shielding effectiveness from 10 to
60 dB. In addition, cellulose/carbon fiber composite foams possessed good mechanical properties
and low thermal conductivity of 0.021–0.046 W/(m·K).

Keywords: functional; biomaterials; composites; EMI; cellulose foam

1. Introduction

With the development of science and technology, mankind has developed a variety of electronic
technologies, such as broadcasting, television, and microwave technology, which have greatly
improved human living conditions. However, these technologies are accompanied by electromagnetic
pollution [1–4], which causes huge damage that cannot be underestimated. If the human body is in
an electromagnetic wave environment for a long time, it easily leads to DNA mutations in the body,
which may lead to various diseases [5,6].

Based on the shielding principle of electromagnetic radiation, researchers have conducted
many studies on electromagnetic shielding materials [7–9], and have made many achievements.
Ma et al. [10] prepared a novel iron–aluminum sandwich structural composite by hot pressing and
subsequent diffusion treatment. The layers were well connected, and its electromagnetic shielding
effectiveness could reach 70–80 dB at frequencies from 30 kHz to 1.5 GHz. Joshi et al. [11] achieved
electromagnetic shielding effectiveness of up to 60 dB by preparing graphene nanobelt/polyvinyl
alcohol film composites. Chen et al. [12] added NaBH4 solution to reduce graphite oxide, and deposited
the reduced graphite on the surface of carbon fibers by electrophoretic deposition. Its electromagnetic
shielding effectiveness reached up to 37.8 dB (8.2–12.4 GHz). Al-Saleh [13] mixed carbon nanotubes,
graphite nanosheets, polypropylene (PP), and PE in proportions, and prepared electromagnetic
shielding composites by melt blending. The results showed that one-dimensional carbon nanotubes
were more effective than two-dimensional graphite nanoplatelets. The electromagnetic shielding
performance was good, and the surface adhesion of the polyethylene and carbon nanotubes was also
better. Such materials with good electrical properties have potential applications in electromagnetic
interference shielding [14]. Carbon nanotubes, graphite, carbon fiber, etc. are commonly used.

Foam materials are also very interesting in EMI shielding research. Ameli et al. studied the
shielding effectiveness (SE) property of a foamed PP-CNF (carbon nanofiber) composite. Foaming
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reduced the density and improved the electrical properties of the composite, which resulted in the
increase of the specific EMI SE by up to 65% [15]. Polymer foams reinforced with electron conductive
fillers, such as polystyrene-CNT (carbon nanotube) foam [16] composites, graphene reinforced
polymethyl methacrylate (PMMA) foam composites [17], lightweight microcellular polyetherimide
(PEI)-graphene nanocomposite foams [18], ultralight polyurethane-silver nanowire composites [19],
and so on, have been shown to exhibit high EMI SE at very low densities. However, the matrices of
EMI foam materials are always resin and plastic, which are not environmentally friendly.

In previous work, ultra-light-weight cellulose foams were realized by combination of the foam
forming technique and a novel cellulose solvent by adding sodium dodecyl sulfate (SDS) to the
NaOH/urea aqueous solution with a further mechanical stir [20]. Cellulose foam is ultra-low density
and has good mechanical properties; as a result, it can be utilized as a matrix to fabricate composite
materials via mixing with some other functional fillers. Here, we want to develop an easy way to
manufacture electromagnetic shielding foam, which blends cellulose foam and carbon fiber together.

Figure 1. Schematic diagram of the production process of the composite foams, and of the
foam structure.

2. Experimental Section

2.1. Materials

The cellulose was provided by Hubei Chemical Fiber Group Ltd. (Xiangfan, China) in the form of
cotton linter pulp, in which the α-cellulose content was more than 95%. The cellulose needed to be
pretreated before using—washed in distilled water and then oven dried for 24 h. The viscosity-average
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molecular weight (Mη) of cellulose in cadoxen was determined, using an Ubbelohde viscometer at
25 ◦C, to be 9.6 × 104 (degree of polymerization, DP = 600), according to the Mark-Houwink equation
[η] (mL·g−1) = 3.85 × 10−2 (Mw)0.76 [21]. Carbon fibers were provided by Kingfa Science & Technology
Co. Ltd. (Guangzhou, China). All other chemical reagents, such as sodium dodecyl sulfate (SDS) and
sulfuric acid, were purchased from Shanghai Chemical Reagent Co., Ltd. Shanghai, China, and were
of analytical grade.

2.2. Preparation of Composite Cellulose Foams

Cellulose solution was prepared according to a previous method [22]. Fourteen grams of
NaOH, 24 g urea and 162 g distilled water were added to a 250 mL beaker to produce a mixed
aqueous NaOH/urea solution. The solution was then frozen until the temperature reached −12.5 ◦C.
After that, 8.4 g pretreated cotton linter pulp was immediately added into the precooled solution and
stirred vigorously for 5 min at room temperature, resulting in 4 wt % transparent cellulose solution.
The cellulose solution was centrifuged at 7200 rpm for 15 min at 10 ◦C to remove the small remaining
undissolved part, impurities, and bubbles. As shown in Figure 1, 2 g sodium dodecyl sulfate (SDS)
and a certain amount of carbon fibers (5%, 10%, 15%, 20% of cellulose) were mixed into the transparent
NaOH/urea/cellulose aqueous solution. After 30 min vigorous agitation at room temperature, a
bubble solution was produced and then poured into a cylindrical tube. The cellulose foams were
formed via heating at 60 ◦C for 4 h. The resulting foams were washed with running water and then
distilled water until neutral, and finally freeze dried. Foams were coded as SCFxx and LCFxx, where
xx was the carbon fiber content.

2.3. Characterization

Scanning electron micrographs (SEM) were taken on a Hitachi S4800 scanning electron microscope
(Hitachi, Tokyo, Japan) with 3 kV accelerating voltage, at magnification of 50 and 5000 respectively.
The foams in their wet state were treated in liquid nitrogen, immediately snapped and then freeze
dried. The samples were sputtered with gold, then were observed and photographed. Pore size was
read from the SEM images. FT-IR spectra were recorded on a Nicolet FTIR spectrometer (Nicolet
NEXUS 670, Thermo, America) by KBr pellet method. The dried cellulose foams were cut into cubes
to measure the volume (V) and the mass (m), and then the density (ρ) was calculated through the
equation: ρ = m/V.

Testing for the EMI shielding effectiveness of the present composite cellulose foam samples was
conducted at 25 ◦C over an emission frequency range of 30–1500 MHz, using the DR-S01 shielding
effectiveness tester, produced by Beijing Dingrong Shichuang Science & Technology Co. Ltd. (Beijing,
China). The electrical conductivity of composites was measured using the four point method on a
resistivity/Hall measurement system (Scientific Equipment & Services, USA). The contact points of
the samples were coated with silver paste to reduce the contact resistance. Voltage and current data
was recorded after the display became stable following full electrical connections between the probes
and composites. At least five measurements were made for each set of conditions.

The tensile strength (σb) and compression properties of the foams were measured on a universal
testing machine (CMT6503, Shenzhen SANS Test Machine Co. Ltd., Shenzhen, China) according to
ISO 527-2, 1993 (E) at a speed of 5 mm·min−1, respectively. The σb values recorded were the average
of five measurements.

3. Results and Discussion

3.1. Fabrication of Cellulose Composite Foams

In this research, two kinds of carbon fiber, L/D rates of 100 (SCF) and 300 (LCF) respectively, were
added into cellulose foam to create electromagnetic shielding and insulation foam. Carbon fibers were
treated with 98 wt % H2SO4 for several hours to remove hydrophobic reagents on the surface, and
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oxidize the carbon fiber to make it more hydrophilic. These changes were measured by FTIR, which
is shown in Figure 2. The lower curve is the absorption spectrum of the untreated carbon fiber, and
the upper curve is the carbon fiber absorption spectrum after the treatment. It can be seen that after
electrochemical treatment, the carboxyl characteristic peak νCOOH appears near 1720 cm−1, and there is
a characteristic peak of the carboxylate (COO–) group near 1590 cm−1, indicating that the surface of the
carbon fibers was attached after the sulfuric acid treatment. The peak intensity at 1650 cm−1 is derived
from the hydrogen bond in the acid [23]. A weak absorption peak appears near 1400 cm−1, which
possibly due to carboxyl coupling vibration and hydroxyl deformation vibration. The characteristic
peak absorption of the hydroxyl group near 3440 cm−1 is also greatly enhanced, indicating that the
number of hydroxyl groups is greatly increased. A main peak splitting into several small peaks near
1160 to 1030 cm−1 may be the stretching vibration absorption peak of C–O in different groups such as
carboxyl group, lactone group, and phenol group, and the small absorption peak at 1160 cm−1 is the
stretching vibration absorption peak of the C–O bond in the carboxyl group. The small absorption peak
at 1060 cm−1 is the absorption peak of the C–O group in the lactone group, and the peak appearing at
1030 cm−1 may be the stretching vibration absorption peak of the CO group in the phenol group. It is
indicated that after electrochemical oxidation treatment, the reactive functional groups attached to the
surface of the carbon fibers are carboxyl groups, hydroxyl groups, and lactone groups, which will be
compatible with cellulose.

 
Figure 2. FT-IR spectrum of raw carbon fiber and treated carbon fiber.

After acid treatment, the carbon fibers were added to cellulose solution to prepare composite
foams. Figure 3 shows the SEM images of the foams with long carbon fibers (LCF) and short carbon
fibers (SCF) at different magnification. Both fibers were well coated by cellulose, which revealed a
good compatibility between carbon fiber and cellulose. The introduction of carbon fiber was found
to increase the bubble cell size of the composite foams, as shown in Table 1. In pure cellulose foam,
cell size is about 105 μm, which is much shorter than carbon fibers. Thus, with addition of carbon
fiber, bubbles were more likely to be pushed together by carbon fibers, which caused the bubbles
to merge and collapse during the process of bubble solution forming cellulose foam. We took some
specimens inside the foam, and the SEM images are shown in Figure 1. Carbon fiber network structure
was gradually formed. Most of the SCFs were in cellulose lamellae. That might be because the cell size
was about several hundred micrometers, which is almost the same the length as the SCFs. Moreover,
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some exposed LCFs were found. It is obvious that bubbles were strung on LCFs, as the carbon fibers
were long enough, which made the fiber network structure more efficient. The disadvantage is that
the bubbles are more likely to merge and collapse with the increased content of carbon fiber, which
will affect the density and thermal conductivity of the foams. The density of the foams was changed
greatly when the carbon fiber content was increased, as shown in Table 1.

 
Figure 3. SEM images of the composite foams. (a–c) SCF15 at different magnification; (d–f) LCF15 at
different magnification.

Table 1. Density and cell size of the composite foams.

Foams Density (mg/cm3) Cell Size (μm) Foams Density (mg/cm3) Cell Size (μm)

CF 33 105 ± 25
SCF5 36.2 117 ± 33 LCF5 35.5 129 ± 34
SCF10 48.5 141 ± 35 LCF10 39.9 165 ± 40
SCF15 62.1 181 ± 39 LCF15 46.3 217 ± 52
SCF20 79.3 238 ± 46 LCF20 57.8 301 ± 68

3.2. EMI Shielding of Cellulose/Carbon Fiber Composite Foams

Electrical conductivity is critical for EMI shielding efficiency, because it is an intrinsic ability of
a material for absorbing electromagnetic radiation [24]. As shown in Figure 4, with the increase of
carbon fiber, the electrical conductivity of the foams was better. LCF20 showed the best conductivity,
which was 0.012 Ω·cm.

In general, the foaming process has two effects on the electrical conductivity of polymer
composites [18]. One effect is that the excluded volume, related to bubble formation, pushes fillers
(SCF and LCF) together; even more important, the strong extensional flow generated in situ during
bubble growth facilitates the orientation of fiber fillers in bubble cell wall [25]. The enriching and
orientation of fibers causes the fibers in the foamed composites to pack closely. The other effect of
the foaming process is volume expansion, which tends to increase the distance of adjacent fibers [26].
As we see in the SEM images in Figure 1, short carbon fibers are most likely oriented in cellulose
lamellae between the bubbles, and long carbon fibers can easily penetrate through the bubbles (carbon
fibers are marked by red line). So, LCFs more easily build conductive networks in the composite foam,
which gives LCF foams good electrical conductivity, as shown in the schematic structure insert in
Figure 1.

The malfunction of electronics can be hazardous, as the electronics can be associated with strategic
systems such as aircraft, nuclear reactors, transformers, control systems, communication systems,
etc. [27]. Figure 5 presents the EMI SE of the foams over a frequency range of 30 to 1500 MHz.
Pure cellulose foam is less than 20 dB, almost 0 dB at high frequencies, which indicates that pure
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cellulose foam has no EMI SE because pure cellulose is an electrical insulator. With the increase of SCF,
the EMI SE of the foams increased to 10 dB (high frequency). When SCF content was changed from
10% to 20%, the EMI SE slightly increased. However, as the LCF increases, the EMI SE of the foam
increases from 0 dB to over 45 dB at high frequencies, especially in the range of 400 to 700 MHz, where
the LCF20 reaches 60 dB. The reason for the difference in EMI SE between the two samples was mainly
due to the obvious decrease in electrical resistivity of LCF foams, as we have discussed. EMI depended
on the electrical conductivity of the foams. LCF foams, especially LCF20, exhibited better electrical
conductivity and thus their EMI was higher.

Figure 4. Electrical resistivity for the composite foams as the function of carbon fiber content.

 

Figure 5. EMI shielding effectiveness of the composite foams at the frequency range of 30–1500 MHz.

According to the results, SCFs were oriented in cellulose lamellae and separated by bubbles,
which made the network not so good. LCFs connected with each other directly to make the conduct
network good even at low content. Good network means larger electron conductivity, leading to better
EMI properties. Furthermore, it was proposed that the spherical air bubbles in the foam structure
enhanced the attenuation of incident electromagnetic microwaves by multiple reflection and decay
between the cell wall and fillers [28]. As indicated in Figure 6, the spherical microscale air bubbles
in the foams could attenuate the incident electromagnetic microwaves by reflecting and scattering
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between the bubble lamellae and fillers, and it was difficult for the microwaves to escape from the
sample before being absorbed and transferred to heat [18].

Figure 6. Schematic description of the microwave transfer across cellulose/carbon fiber
composite foam.

3.3. Thermal and Mechanical Properties of Cellulose/Carbon Fiber Composite Foams

Foams always have good thermal insulation properties, which is quite useful in the area of
building materials. The thermal conductivity of the foams is shown in Figure 4. Low thermal
conductivity reveals good thermal insulation. The pure cellulose foam showed the lowest thermal
conductivity 0.021 W/(m·K), which revealed the best insulation. With the increase of carbon fiber
content, the thermal conductivity of the foams increased. There are two reasons: one is the burst of
the bubbles increases the density of the foam, as we seen in Figure 7; the other one is that the thermal
conductivity of carbon fiber is greater than that of cellulose. Interestingly, thermal insulation of LCF
foams was better than SCF foams. The main reason is that long carbon fibers tend to form a network
structure and prevent shrinkage when bubbles are broken, leading to a low density. As a result, the
cellulose foams are good thermal insulation material.

Figure 8 shows the mechanical properties of the composite foams. The tensile strength of pure
cellulose foam was about 80 kPa. With the increase of carbon fiber loading, the tensile strength of
cellulose / carbon fiber composite foams increased to 350 kPa (SCF) and 320 kPa (LCF) both at 15 wt %
as a result of carbon fiber enhancement. A further increase in carbon fiber content decreases the tensile
strength to 300 kPa (SCF) and 240 kPa (LCF). Large pores makes LCF much easier to slit. Moreover,
parts of LCFs exposed inside bubble cells make the tensile strength enhancement less than that of the
oriented SCFs at high carbon fiber content. Compression property of cellulose foams are shown insert
Figure 8. All the cellulose foams displayed typical “J” shape curves. Though the compression strain
was over 90%, the compression stress still went up. The results also indicated that the porosity of the
foams was over 90%.
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Figure 7. Thermal conductivity of the composite foams.

Figure 8. Mechanical properties of the cellulose composite foams as a function of carbon fiber content.
Insert figure—compressive strength of the foams as a function of strain.

4. Conclusions

In summary, we have developed an easy and fast approach for scalable fabrication of lightweight
cellulose/carbon fiber composite foam, based on a cellulose dissolution and regeneration process.
Acid treated short carbon fibers (SCF) and long carbon fibers (LCF) were added into the cellulose
solution to produce EMI composite foams. Carbon fibers built conductive networks, where SCFs were
most likely oriented in the bubble cell wall and LCFs penetrated through the bubbles. LCF/cellulose
foams showed better electrical conductivity and higher EMI shielding property (60 dB of LCF20).
Furthermore, cellulose/carbon fiber composite foams exhibited well-defined thermal insulation and
tensile properties. The comprehensive study of cellulose composite foams based on other powerful
absorbers will be required in the future, in order to develop useful materials for EMI shielding in
high-tech fields.
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Abstract: By the addition of a carbon-based electromagnetic absorbing agent during the foaming
process, a novel electromagnetic absorbent polymethacrylimide (PMI) foam was obtained. The proposed
foam exhibits excellent electromagnetic wave-absorbing properties, with absorptivity exceeding 85%
at a large frequency range of 4.9–18 GHz. However, its poor mechanical properties would limit its
application in load-carrying structures. In the present study, a novel enhancement approach is proposed
by inserting metallic tubes into pre-perforated holes of PMI foam blocks. The mechanical properties
of the tube-enhanced PMI foams were studied experimentally under compressive loading conditions.
The elastic modulus, compressive strength, energy absorption per unit volume, and energy absorption
per unit mass were increased by 127.9%, 133.8%, 54.2%, and 46.4%, respectively, by the metallic tube
filling, and the density increased only by 5.3%. The failure mechanism of the foams was also explored.
We found that the weaker interfaces between the foam and the electromagnetic absorbing agent induced
crack initiation and subsequent collapses, which destroyed the structural integrity. The excellent
mechanical and electromagnetic absorbing properties make the novel structure much more competitive
in electromagnetic wave stealth applications, while acting simultaneously as load-carrying structures.

Keywords: absorbent PMI foam; metallic tube; electromagnetic wave absorption; mechanical
properties; failure mechanism

1. Introduction

Multi-functional designs of materials and structures, such as collaborative design of mechanical
and electromagnetic (EM) wave absorption, which is critical in aircraft and aerospace applications, are
more and more attractive and have been widely studied. Metamaterial absorber (MMA) is a kind of
composite material, which usually consists of periodic artificial structures and dielectric substrates [1,2].
By transforming the electromagnetic wave energy into other forms (e.g., as thermal energy), MMA
can exhibit electromagnetic wave absorption [3–5]. A frequency-selective surface (FSS) absorber
consists of lossy resistive patches, and the performance of broadband absorbing can be easily obtained
by reasonable design of the planar patterns [6–8]. Three-dimensional structures [9–11] were also
developed for wide-band and wide-angle electromagnetic wave absorption, such as folded resistive
patches [9] and honeycombs [12]. Such structures have excellent electromagnetic (EM) wave absorption
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properties, but researchers always fail to consider their mechanical properties. Besides metamaterial,
the electromagnetic properties of carbon foam [13], graphene foam [14], CNT (carbon nanotube) and
graphene composites [15,16], polyurethane foam [17], and other polymer-based materials [18] have
also been considered, but they usually have poor mechanical performances.

Polyimide foams act as lightweight structure materials and have outstanding strength-to-weight
ratios, specific stiffness, and specific energy absorption (SEA) [19–22]; among these are polymethacrylimide
(PMI) and polyetherimide (PEI) foams. Their mechanical properties have been widely studied, such as
elastic [19] and viscoelastic behavior [20], dynamic resistance [21], and fatigue [22], as well as the mechanical
performances of PMI foam-cored sandwich structures [22,23]. However, with relative permittivity
of 1.06, such PMI foam does not contribute to electromagnetic wave absorption [24,25]. Adding an
electromagnetic wave-absorbing agent during the foaming process may enhance the electromagnetic wave
absorption properties, but the agent addition also generates surfaces, which may cause a decrease of
mechanical performance.

Because of the respective limitation of the above metamaterial absorber (MMA), frequency-selective
surface (FSS), and PMI foam structures, efforts have been made to form novel materials and structures with
combined mechanical and electromagnetic properties in recent years. Structures with honeycombs [26–28],
hierarchical lattice [29], and local stitched radar-absorbing structures [30] have been developed to have
both specific strength and electromagnetic wave absorption properties. Besides structure design, it
has also been demonstrated that tubes could increase the mechanical performances of foam structures
effectively, such as PMI foam [31,32] and aluminum foam [33].

By a filling of metallic tube and the addition of electromagnetic absorbing agent into a PMI
foam, it can be expected to obtain a novel cellular structure exhibiting excellent mechanical and
electromagnetic wave absorption properties. In the present study, carbon-based electromagnetic
absorbing agent is added to a PMI foam during the foaming process, and forms a novel absorbent PMI
foam. Moreover, metallic tubes are employed as a filling material to enhance the mechanical properties
of the absorbent PMI foam. Their mechanical behaviors are studied experimentally under compressive
loading. The enhancement of elastic modulus, compressive strength, and specific energy absorption
(SEA) of both normal and absorbent PMI foams by metallic tube filling is discussed, and the failure
mechanism is explored.

2. Experimental Measurement

2.1. Materials and Fabrication

Commercial polymethacrylimide (PMI) foam was employed in the present study. By filling with
a carbon-based electromagnetic absorbing agent during the foaming process, a novel electromagnetic
wave absorbent PMI foam could be obtained (samples fabricated by Hunan Zihard Material Technology
Co. Ltd, Hunan, China). The density of the absorbent PMI foam was 222 kg/m3, increased only by
5.6%, compared to that of the normal PMI foam (210.3 kg/m3). Metallic circular tubes, made of 6061
aluminum alloy and 304 stainless steel, were chosen as the fillers to enhance the normal and absorbent
PMI foam. The outer diameters of the metallic tubes were fixed to Φ = 10 mm, and the wall thicknesses
were 0.5 and 0.2 mm for aluminum alloy and stainless steel, respectively.

The PMI foams were firstly cut into square cubes with the dimensions of 40 mm × 40 mm × 40 mm
and then perforated to form a through hole in the middle region. The metallic tubes were cut by
electro-discharge machining (EDM) to fit into the prepared holes in the foam block. PMI cylinders
were also prepared to be inserted into the inner interspace of the metallic tubes, to form the foam-filled
tube-enhanced PMI foam. The metallic tube, PMI foam matrix, and foam cylinder were assembled and
subsequently stuck together by epoxy glue to get the tube-enhanced PMI foam. Typical specimens of
normal and absorbent PMI foams, tube-enhanced PMI foams, and foam-filled tube-enhanced absorbent
PMI foams are shown in Figure 1. It is noted that the averaged density ρc is defined as the total mass
of specimen divided by the whole volume (40 mm × 40 mm × 40 mm).
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Figure 1. Specimen images of polymethacrylimide (PMI) foam. (a) PMI foam; (b) Tube-enhanced PMI
foam; (c) Foam-filled tube-enhanced PMI foam; (d) Absorbent PMI foam; (e) Tube-enhanced absorbent
PMI foam; (f) Foam-filled tube-enhanced absorbent PMI foam.

2.2. Measurement of Electromagnetic Wave Absorbtion

The electromagnetic wave absorption of the absorbent PMI foam was characterized by the
measurement of reflection. As shown in Figure 2a, the measurement was carried out at the frequency
of 2–18 GHz by using the free-space method in a microwave anechoic chamber at ambient temperature,
through the test system based on an Agilent E8363B Network Analyzer. The electromagnetic wave
reflection property of normal and absorbent PMI foams with the dimensions of 600 mm× 600 mm× 20 mm
were measured. A metal plate with the same size of the specimen was employed as the back plate to avoid
wave transmission. It is noted that the reflection from a metal plate used as a prototype should be firstly
measured, for the sake of normalization.

2.3. Compressive Tests

The detailed parameters of normal and absorbent PMI foam specimens for compressive tests are
listed in Table 1. Quasi-static compression was carried out by an electronic universal testing machine
(INSTRON-3382) at room temperature. The loading rate was fixed at 2 mm/min, with a nominal strain
rate less than 10−3 s−1. The compressive strain of at least 75% was achieved for each specimen to
ensure complete deformation and energy absorption. Digital images of each specimen were acquired
to capture the deformation modes and explore the failure mechanisms. No less than three specimens
in each case were measured in the tests to acquire the averaged mechanical properties.
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Figure 2. The wave-absorbing properties of normal and absorbent PMI foams; (a) Experimental setup;
(b) Experimental results of reflectivity for vertical incident waves.

Table 1. Parameters of specimens for the compression tests; Al is 6061 aluminum alloy, steel is 304
stainless steel, Filled-Al is foam-filled aluminum tube, Filled-Steel is foam-filled 304 stainless steel tube.

Specimen Foam Type Tube Type
Averaged
Mass (g)

Tube Specimen Size

1

PMI Foam

None 13.46 None 40 × 40 × 40 mm3

2 Al 14.81 0.5 × Φ 10 mm 40 × 40 × 40 mm3

3 Filled-Al 14.88 0.5 × Φ 10 mm 40 × 40 × 40 mm3

4 Steel 15.79 0.2 × Φ 10 mm 40 × 40 × 40 mm3

5

Absorbent
PMI foam

None 14.21 None 40 × 40 × 40 mm3

6 Al 14.99 0.5 × Φ 10 mm 40 × 40 × 40 mm3

7 Filled-Al 15.04 0.5 × Φ 10 mm 40 × 40 × 40 mm3

8 Steel 14.67 0.2 × Φ 10 mm 40 × 40 × 40 mm3

9 Filled-Steel 14.96 0.2 × Φ 10 mm 40 × 40 × 40 mm3

3. Results and Discussion

3.1. Electromagnetic Wave Absorbtion

The electromagnetic wave absorptivity can be expressed as [11,26]:

A = 1−|S11|2−|S21|2 (1)

where A represents the electromagnetic wave absorptivity, while |S11|2 and |S21|2 represent the
reflectivity and the transmissivity, respectively. Note that, in this calculation, S11 and S21 are
linear values. Here, |S21|2 is equal to 0, due to the employment of the metal backboard in the
present measurement.

Figure 2b shows the reflectivity of the vertical incident waves (S11) at the frequency of 2–18 GHz.
The average reflectivity of the absorbent PMI foam at the frequency of 4.9–18 GHz was less than −8 dB,
which implies that the electromagnetic wave absorptivity A, calculated by Equation (1), can be larger
than 85%. At the frequency of 5.2–7.3 GHz, 9.9–12.85 GHz, and 14.5–18 GHz, the reflectivity was even
less than −10 dB, with the absorptivity larger than 90%. At the specific range of 6.25–6.55 GHz, the
reflectivity decreased to less than −15 dB. In contrast, the electromagnetic waves were completely
reflected by the normal PMI foam (see Figure 2b). This implies that the present absorbent PMI foam
possessed good electromagnetic wave-absorbing properties.
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3.2. Compressive Strength and Energy Absorption

3.2.1. Enhancement of Compressive Strength

Figure 3a compares the compressive stress versus strain curves of normal and absorbent PMI
foams. All specimens exhibited foam-like features, i.e., the three typical regions including linear,
plateau, and densification regions [34]. The absorbent PMI foam had similar density to the normal one,
but the compressive strength σpeak (the first peak stress) and plateau strength were even less than half
of those of the normal foam. It can be seen from Figure 4 that during the compressive process, cracks
could be obviously observed in the absorbent PMI foam specimen, which caused subsequent collapses,
while for the normal foam, only compaction occurred leading to densification.

  
(a) (b) 

Figure 3. Compressive behaviors of PMI foams. (a) Stress strain curve; (b) Energy absorption.
The ellipse circles indicate classes of specimens.

 

Figure 4. Images of PMI foams during compression. (a) PMI foam at compressive strain of 75%;
(b) Absorbent PMI foam at compressive strain of 30%. The ellipse region shows where cracks occurred
which subsequently caused collapse.

A metallic tube was employed as a filler to improve the poor compressive performance of
the absorbent PMI foam. Figures 5a and 6a present the typical stress-versus-strain curves of the
tube-enhanced normal and absorbent PMI foams, respectively. It is shown that filling of both aluminum
and 304 stainless steel tubes led to significant enhancement of the compressive performances of both
normal and absorbent PMI foams. The tube-enhanced PMI foams still underwent foam-like features
but exhibited some obvious fluctuations in the plateau region. The jagged stress-versus-strain curves
presented multiple peaks and valleys before densification. Each stress peak and valley were related to
one folding (i.e., progressive buckling deformation [23,35]), which could be demonstrated through
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the buckling deformation mode layer by layer, as shown in Figure 7d. Moreover, internal filling of
the PMI foam into 304 stainless steel tube (specimen 9) led to a significant increase of the compressive
strength of the tube-enhanced absorbent PMI foam, while no obvious improvement could be seen in
the case of the aluminum tube-enhanced foam (specimen 7). This may be attributed to the fact that
the wall thickness of the 304 stainless steel tube (0.2 mm) was smaller than that of the aluminum tube
(0.5 mm), and the buckling mode of the tube with the thinner wall could be more easily affected by
the internal filling of foam. Therefore, the internal filling of foam changed the buckling mode of the
304 stainless steel tube and led to the increase of compressive strength.

  
(a) (b) 

Figure 5. Compressive behaviors of tube-enhanced PMI foams. (a) Typical stress strain curves;
(b) Energy absorption per volume.

  
(a) (b) 

Figure 6. Compressive behaviors of tube-enhanced absorbent PMI foams. (a) Typical stress–strain
curves; (b) Energy absorption per volume.

The averaged elastic modulus E and the compressive strength σpeak are summarized in Table 2.
For the absorbent PMI foam, filling with the metallic tube only contributed a little to the increase of density
(less than 5.3%) but increased the elastic modulus E of the normal PMI foam by 77.7% (specimen 3), and
that of the absorbent PMI foam by 128% (specimen 9). Moreover, the peak compressive strength σpeak
was increased by 18.3% (specimen 4) for the normal PMI foam, and surprisingly by 133.8% (specimen 9)
for the absorbent PMI foam.
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Figure 7. Normal PMI foam-based specimen images after compression. (a) PMI foam; (b) Tube-enhanced
PMI foam; (c) Foam-filled tube-enhanced PMI foam; (d) Layer-by-layer buckling deformation of metallic
tube in tube-enhanced PMI foam.

Table 2. Summary of the averaged elastic modulus E, compressive strength σpeak, and energy
absorption per unit volume Wv and per unit mass Wm of the specimens as well as density ρc.

Specimen ρc (Kg/m3) E σpeak (MPa) Wv (103 KJ/m3) Wm (KJ/Kg)

1 210.3 318.6 8.90 3.84 18.26
2 231.4 386.0 10.31 4.20 18.15
3 246.7 566.4 9.14 4.53 18.36
4 232.5 354.9 10.53 4.53 19.48

5 222.0 231.7 2.96 1.42 6.40
6 234.2 338.0 5.14 2.07 8.84
7 235.0ρc 373.5 4.94 1.91 8.13
8 229.2 479.8 5.44 1.72 7.50
9 233.8 525.7 6.92 2.19 9.37

3.2.2. Enhancement of Energy Absorption

The energy absorption capacity is commonly characterized by energy absorption per unit volume Wv:

WV =
∫ ε

0
σdε (2)

The energy absorption per unit volume Wv as a function of compressive strain of the PMI foam,
tube-enhanced PMI foam, and tube-enhanced absorbent PMI foam, is shown in Figure 3, Figure 5b,
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and Figure 6, respectively, and the calculated Wv at ε = 0.5 are summarized in Table 2. As shown in
Figure 3b, the absorbent PMI foams were not as effective as the normal ones in energy absorption, for
the electromagnetic absorbing agent addition in PMI foam caused an increase of brittle features, which
decreased the compressive strength. It was found that the tube filling influenced the energy absorption
of both normal and absorbent PMI foams.

In addition, the specific energy absorption (SEA) was another important parameter in
weight-sensitive applications, which could be defined as averaged energy absorption per unit mass [34]:

Wm =
Wv

pc
(3)

The Wm of the specimens are also shown in Table 2. For normal PMI foams (specimens 1–4), the
energy absorption per unit volume Wv and per unit mass Wm by filling the metallic tube was increased
by 18% (specimens 3 and 4) and 6.7% (specimen 4), respectively. A much more obvious enhancement
was found for the tube-enhanced absorbent PMI foams (specimens 5–9): Wv and Wm of tube-enhanced
absorbent PMI foams were increased by 54.2% (specimen 9) and 46.4% (specimen 9), respectively.

3.2.3. Failure Mechanism

Figure 7 presents the specimen images of the normal PMI foam, tube enhanced, and foam-filled
tube-enhanced PMI foams after compression. For all three kinds of specimens, the structural integrity
could be well ensured. During the compressive process, the normal PMI foam underwent compaction
and densification, showing ductile collapse. In contrast, the absorbent PMI foam exhibited brittle
collapse, with cracking and delamination occurring due to the addition of the electromagnetic
absorbing agent. As shown in Figure 8, the specimens were all damaged completely after compression
(with compressive strain over 75%) and broken into small pieces of different sizes. In local fractography
in Figure 8d, the interfaces between the foam and the absorbing agent of the absorbent PMI foam
can be seen clearly. The poor interfaces with weak bonding strength were more prone to initiate a
crack, leading to delamination and subsequent collapse of the specimen. Figure 8e,f show the fracture
surfaces of the absorbent PMI foam with different magnifications.

Adding the absorbing agent improved the electromagnetic wave absorption of the absorbent PMI
foam. Meanwhile, the weaker interfaces between the foam and the absorbing agent also decreased its
mechanical properties. Therefore, the present effective enhancement approach by metallic tube filling
is of great significance for engineering applications.
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Figure 8. Absorbent PMI foam-based specimen images after compression. (a) Absorbent PMI
foam; (b) Tube-enhanced absorbent PMI foam; (c) Foam-filled tube-enhanced absorbent PMI foam;
(d) Fractography of the absorbent PMI foam showing interfaces between PMI foam and absorbing
agent; (e,f) Local fracture surfaces of the absorbent PMI foam.

4. Comparison

The specific compressive strength σpeak/ρcσY (here, σY refers to the yielding strength of the
metallic tubes) and energy absorption per unit mass Wm (SEA) of the present tube-enhanced normal
and absorbent PMI foams were compared with those of other competing metallic sandwich cores [36].
As shown in Figure 9, the present tube-enhanced PMI foams were quite competitive especially in energy
absorption. Compared with other metallic lattice cores, which have shown significant advantages
in load-carrying applications [37,38], the present tube-enhanced PMI foam seemed more effective.
By optimizing the design of the geometric parameters in the future, the present tube-reinforced
structure will be more competitive.
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(a) (b) 

Figure 9. Comparison of present tube-enhanced normal and absorbent PMI foams with competing
sandwich core designs [36]. (a) Specific compressive strength and (b) Specific energy absorption.

5. Conclusions

In conclusion, a PMI foam was endowed with the property of electromagnetic wave absorption by
adding an electromagnetic absorbing agent during the foaming process, to form a novel absorbent PMI
foam. Metallic circular tubes, made of 6061 aluminum alloy and 304 stainless steel, were chosen as the
fillers to enhance the mechanical performance of the normal and absorbent PMI foams. The properties
of electromagnetic wave absorption, as well as compressive strength and energy absorption, were
experimentally investigated. The main findings are summarized as follows:

(1) The absorbent PMI foam exhibited good electromagnetic wave absorption, with electromagnetic
wave absorptivity larger than 85% at a large frequency range of 4.9–18 GHz. The absorptivity even
exceeded 90% at a specific range of frequency.

(2) During the compressive process, the normal PMI foam underwent compaction and
densification, showing ductile collapse. In contrast, the absorbent PMI foam exhibited brittle collapse,
with cracking and delamination occurring due to the addition of the electromagnetic absorbing agent.

(3) A filling of metallic tubes increased the mechanical properties of both normal and absorbent
PMI foams, and the enhancement was greater for the absorbent PMI foam. The elastic modulus E,
compressive strength σpeak, and energy absorption per unit volume Wv and per unit mass Wm of
the tube-enhanced absorbent PMI foam could be increased by 127.9%, 133.8%, 54.2%, and 46.4%,
respectively, with the density increasing only by 5.3%. Filling with a 304 stainless steel tube was more
effective than filling with an aluminum tube.

(4) With their outstanding performances in electromagnetic wave absorption, compressive strength,
and energy absorption, the proposed tube-enhanced absorbent PMI foam is quite competitive in
applications such as simultaneous electromagnetic wave stealth, load carrying, and impact resistance.
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Abstract: Polyetherimide (PEI) foams with graphene nanoplatelets (GnP) were prepared by
supercritical carbon dioxide (scCO2) dissolution. Foam precursors were prepared by melt-mixing
PEI with variable amounts of ultrasonicated GnP (0.1–2.0 wt %) and foamed by one-step scCO2

foaming. While the addition of GnP did not significantly modify the cellular structure of the foams,
melt-mixing and foaming induced a better dispersion of GnP throughout the foams. There were
minor changes in the degradation behaviour of the foams with adding GnP. Although the residue
resulting from burning increased with augmenting the amount of GnP, foams showed a slight
acceleration in their primary stages of degradation with increasing GnP content. A clear increasing
trend was observed for the normalized storage modulus of the foams with incrementing density.
The electrical conductivity of the foams significantly improved by approximately six orders
of magnitude with only adding 1.5 wt % of GnP, related to an improved dispersion of GnP through
a combination of ultrasonication, melt-mixing and one-step foaming, leading to the formation
of a more effective GnP conductive network. As a result of their final combined properties,
PEI-GnP foams could find use in applications such as electrostatic discharge (ESD) or electromagnetic
interference (EMI) shielding.

Keywords: polyetherimide foams; graphene; multifunctional foams; ultrasonication; scCO2;
electrical conductivity

1. Introduction

Polyetherimide (PEI) is a high-performance thermoplastic that has proven to be a viable candidate
in advanced applications in cutting edge sectors, such as aerospace, due to its outstanding properties,
including, but not limited to, high mechanical performance, high chemical and inherently high
flame resistance, thermal and dimensional stability, low smoke generation, and transparency [1].
Weight reduction by means of foaming has been proven as one of the most promising strategies for
cost reduction and for attaining functional characteristics for applications such as EMI shielding [2].
The properties of PEI-based nanocomposite foams prepared using water vapour-induced phase
separation (WVIPS) have been investigated in depth and the effect of carbon-based nanoparticles
on the physical properties of these foams has been studied, showing promising results in terms
of simultaneously enhancing the mechanical properties and electrical conductivity [3–7].

Another foaming technique with characteristics closer to that of industrial foaming processes
involves the dissolution of a gas in a polymer precursor in a semisolid-state, i.e., below its
melting temperature (semicrystalline polymers) or below its glass transition temperature
(amorphous polymers) and subsequent foaming by either applying a sudden drop of pressure (called
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one-step or solid-state batch foaming) or heating the gas-saturated precursor above its glass transition
temperature after a slow decompression. Both methods have been used to prepare various foams
with homogeneous microcellular structures using polymers such as acrylonitrile–butadiene–styrene
(ABS) [8], polymethylmethacrylate (PMMA) [9], poly(styrene-co-acrylonitrile) (SAN)/chlorinated
polyethylene (CPE) blend [10], polycarbonate (PC) [11] or polyethylene terephthalate (PET) [12].
PEI-based foams have also been prepared in this way using sub–critical CO2 as the blowing
agent [13,14].

Carbon-based nanoparticles (carbon nanotubes, CNT; graphene and graphene-based
materials; and carbon nanofibres, CNF) have recently received significant attention due
to their outstanding combination of mechanical, thermal, and electrical properties [15,16].
Particularly, graphene and graphene-based materials, such as graphene oxide, reduced graphene oxide,
or graphene nanoplatelets, offer great possibilities in terms of improving multiple aspects of polymers
due to their high aspect ratio and exceptional mechanical, thermal and electrical characteristics [17–19].
For instance, the addition of GnP/CNT hybrids to PEI-based foams prepared using WVIPS led to
significant improvements of their electrical conductivity, reaching values as high as 8.8 × 10−3 S/m for
1 wt % of each filler [5]. Our previous study showed that by achieving a proper GnP dispersion through
ultrasonication, the electrical conductivity value of PEI-based nanocomposites foamed via WVIPS
could reach as high as 1.7 × 10−1 S/m for foams containing 10 wt % GnP.

Although the preparation and characterization of PEI foams using sub–critical and supercritical
CO2 (scCO2) have been carried out [13,14,20], not many studies have considered the investigation
of PEI-based nanocomposite foams. Carbon-based nanoparticles in particular, have presented
promising results in the creation of multifunctional foams. The combination of high-performance
polymers with these functional nanoparticles could result in outstanding nanocomposite foams
with enhanced specific properties. Additionally, scCO2 foaming has shown promising results
in improving the dispersion level of nanoparticles throughout the polymer matrix after foaming.
Recent studies on PC-based foams containing GnP have shown that foaming could improve their
electrical conductivity and EMI shielding effectiveness by inducing a better exfoliation of graphene
stacks and reducing the effective inter-particle distance [21]. Another study on PC-based foams [22]
suggests that the electrical conductivity of foams prepared by scCO2 dissolution could be enhanced
and surpass their respective unfoamed nanocomposites due to improved homogenous dispersion
of GnP after foaming.

Furthermore, studies have suggested that the addition of nano-sized particles, such as carbon
nanotubes and graphene, to foams prepared by CO2 dissolution could improve cellular structure
homogeneity, increase cell density, reduce cell size and, at the same time, reinforce the matrix [23,24].

This article considers investigating the effects of foaming by scCO2 on the cellular structure,
thermal, mechanical, and electrical properties of PEI foams containing variable concentrations of GnP
(0.1–2.0 wt %), with the objective of developing novel lightweight materials for advanced applications,
such as EMI shielding, ESD, and fuel cells.

2. Materials and Methods

Polyetherimide (PEI), commercially known as Ultem 1000, was purchased from Sabic
(Riyadh, Saudi Arabia). PEI Ultem 1000 is a thermoplastic with a density of 1.27 g/cm3 and a glass
transition temperature (Tg) of 217 ◦C. Graphene nanoplatelets (GnP), with the commercial name
of xGnP M-15, were supplied by XG Sciences (Lansing, MI, USA). These nanoparticles have a density
of 2.2 g/cm3 and are formed by stacks of individual graphene nanoplatelets. These stacks have
an average thickness of 6–8 nm, a lateral size of 15 μm and a surface area of 120–150 m2/g. As reported
by the manufacturer, the electrical conductivities of GnP measured parallel and perpendicular to
the surface are 107 and 102 S/m, respectively. N-methyl pyrrolidone (NMP), with a purity of 99%,
a boiling point of 202 ◦C, and a flash point of 95 ◦C, was obtained from Panreac Química SA
(Barcelona, Spain).
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PEI-GnP foams were prepared containing 0.1–2.0 wt % GnP using scCO2 dissolution. To do so,
prior preparation of a set of foam precursors with various GnP concentrations was carried out.
The preparation of said foam precursors began with obtaining a GnP-rich PEI-GnP masterbatch.
For that, a solution of NMP-GnP was ultrasonicated for 30 min using a FB-705 ultrasonic processor
(Fisher Scientific, Hampton, NH, USA) at maximum amplitude with a 12 mm solid tip probe and 20 kHz
operating frequency, and maintained at constant temperature of 50 ◦C using an ice-bath. PEI was added
to the solution and dissolved at 75 ◦C while stirring using a magnetic stirrer at 450 rpm during 24 h.
The resulting solution was filtered and rinsed with distilled water and, later, dried under vacuum
at 140 ◦C (maximum vacuum drier temperature) for a week to remove any trace of the solvent. The final
PEI-GnP masterbatch contained a GnP amount of 40 wt %.

PEI-GnP nanocomposites with variable concentrations of GnP (0.1–2.0 wt % GnP) were prepared
by melt-mixing pure PEI with the PEI-GnP masterbatch using a Brabender Plastic-Corder
(Brabender GmbH and Co., Duisburg, Germany). The procedure consisted in feeding 48 g of previously
physically-mixed pure PEI and PEI-GnP masterbatch to the Brabender mixing chamber and initially
melt-mixing for 6 min at 250 ◦C using a constant rotation speed of 30 rpm. Mixing continued for
another 6 min at the same conditions in order to guarantee homogeneity of the mix, monitoring
the temperature and torque values to confirm the stability of the process and the absence of possible
degradation. Nanocomposites were then extracted from the mixing chamber and compression-molded
into circular-shaped discs (foam precursors) with a nominal thickness of 3 mm and a diameter of 74 mm
using a hot-plate press (PL15, IQAP LAP, IQAP Masterbatch Group S.L., Barcelona, Spain) at 300 ◦C
and 70 bar during 4–5 min.

Foaming was carried out by placing the foam precursors inside a high pressure vessel
(CH-8610 Uster/Schweiz, Büchiglasuster, Switzerland) using a one-step scCO2 dissolution process.
Firstly, scCO2 dissolution was achieved by simultaneously raising the temperature and pressure
of the vessel to 230 ◦C and 180–210 bar, respectively, and maintaining the temperature and pressure
conditions for 5 h. Foaming took place by applying a sudden depressurization at a rate around
0.3 MPa/s and moderate controlled cooling of the vessel using a water cooling system. Figure 1 shows
both steps of CO2 pressurization/heating and CO2 depressurization/cooling used in order to obtain
PEI-GnP foams. Thin skin layers formed on both top and bottom of the resulting foams were carefully
removed before characterization.

1. CO2 pressurization 2. CO2 depressurization 

CO2 

 

180-210 bar 
230 °C 

5 h 

P
t

Δ ≈
Δ

0.3 MPa/s   

Figure 1. Scheme of the one-step scCO2 foaming process.
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Samples coded as PEI correspond to pure PEI foams and the ones coded as GnP to PEI-GnP
nanocomposite foams. In the case of the second, the number placed before GnP represents the amount
of GnP in weight percentage; for instance, 0.1 GnP corresponds to PEI-GnP foam containing
0.1 wt % GnP.

The foam’s density values were measured using the ISO-845 standard procedure. The porosity
values were directly calculated from the density values of the foam and respective unfoamed material
according to the following expression:

Porosity (%) =

(
1 − ρ

ρs

)
× 100 (1)

where ρ and ρs are the density of the foam and density of the respective unfoamed material, respectively
(ρ/ρs is the so-called relative density). The cellular structure of the foams was analysed using a JEOL
(Tokyo, Japan) JSM-5610 scanning electron microscope (SEM) applying a voltage of 10 kV and a working
distance of 40 mm. Samples were brittle-fractured using liquid nitrogen and later coated with a thin
layer of gold by sputter deposition using a BAL-TEC (Los Angeles, CA, USA) SCD005 sputter coater
under an argon atmosphere. The values of the average cell size (Φ) were measured using the intercept
counting method, explained in detail in [25]. Five ×300 magnification SEM micrographs were used
for each sample. Cell nucleation density (N0, in cells/cm3) was calculated assuming an isotropic
distribution of spherical cells according to:

N0 =
( n

A

)3/2
(

ρs

ρ

)
(2)

where n is the number of cells counted in each SEM micrograph and A is the area of the SEM image
in cm2.

Wide-angle X-ray diffraction was used to evaluate the characteristic (002) diffraction plane of GnP
and the possible crystallinity of PEI by a PANalytical diffractometer (Almelo, The Netherlands) running
with CuKα (λ = 0.154 nm) at 40 kV and 40 mA. The scanning range was from 2◦ to 60◦ using a scan step
of 0.033◦.

The study of the thermal stability of the foams was done using a TGA/DSC 1 Mettler Toledo
(Columbus, OH, USA) STAR System analyser with samples of around 10.0 mg, applying a heating
ramp from 30 to 1000 ◦C at 10 ◦C/min under a nitrogen atmosphere (constant flow of 30 mL/min).
The weight loss evolution with temperature was analysed using the STAR Evolution Software
(Mettler Toledo Columbus, OH, USA).

The study of the viscoelastic behaviour of the foams was performed using
dynamic-mechanical-thermal analysis. Particularly, the foam’s storage and loss moduli (E′ and E”,
respectively) were measured as a function of temperature, and PEI’s glass transition temperature (Tg)
was determined. A DMA Q800 from TA Instruments (New Castle, DE, USA) was used in a single
cantilever configuration. Samples were analysed by heating at a rate of 2 ◦C/min from 30 to 300 ◦C
while applying a dynamic strain of 0.02% and frequency of 1 Hz. Rectangular-shaped specimens used
in this test had a length of 35.5 ± 1.0 mm, width of 12.5 ± 1.0 mm, and thickness of 3.0 ± 0.5 mm.
Three different measurements were performed for each sample (error < 5%).

The electrical conductivity measurements were performed on 20 × 20 × 1 mm samples using
a 4140B model HP pA meter/dc voltage source with a two-probe set. A thin layer of colloidal silver
conductive paint was used to cover the surfaces of the samples in contact with the copper electrode
pads, which had an electrical resistance between 0.01 and 0.1 Ω/cm2 to ensure perfect electrical contact.
A direct current voltage was applied with a range of 0–20 V, voltage step of 0.05 V, hold time of 10 s
and step delay time of 5 s. The electrical conductivity (σ, in S/m) was calculated using:

σ = 1/ρv (3)
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and
ρv = RAE.C/d (4)

where ρv (Ω·m) is the electrical volume resistivity, R is the electrical resistance of the sample
(in Ω), AE.C is the area of the surface in contact with the electrode (in m2), and d is the distance
between the electrodes (in m). A correction was applied to the measured values of electrical
conductivity considering that porosity could affect the effective surface area in contact with
the electrode. The average cell size and the cell density of foams were used in order to obtain
the corrected value of electrical conductivity (σcorr) by taking into account variations in the effective
surface area as follows:

σcorr =
d

R(Anon−cell + Acell−hemisphere)
(5)

where Anon-cell is the AE.C with the cell section area excluded and

Acell−hemisphere =
( n

A

)
AE.C

(
2π

Φ2

4

)
(6)

Therefore:

Anon−cell + Acell−hemisphere = AE.C +

(( n
A

)
AE.C

(
π

Φ2

4

))
(7)

The values of n, A, and Φ were obtained from the previously analysed SEM micrographs,
and represent the number of cells, the corresponding area of the micrograph, and the average cell
size, respectively.

3. Results

3.1. Cellular Structure of the Foams

The composition of PEI-GnP nanocomposite foams, their respective relative densities and main
cellular structure characteristics are presented in Table 1.

Table 1. Composition, relative densities, and cellular structure characteristics of PEI and PEI-GnP
nanocomposite foams.

Sample
GnP

(wt %)
GnP

(vol%)
Relative Density

Φ

(μm) 1
N0

(cells/cm3)

PEI 0.0 0.00 0.44 14.0
(5.0) 5.1 × 108

0.1 GnP 0.1 0.03 0.48 11.7
(4.2) 5.6 × 108

0.4 GnP 0.4 0.11 0.49 13.6
(4.4) 3.9 × 108

0.7 GnP 0.7 0.17 0.42 5.4
(2.3) 6.5 × 109

1.0 GnP 1.0 0.27 0.46 9.5
(3.3) 1.1 × 109

1.5 GnP 1.5 0.35 0.40 10.0
(4.0) 1.2 × 109

2.0 GnP 2.0 0.57 0.49 7.5
(2.9) 1.6 × 109

1 Standard deviation of the average cell size is presented between parentheses.

Foams presented densities between 0.52 and 0.63 g/cm3 (relative densities between 0.40 and 0.49).
Although the foam containing 2 wt % of GnP presented the highest relative density, no direct correlation
was found between the relative density and the amount of GnP present in PEI-GnP foams. The porosity
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values were between 51.0% and 59.6%, with the minimum corresponding to 0.4 GnP and 2.0 GnP
foams and the maximum to 1.5 GnP foam.

Digital photographs showing the sample before (foam precursor) and after foaming
and characteristic SEM images showing the microcellular structure of PEI-GnP foams are respectively
presented in Figures 2 and 3. As can be seen, the addition of GnP seemed to induce the formation
of cellular structures with slightly smaller cells.

 

Figure 2. Digital photographs showing the sample before foaming (foam precursor, left) and after
foaming (right).

 

(a) (b) 

(c) (d) 

Figure 3. SEM micrographs at ×300 magnification illustrating the microcellular structure of (a) pure
PEI; (b) 0.4 GnP; (c) 1.0 GnP; and (d) 2.0 GnP foams.
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The microcellular foams obtained in this process had an approximate average cell size
around 10 μm, with the smallest cells corresponding to 0.7 GnP foam (5.4 μm) and the largest
corresponding to pure PEI (14.0 μm). A slight reduction in the average cell size was observed
between pure PEI and PEI-GnP foams, showing that the presence of GnP slightly affected the cellular
structure of the resulting foams. Consequently, the highest cell nucleation density value corresponded
to 0.7 GnP foam (7.0 × 109 cells/cm3) and the lowest to PEI (3.9 × 108 cells/cm3).

The peak intensity and full width at half maximum (FWHM) values of X-ray diffraction
spectra related to the (002) characteristic diffraction plane of GnP found at 2θ = 26.5◦ are presented
in Table 2. The low and stretched (002) peak formation shows that by applying ultrasonication,
melt-mixing, and foaming through scCO2, a significant improvement in dispersion of GnP in foams
containing up to 1.5 wt % of GnP could be achieved.

Table 2. Intensity and FWHM values of the characteristic (002) crystal diffraction plane of GnP in PEI
and PEI-GnP nanocomposite foams.

Sample
Intensity

(a.u.)
FWHM

(◦)

PEI - -
0.1 GnP - -
0.4 GnP 350.5 0.23
0.7 GnP 481.2 0.35
1.0 GnP 505.4 0.30
1.5 GnP 483.5 0.40
2.0 GnP 1716.6 0.29

Disappearance and/or significant reduction in intensity of the (002) characteristic diffraction
plane of GnP for foams containing up to 1.5 wt % of GnP (see Figure 4) showed that the ultrasonication
process was effective and provided a better dispersion and partial exfoliation of GnP stacks.
Additionally, melt-mixing and sudden depressurization during foaming could have promoted further
dispersion due to shear forces applied during these steps. Nevertheless, the GnP’s (002) diffraction
plane peak was clearly visible in the 2.0 GnP foam, which was related to the not full dispersion of GnP
nanoplatelets, as at such high GnP concentration the ultrasonication, melt-mixing and foaming stages
were not enough to guarantee a proper dispersion of the nanoplatelets throughout the polymer matrix.
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Figure 4. X-ray spectra of PEI and PEI-GnP nanocomposite foams illustrating the disappearance or
reduction in intensity of GnP’s (002) characteristic diffraction plane.

This high level of GnP dispersion was possible through the combination of ultrasonication,
melt-mixing and one-step foaming of PEI-GnP nanocomposites. In the primary stages of foam precursor
preparation, GnP stacks were forced to separate by applying ultrasonication. Afterwards, during
melt-mixing, high shear forces were applied, favouring GnP distribution and dispersion throughout
the polymer matrix. The ultimate stage of one-step scCO2 foaming could have further induced GnP
dispersion and partial exfoliation.

3.2. Thermal Analysis

Typical thermogravimetric curves (TGA) of decomposition of all foams are displayed with
their respective first derivative (dTG) in Figure 5. The values of the temperature corresponding
to a 5% weight loss (T5% weight loss), the temperature at maximum velocity of degradation (Tmax),
the temperature corresponding to a 35% weight loss (T35% weight loss), the char residue (CR, in wt %),
and the limiting oxygen index (LOI), calculated based on Van Krevelen and Hoftyzer [26] equation:

LOI(%) = 17.5 + 0.4CR (8)

are presented in Table 3. Results indicate a characteristic two-step thermal degradation of PEI,
with the first step being related to the decomposition of the aliphatic part of PEI followed by
the degradation of the aromatic part in a second step [4,5].
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Figure 5. (a) TGA and (b) dTG thermograms of pure PEI and PEI-GnP nanocomposite foams.

Table 3. TGA results of pure PEI and PEI-GnP nanocomposite foams.

Sample
Decomposition Temperature (◦C) CR

(wt %)
LOI
(%)T5% weight loss Tmax T35% weight loss

PEI 523.4 538.7 580.9 50.5 37.7
0.1 GnP 516.8 537.3 578.3 50.8 37.8
0.4 GnP 518.7 536.9 580.4 51.7 38.2
0.7 GnP 516.2 536.5 579.3 51.5 38.1
1.0 GnP 519.0 537.0 583.0 51.9 38.3
1.5 GnP 517.4 536.6 582.9 52.4 38.5
2.0 GnP 513.9 535.3 581.7 52.3 38.4

As can be seen in Table 3 and Figure 5, there were minor changes in the degradation behaviour
of foams regarding the addition of GnP. It has been reported that the addition of carbon-based
nanoparticles, especially platelet-like, such as graphene nanoplatelets, could result in improved
thermal stability of nanocomposites through a better physical barrier effect, hindering the escape
of volatile gasses during pyrolysis [27]. On the other hand, the high thermal conductivity of GnP
could promote a higher heat transfer velocity through the foamed structure, thus resulting in a faster
degradation [6]. As can be seen, at the first stage of decomposition there was a slight general decreasing
trend in T5% weight loss and Tmax with increasing GnP amount, suggesting an accelerating effect of GnP
on the degradation behaviour; however, as the degradation process approached the second stage,
a reversed relation was observed, resulting in a delay in the values of T35% weight loss and a rise
in CR. This behaviour is the result of the mentioned contradictory factors, one being the barrier
effect of GnP and the other the enhanced heat transfer, which simultaneously affect the thermal
degradation, their importance varying in the different stages of decomposition. This could be
verified by the calculated values of LOI presented in Table 3, which showed an increasing trend
with incrementing the amount of GnP.

3.3. Dynamic-Mechanical-Thermal Behavior

The results of the dynamic-mechanical-thermal analysis (DMTA) of all foams are presented in
Table 4. For comparative purposes, the DMTA results of PEI-based nanocomposite foams previously
prepared by the WVIPS method are also presented [5,6]. As with PEI-GnP foams prepared by one-step
scCO2 foaming, the prefix number represents the amount of nanoparticle in wt %, followed by
the type of nanoparticle (GnP or CNT) and the letters S and NS, representing whether ultrasonication
was applied or not, respectively.
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Table 4. DMTA results of pure PEI and PEI-GnP nanocomposite foams.

Sample Relative Density E′ at 30 ◦C (MPa)
E′

spec

(MPa·cm3/g)

Glass Transition (◦C)

Max E” Max tanδ

scCO2 foams

PEI 0.44 738.6 1295.8 212.0 220.9
0.1 GnP 0.48 702.8 1171.3 212.1 224.4
0.4 GnP 0.49 884.3 1426.3 212.5 221.4
0.7 GnP 0.42 630.7 1168.0 212.6 224.0
1.0 GnP 0.46 751.6 1273.9 212.8 218.2
1.5 GnP 0.40 642.3 1235.2 213.0 224.2
2.0 GnP 0.49 922.1 1463.7 210.9 226.5

WVIPS foams 1

1.0 GnP NS 0.44 742.6 1335.6 218.0 225.0
2.0 GnP NS 0.39 568.1 1147.7 218.4 226.7
1.0 GnP S 0.26 370.4 1110.9 223.1 229.8
2.0 GnP S 0.26 385.3 1170.5 223.3 228.6
2.0 CNT S 0.44 442.9 776.5 221.5 227.1

1 PEI-based nanocomposite foams prepared by water vapour induced phase separation (WVIPS) [5,6].

The results indicate that two main factors could have affected the viscoelastic response of foams:
Their relative density and the amount of GnP. The foam’s glass transition temperature (Tg) was obtained
from the temperatures corresponding to the maximum of the loss modulus (Max E”) and tanδ
(Max tanδ) curves. The storage modulus (E′) was obtained from the DMTA curves at 30 ◦C. The specific
storage modulus values (E′

spec) of foams were calculated by dividing E′ obtained at 30 ◦C by their
respective density.

As can be seen in Figure 6a, foams showed and increasing trend of the normalized modulus
(E′

norm), defined as the quotient between the storage modulus of the foam and the storage modulus
of the respective unfoamed material (E′

s), i.e., E′
norm = E′/E′

s, with increasing relative density.
Additionally, Figure 6b illustrates the effect of GnP weight percentage on the specific modulus
of the foams, where a general increasing trend was observed with incrementing the amount of GnP.
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Figure 6. (a) Effect of relative density on the normalized storage modulus of PEI and PEI-GnP
nanocomposite foams and (b) enhancement of the specific modulus with increasing GnP content.

Regarding the viscous part, on the one hand the temperature corresponding to the maximum value
of the loss modulus did not change significantly with increasing the amount of GnP. On the other hand,
a general increasing trend was observed for the temperature corresponding to the maximum of tanδ
with incrementing GnP’s concentration, rising 5 ◦C for the 2.0 GnP foam compared to that of pure
PEI foam. Graphene has proven capable of hindering the molecular mobility in multiple study cases
of nanocomposites [28–30] due to possible strong interfacial interaction and/or chemical bonding
between graphene and the polymeric matrix. Hence, the increase in the temperature corresponding
to the maximum of tanδ could be related to an improved interaction of the polymer with graphene
nanoplatelets, broadening the glass transition temperature window.

It is commonly known that density, and hence relative density, plays a key role in the mechanical
performance of foams. Here, as can be seen in Table 4, relative density appears to have a clear
impact on the storage modulus of foams. For instance, the storage modulus increased significantly
from 630.7 MPa to 922.1 MPa with increasing relative density from 0.42 to 0.49. Gibson and Ashby [31]
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introduced a model that represents the relation of the elastic modulus with density for closed-cell
foams assuming foams as a cubic array of individual units:

E
Es

≈ C
(

ρ

ρs

)n
(9)

where ρ and E are respectively the density and the elastic modulus of the foams and ρs and Es

correspond to those of the respective unfoamed material. In this equation C represents the geometry
constant of proportionality and is commonly assumed to be equal to 1 [31].

As presented in Figure 6a, with a power fit of the normalized storage modulus (E′
norm) obtained

at 30 ◦C as a function of relative density, the value of exponent n could be calculated. This value
is related to the efficiency of foaming, with values around 1 representing a smoother decrease in
the normalized elastic modulus with reducing density, typical of homogenous closed-cell foams
with relatively small cell sizes [32]. Values close to 2 represent a faster decrease of E′

norm with
reducing density. The n value in this series of foams was equal to 1.53, somewhat close to
homogeneous closed-cell structure with few interconnectivities and irregularities. However, this
model does not take into account the eventual effects of an additional component, in this case GnP,
on the mechanical properties of the foams, nor its secondary effects on the cellular morphology
of the foams. Therefore, in order to address the effects of GnP on the mechanical performance
of the foams, the specific storage modulus (E′

spec) was calculated and represented as a function of GnP
content (Figure 6b). As expected based on the inherently high elastic modulus of GnP, a general
increasing tendency was observed with the addition of GnP.

Interestingly, PEI-GnP foams containing 1.0 and 2.0 wt % GnP showed higher values of E′
spec

when compared to their counterparts prepared using WVIPS method containing the same amount
of GnP [6]. Additionally, PEI-GnP foams presented much higher values of both E′ and E′

spec for
similar relative densities at lower GnP amounts when compared to foams containing 2.0 wt % of CNT
prepared by the WVIPS method [5] (in both cases, compare values presented in Table 4). This could
suggest that a more effective reinforcing effect could be achieved by adding GnP when compared
to CNT and guaranteeing a more homogeneous microcellular structure via scCO2 foaming when
compared to WVIPS method.

3.4. Electrical Conductivity

It has been suggested that mainly two factors affect the electrical conductivity of polymer-based
foams containing conductive carbon-based nanoparticles: Firstly and most importantly, the dispersion
level of the conductive nanoparticles; and secondly, the porosity level of the foams.

As can be seen in Table 5 and Figure 7, the addition of increasingly higher GnP amounts up until
1.5 wt % GnP led to foams with increasingly higher electrical conductivities, related to the formation
of a more effective conductive network attained by the higher amount of GnP and proper GnP
dispersion throughout the cell walls after foaming. Nevertheless, comparatively 2.0 GnP foam
displayed a lower conductivity than 1.0 GnP or 1.5 GnP foams, which was related to a certain GnP
aggregation at the highest added GnP concentration (2.0 wt % GnP) after foaming, as previously
demonstrated by the intense (002) GnP crystal diffraction plane in 2.0 GnP foam (see Figure 4).
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Table 5. Electrical conductivity and corrected electrical conductivity values of pure PEI and PEI-GnP
nanocomposite foams.

Sample
GnP

(wt %)
GnP

(vol %)
Porosity

(%)
σ

(S/m)
σcorr

(S/m) 1

PEI 0.0 0.00 55.3 7.18 × 10−16 4.60 × 10−16

(9.92 × 10−17)

0.1 GnP 0.1 0.03 52.4 2.70 × 10−13 1.88 × 10−13

(4.03 × 10−14)

0.4 GnP 0.4 0.11 51.0 3.17 × 10−11 2.27 × 10−11

(4.10 × 10−12)

0.7 GnP 0.7 0.17 57.7 7.16 × 10−11 4.99 × 10−11

(1.25 × 10−11)

1.0 GnP 1.0 0.27 53.5 3.76 × 10−10 1.86 × 10−10

(4.00 × 10−11)

1.5 GnP 1.5 0.35 59.6 5.12 × 10−10 3.45 × 10−10

(8.67 × 10−11)

2.0 GnP 2.0 0.57 51.0 1.12 × 10−10 7.70 × 10−11

(1.53 × 10−11)

σcorr represents the electrical conductivity corrected according to Equation (7). 1 Standard deviation of the corrected
electrical conductivity is presented between parentheses.

σ σ

 

Figure 7. Electrical conductivity enhancement of PEI and PEI-GnP nanocomposite foams with
increasing GnP amount. Black circles represent the electrical conductivity values corresponding to
foams prepared by one-step scCO2 foaming and white circles correspond to the electrical conductivity
of foams prepared by WVIPS [6].

As mentioned before, ultrasonication was used in the preparation of the PEI-GnP masterbatch
in order to promote a high level of GnP dispersion. This method has proven worthy in
enhancing the electrical conductivity of foams by reducing particle agglomeration [6,33–36].
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Ultrasonication, combined with melt-mixing and sudden pressure drop applied during foaming
were responsible for promoting the dispersion and partial exfoliation of GnP in PEI, as previously
experienced in foams prepared via scCO2 foaming [21].

Moreover, the porosity of foams could play a key role in the inter-particle distance between GnP
nanoparticles, enhancing their electrical conductivity by forming a more compact network
of conductive nanoparticles. In this sense, by increasing the porosity GnP nanoparticles present
in the continuous polymer phase of the foam would be pushed closer together, favouring the formation
of an electrical pathway, as shown in Figure 8.

Figure 8. Detail of GnP dispersion showing the microstructural changes in a polymer foam containing
GnP with foaming and the effects in electrical conduction.

As can be seen, the electrical conductivity of the foams increased by six orders of magnitude,
reaching 3.45 × 10−10 S/m with the addition of only 1.5 wt % (0.35 vol %) GnP. Interestingly, this value
was clearly higher than those obtained for foams containing the same amount of GnP prepared by
WVIPS method [6]. Since ultrasonication was used in both cases, this result could indicate an enhanced
dispersion of GnP nanoparticles via melt-mixing and formation of a more effective conductive network
throughout the foam using one-step scCO2 foaming.

In terms of electrical conductivity models, a tunnelling mechanism seemed more accurate
compared to a percolative model. Although the percolative model has been used vastly to
explain the conductivity behaviour in various studies of nanocomposites containing carbon
nanotubes [5,37–39] and graphene [40–43], this model is applicable only when the concentration
of the conductive filler is above the critical volume fraction (φc), also known as the percolation
threshold. The percolative model is based on the physical contact between conductive nanoparticles in
order to form a pathway for the electrical conduction and is expressed as:

σ ∝ (φ − φc)
ν (10)

where the electrical conductivity value (σ) is proportional to the volume fraction of the conductive filler
(φ) and the percolation threshold (φc), and ν is the percolation exponent [43]. Nevertheless, a tunnel
conduction model was preferred, as it has been proven to be a more accurate model to
anticipate the electrical conductivity behaviour of nanocomposite foams containing conductive
carbon-based nanoparticles. As mentioned in some of our previous works [4,6], this model
was assumed as the main conduction mechanism in this series of foams due to two main reasons:
Firstly, GnP’s concentration was below the percolation threshold, resulting in absolute electrical
conductivities clearly below what would be expected assuming physical contact between conductive
nanoparticles. Secondly, the percolation model does not consider that these nanocomposite foams
have already achieved a certain level of electrical conductivity for GnP concentrations below
the critical value.

According to quantum mechanics, a tunnelling mechanism indicates that when there is an absence
of physical contact between conductive particles the electrons still have the possibility to penetrate
through a potential barrier. The crossing of electrons in a tunnelling model could occur when
the applied electric field possesses enough potential so that the electron wave function could penetrate
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the barrier [44]. Assuming a tunnel-like mechanism, the dc electrical conductivity can be expressed
as [45–47]:

σ ∝ exp(−Ad) (11)

where A and d are the tunnel parameter and tunnel distance, respectively.
The phi−n presented in Figure 9 (assuming n = 1/5) is directly proportional to the tunnel distance

(d), where the value of n is related to the geometry of the conductive fillers and their distribution.
Particularly, the value of n for randomly distributed spherical-shaped particles has been proposed to
be equal to 1/3 [48], while the value of n = 1 corresponds to a 3D random fibre network [49]. We have
shown in our previous works [4,6] that assuming a tunnel-like approach for PEI-GnP foams prepared
using WVIPS led to a value of n equal to 1/5, which, according to Krenchel [50] and Fisher et al. [51],
could confirm the existence of a conductive network formed by GnP with a 3D random distribution.
Similarly, in this work the best fit was obtained using an n value of 1/5 (see fitting representation in
Figure 9). As shown in previous works, the combination of ultrasonication and increased porosity
due to foaming promoted GnP dispersion and led to enhanced electrical conductivity values. In this
work it was observed that using one-step scCO2 foaming the electrical conductivity could be improved
by a few orders of magnitude for low GnP amounts (<2 wt %), explained on the basis of the already
mentioned improved dispersion of GnP.

 
Figure 9. Representation of the fitting results of the electrical conductivity versus Φ−1/5, demonstrating
the tunnel conduction characteristic of a 3D random particle distribution system formed by conductive
GnP nanoparticles.

4. Conclusions

In terms of cellular structure, PEI-GnP foams presented a microcellular closed-cell structure with
similar cell sizes and cell densities independently of the amount of GnP.

The X-ray diffraction analysis showed that the combination of ultrasonication, melt-mixing,
and sudden expansion using depressurization of scCO2 promoted enhanced dispersion and partial
exfoliation of GnP in the foams.
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The addition of GnP has shown to have opposed influences on the thermal degradation behaviour
of the foams. On the one hand, the char residue resulting from burning increased with incrementing
the amount of GnP while, on the other hand, the value of Tmax experienced a minor decrease with
augmenting GnP content. These behaviours could relate to both the barrier effect of platelet-like GnP,
hindering the escape of volatile gases, and the increase in heat transfer due to the presence of the highly
conductive GnP, resulting in a faster degradation.

The dynamic-mechanical-thermal performance of PEI-GnP foams was globally controlled by their
relative density, as they displayed increasingly higher specific storage moduli with increasing relative
density independently of GnP’s content. Only for similar relative densities the addition of higher GnP
amounts led to stiffer foams. Comparatively, PEI-GnP foams prepared by scCO2 dissolution presented
much higher storage moduli at lower GnP concentrations than foams containing 2 wt % CNT prepared
by WVIPS method [5], explained mainly by their more homogeneous microcellular structure.

The electrical conductivity of foams increased significantly with incrementing GnP’s content,
following a tunnel-like conduction mechanism. Foams showed greater values when compared to
foams previously prepared using WVIPS method. This increase is believed to be a consequence
of the enhanced dispersion of GnP by the combination of ultrasonication, melt-mixing and sudden
pressure drop applied during one-step scCO2 foaming, confirmed by X-ray diffraction results.
One-step scCO2 foaming could have also promoted increases in the electrical conductivity by
decreasing the effective distance between conductive nanoparticles for electrical conduction,
as the growth of cells pushed GnP nanoparticles closer to each other within the continuous PEI matrix.

The foams prepared and analysed in this work could be used in cutting-edge sectors,
such as aerospace or telecommunications, for applications involving ESD or EMI shielding due
to their combination of medium-low density and enhanced electrical conductivity.
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Abstract: The sensitivity enhancement of piezocomposites can realize new applications.
Introducing a cellular structure into these materials decreases the permittivity and thus increases their
sensitivity. However, foaming of piezocomposites is challenging because of the high piezoceramic
loading required. In this work, heat-expandable microspheres were used to fabricate thermoplastic
polyurethane (TPU)/lead zirconate titanate (PZT) composite foams with a wide range of PZT content
(0 vol % to 40 vol %) and expansion ratio (1–4). The microstructure, thermal behavior, and dielectric
properties of the foams were investigated. Composite foams exhibited a fine dispersion of PZT
particles in the solid phase and a uniform cellular structure with cell sizes of 50–100 μm; cell size
decreased with an increase in the PZT content. The total crystallinity of the composites was also
decreased as the foaming degree increased. The results showed that the relative permittivity (εr) can
be effectively decreased by an increase in the expansion ratio. A maximum of 7.7 times decrease
in εr was obtained. An extended Yamada model to a three-phase system was also established and
compared against the experimental results with a relatively good agreement. This work demonstrates
a method to foam highly loaded piezocomposites with a potential to enhance the voltage sensitivity.

Keywords: piezoelectric; functional foam; piezocomposite; PZT; expandable
microspheres; permittivity

1. Introduction

Over decades, great attention has been paid to functional polymer composites, such as
conductive [1,2], piezoresistive [3], and piezoelectric [4,5] composites, as they combine the advantages
of the constituent materials. Piezoelectric materials are used as sensors in medical, automotive,
and aerospace industries. These materials are mainly divided into four categories: piezoceramics [6,7],
piezopolymers [8–10], ferroelectrets [11,12], and piezoceramic-polymer composites [4,5]. The conventional
piezoelectric sensors are mainly made of piezoceramics, notably lead zirconate titanate (PZT) and
barium titanate (BTO). Although these materials can have large piezoelectric charge constants (d),
they are very brittle and difficult to shape into mechanically compliant structures [13]. On the other
hand, polymers can be ductile, easy to shape, and low in material and processing cost. Therefore,
piezopolymers, such as polyvinylidene fluoride (PVDF) and its copolymers and ferroelectrets (also
known as piezoelectrets), were developed mainly to address the limitations of piezoceramics.
Piezoelectrets are electrically charged polymer foams, mostly made of polypropylene. However,
their weak piezoelectric response and low thermal stabilities, together with limited flexibility, limits
their applications [14].
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Recently, piezoceramic–polymer composites, also known as piezocomposites, have been paid
significant attention as the intermediate materials between the two extremes, in an attempt to obtain
a more desirable combination of structural and functional properties [15–17]. Even though the
piezoelectric coefficient of the resultant composite will be lower than that of the ceramic constituent,
combining the ceramic’s high piezoelectric coefficient and the desirable mechanical properties and
processing capability of polymers [18] provides a means of designing composites with desirable
manufacturing and performance characteristics for a range of applications. Among polymers,
thermoplastic polyurethane (TPU) is a highly flexible material and is desirable as a matrix for
applications where conformability is a priority. It is a block copolymer, composed of soft and
hard segments, providing the possibility to tune its elasticity [19]. Because of the high flexibility,
low modulus of elasticity, and recoverability, TPU behaves similarly to elastomers, but at the same
time, remains thermoplastic, which is melt-processable and recyclable, lending itself to more scalable
manufacturing processes such as injection molding. The low stiffness of TPU as a matrix facilitates
the large mechanical deformation of the composite. In addition, it counteracts the brittleness of
the ceramic filler, such that the resultant composite at high loads of piezo particles may still be
deformable repeatedly under large strains. However, in piezocomposites with random alignment of
fillers, because of the high ceramic filler loadings required, the resultant composite is still rigid and
heavy and exhibits relatively low piezoelectric voltage constant (g = d/ε [13]), which is the primary
performance indicator of a piezoelectric material for sensing applications. The low g is associated with
the high permittivity (ε) of PZT and the low d of the polymer matrix.

Foaming of functional polymer composites has been studied to enhance their performance,
develop lightweight products, and explore new applications [2,20,21]. Some works have
demonstrated the ability of foaming to enhance the electrical properties [1], dielectric properties [22],
and electromagnetic interference (EMI) shielding effectiveness (SE) [2] of polymer composites.
Cellular structure can also potentially enhance the touch sensitivity of piezocomposites. In the
past, several methods have attempted to enhance the sensing efficiency of piezocomposites [23–26].
The introduction of cellular structure to piezocomposites can result in a decreased permittivity
(ε) [27–30]. As reported in the work of [31], the introduction of cellular structure will not affect
the overall value of d, and thus the decreased permittivity should enhance the sensing capability
(g). Another appealing characteristic of foamed materials is their enhanced mechanical flexibility.
Polymer foams are composed of a polymeric matrix and gas inclusions to form a cellular structure
with a lower density, which inherently enhances the mechanical conformability of the resultant cellular
structure. This feature can be of great importance for flexible applications. Therefore, the combination
of foaming and the TPU/PZT composite will potentially offer higher g values and greater flexibility
and conformability compared with the unfoamed piezocomposite counterpart.

Very limited work, however, has been reported on the foaming of piezocomposites.
Recently, De Boom et al. [27] and Khanbareh et al. [28,29] reported polyurethane/PZT composite
foams prepared using magnetic stirring and the whipped cream maker method. McCall et al. [30]
worked on polydimethylsiloxane (PDMS)/BTO/multiwalled carbon nanotube (MWCNT) composites
and foamed them via the sugar-templating method. In all the cases, either thermosetting polymers are
used or the foaming methods are not scalable to current industrial fabrication processes. To further
broaden the applications, scalable methods and new material compositions need to be developed for
highly flexible and sensitive piezocomposites. Here, we have investigated a facile and scalable method
of preparing cellular structures in thermoplastic-based piezocomposites with high loadings (up to
40 vol %) that can eventually be scaled to industrial fabrication processes, such as injection molding.

Physical foaming with the aid of a gas such as nitrogen or carbon dioxide is the environmentally
benign method of foaming at the industrial scale. However, polymers filled with a high content of dense
additives such as PZT exhibit significantly decreased physical foaming ability. This is attributed to
difficulty in gas diffusion, decreased fraction of the matrix available, the reduced number of nucleated
cells, and the difficulty in cell growth. In the physical foaming using CO2, Matuana et al. [32] reported
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that an increase in wood flour loading from 0 vol % to 40 wt % in polylactide (PLA)/wood flour
composite foams decreased the expansion ratio from 10 (for neat PLA) to 2 (for PLA/40 wt % wood
flour). They also reported that increasing the filler loading beyond 10 wt % resulted in poorly foamed
composites. One possible alternative for gas foaming is to use expandable microspheres, which are
thermoplastic beads encapsulating a liquid hydrocarbon. Upon heating, the liquid gasifies and expands
the microspheres. Using microspheres, Chan et al. [33] could foam polyethylene composites loaded
with up to 50 vol % boron nitride to achieve lightweight and thermally conductive materials.

In this work, we report highly loaded TPU/PZT foams with high foaming degrees to
achieve lightweight and flexible composites with significantly decreased dielectric permittivity.
Piezocomposite foams with 0 vol % to 40 vol % PZT loadings and expansion ratios of 1–4 were
fabricated using expandable microspheres as the foaming agent. The physical, morphological, thermal,
and dielectric properties of the resultant foams are characterized and the effects of the expansion ratio
are explained. It is shown that the permittivity of the TPU/PZT composite is effectively decreased
over a range of PZT contents and expansion ratios. Furthermore, the experimental data are compared
with those of the theoretical extended Yamada model, and some predictions are established for
piezocomposite foams.

2. Materials and Methods

2.1. Materials

The commercially available TPU (Elastollan® 1185A, BASF Ltd., Wyandotte, MI, USA),
having a density of 1.12 g.cm−3, a glass transition temperature of −38 ◦C, and εr of 6.4, was
used as the base resin. The PZT powder, with an average particle size of 1 μm and εr of 1850,
was supplied by Hammond Lead Products, Hammond, IN, USA. Liquid nitrogen was purchased
from Oxarc Company (Spokane, WA, USA) and used in differential scanning calorimetry (DSC)
tests. The expandable microspheres were grade Expancel 980 DU 120, supplied by Akzonobel,
Duluth, GA, USA. This grade has an initial particle size of 25–40 μm and a density of 1.00 g.cm−3.
The activation temperature starts from 158 to 173 ◦C (Tstart) and can be increased to a maximum of
215–235 ◦C (Tmax). Tetrahydrofuran (THF) was purchased from VWR, Radnor, PA, USA, and used
as the solvent. All materials were used as received. All the properties reported in this section were
provided by the manufacturers.

2.2. Preparation of TPU/PZT Composites

The composites were made using a solution casting method (Figure 1). First, TPU pellets were
oven-dried at 90 ◦C for 2 h to remove any excess moisture. TPU pellets and the expandable microsphere
powder were then mixed together and dissolved in THF using a magnetic stirrer. The microspheres’
loading was fixed at 5 wt % of the composite. PZT powder was dispersed separately in THF with
a magnetic stirrer. The PZT slurry was then added to the TPU/microsphere mixture. The PZT content
in the composites were fixed at 10–20–30–40 vol % of the composite. The mixtures were then magnetic
stirred to obtain a viscos slurry and put into an ultrasonic bath, with a water temperature of 70–80 ◦C.
The sonication at elevated temperature prevented the fillers from precipitating and accelerated the
evaporation process. The samples were then dried in a vacuum oven for 2 h at 90 ◦C for complete
removal of THF. The samples were then hot-pressed (Carver Inc., Wabash, IN, USA) at 130 ◦C and
0.5 MPa for 6 min. In order to prevent the samples from foaming at this stage, 130 ◦C was selected for
shaping the samples, which is lower than the Tstart of expandable microspheres. This generated a solid
layer of the composite with unexpanded microspheres.

254



Polymers 2019, 11, 280

Figure 1. Schematic illustration of the solution casting process. TPU—thermoplastic polyurethane;
PZT—lead zirconate titanate; THF—tetrahydrofuran.

2.3. Fabrication of TPU/PZT Foams

Foaming was conducted using a hot press as the heat source. The composite samples were placed
between the two platens of the press at 160 ◦C and 0.5 MPa for 1 min. The pressure was then released
to allow the composite expansion, while the samples remained at the elevated temperature between
1 and 4 min to assure that the viscosity of the samples was low enough to allow microsphere expansion.
The samples were then removed from the hot press and left outside for 1–5 min for further expansion.
After the desired foaming degree was achieved, the samples were quenched in cold water to prevent
further expansion. Different foaming times were used to obtain a range of the expansion ratio. It is
noted that for foamed samples, the reported PZT volume contents are all based on the initial volumes,
not on the final volumes after foaming, unless otherwise stated.

2.4. Characterization

The microstructure and cellular morphology of the TPU/PZT foams were examined using a JEOL
JSM-6060 scanning electron microscope (SEM) (JEOL USA Inc., Peabody, MA, USA). The samples
were cryo-fractured using liquid nitrogen before sputter coating. The densities of the solid (ρu)
and foamed (ρf) composites were measured using the water-displacement method (ASTM D792-08).
Volume expansion ratio (ϕ) and void fraction (Vf) were calculated using the following equations:

ϕ =
ρu

ρ f
=

1
1 − Vf

, (1)

Vf =

(
ρu − ρ f

)
ρu

× 100. (2)

Image processing was carried out using ImageJ software (Version 1.51, 2018) developed by the
National Institute of Health, Bethesda, MD, USA. The cell density was calculated from the SEM
micrographs using the equation bellow:

Cell density =

(
nM2

A

)3/2

× ϕ, (3)

where n is the number of cells in the micrograph and A and M are the area and magnification factor,
of the micrograph, respectively.
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Differential scanning calorimetry (DSC, DSC 214 Polyma, Netzsch, Germany) was performed for
thermal analysis. The samples were first cooled down from ambient temperatures to −40 ◦C and then
heated up from −40 to 240 ◦C. They were kept at that temperature for 5 min, before cooling down to
ambient temperature again. The heating and cooling rates were 10 ◦C/min and all scans were under
a nitrogen atmosphere, with sample sizes of ~8–9 mg. The solid TPU and TPU/PZT samples were
pressed without expandable microspheres to avoid expansion during the DSC test. They were pressed
at 160 ◦C to have the same thermal history as that of the foamed samples. Moreover, unlike foamed
samples, the solid samples were not quenched in water to resemble their actual process.

The dielectric permittivity of the samples was measured using a Hewlett Packard 4192A LF
impedance analyzer (Hewlett Packard, Palo Alto, CA, USA) with 16451B dielectric test fixture over the
frequency range of 10 kHz to 10 MHz. The following equation was used to obtain εr:

εr =
tCp

Aε0
, (4)

where ε0 is the space permittivity (8.854 × 10−12 F/m), Cp is the measured capacitance, A is the contact
area of the electrode, and t is the thickness of the test sample.

2.5. Permittivity Model for Ternary System

In order to better understand the dielectric response of the composite materials, experimental
results were compared with the extended Yamada model to ternary systems. The Yamada model
predicts the permittivity of binary systems using the following equation [34]:

εc = εm

⎧⎨
⎩1 +

n f Vf

(
ε f−εm

)
2εm +

(
ε f − εm

)(
1 − Vf

)
⎫⎬
⎭, (5)

where εc is the εr of the composite, Vf is the volume fraction of the filler, and nf is a parameter related to
the geometry of the ceramic particles. The main advantage of the Yamada model is that the geometry
of non-spherical filler can be taken into account using the nf factor [5]. In this work, the Yamada
model was extended for the ternary system of TPU/PZT/air, in an attempt to predict the relative
permittivity of the composite foams. In this adaptation, the relative permittivity of the piezoceramic
polymer composite was calculated first using Yamada model. Then, TPU/PZT was assumed as the
matrix material with air as the filler for the final ternary system. The relative permittivity of the ternary
system was then calculated as follows:

εc,t = εc

{
1 +

nvVv(εv−εc)

2εc + (εv − εc)(1 − Vv)

}
, (6)

where εc,t is the relative permittivity of the ternary system (i.e., the PZT/TPU/air composite foam),
εc is the permittivity of PZT/TPU composite obtained from Equation (5), nv is the shape factor related
to the geometry of the voids, Vv is the volume fraction of air phase (voids), and εv is the relative
permittivity of air (εv = 1).

3. Results

3.1. Microstructure

Figure 2a–d depict the cellular morphology of composite foams at ϕ = 2, and the effect of PZT
content on the cell size and cell density of the foams is summarized in Figure 2e. Foams with
expansion ratios of up to ϕ = 9 were achieved using expandable microspheres. However, beyond ϕ = 4,
the mechanical properties and the structural integrity of the highly-expanded composites seemed
insufficient and were not further investigated. Overall, the cell size in all the foams remained between
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50 and 100 μm. The average cell size changed only slightly from 85 ± 7 μm in TPU/10 vol %
PZT (Figure 2a) to 90 ± 5 μm in TPU/20 vol % PZT (Figure 2b). The average cell size, however,
visibly decreased to a lower value of ~50 ± 8 μm in TPU/40 vol % PZT foams (Figure 2d). This can be
explained by the higher viscosity of the composites in higher filler loadings, which can restrain the cells
from growing further. The cell density was slightly increased with PZT content, which compensated
for the decreased cell size at a constant expansion ratio. The average cell density was calculated to
be 1.2 × 106 at 10 vol % PZT, increasing to 3.7 × 106 at 40 vol % PZT. In this study, the microspheres
content was fixed at 5 wt %, which results in an almost uniform cell density throughout all samples.
In order to achieve a higher cell density (and smaller cell sizes), the expandable microspheres content
can be increased. In addition to having a larger number of cells, this would result in the obstruction of
the individual cells from growing, resulting in a smaller average cell size [33].

Figure 2. Scanning electron microscope (SEM) micrographs of TPU/PZT composite foams containing
(a) 10 vol %, (b) 20 vol %, (c) 30 vol %, (d) 40 vol % PZT, and (e) average cell size and cell density vs.
PZT content, at an expansion ratio of φ = 2.

Figure 3a–d compare the morphology of TPU/20 vol % PZT composites in four different expansion
ratios at ×150 magnification. Figure 3e–g also exhibit the PZT particle dispersion in the solid and
foamed samples at ×1000 magnification. The oval-shaped whiter regions identified by red ellipses in
Figure 3a are the agglomerates of PZT particles, with sizes ranging from several tens of micrometers to
a few micrometers. Individually dispersed PZT particles in the solid samples are also clearly seen in
Figure 3e. The agglomerates were not perfectly spherical, elongated slightly in the horizontal direction,
giving them a non-unity aspect ratio (AR), with some in-plane orientation. As will be discussed later,
the best fit to the Yamada model was obtained with an AR = 0.5 for solid samples. The agglomerates
were distributed between the fully dispersed PZT particles, with a particle size of ~1 μm (Figure 3e).
Moreover, some black voids are seen in the microstructure of solid samples (Figure 3a,e), which are the
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prints of unexpanded microsphere particles (~25 μm original diameter), separated from the surface
during cryogenic fracture for SEM sample preparation.

Figure 3. Cellular morphology of TPU/20 vol % PZT composite foams with (a) ϕ = 1 (solid), (b) ϕ = 2,
(c) ϕ = 3, and (d) ϕ = 4. High magnification micrographs showing the dispersion of PZT in (e) solid,
(f) cell struts, and (g) cell walls of foamed composites.

As can be seen from Figure 3c,d, at a given PZT content, with an increase in the foaming time,
a greater number of expandable microspheres were activated, rather than further enlargement of the
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already activated microspheres. This resulted in an increased expansion ratio due to increased cell
density, while the cell size remained approximately unchanged. The PZT dispersion in the foamed
samples is shown in Figure 3f,g for the cell struts and cell walls, respectively. It can be seen that the
PZT particles exhibited a better dispersion state inside the TPU matrix of foamed samples, and no large
agglomerates were present. The better dispersion of PZT particles in the foamed samples compared
with the solid ones is attributed to the effect of cell expansion. During foaming, as the microspheres
enlarge, they apply local biaxial stretching and uniaxial compression on the material surrounding
the cell, as shown in the literature [35,36]. This deformation could help the PZT agglomerates to
redistribute and obtain a better dispersion state. As no further elongated agglomerates were present in
the foamed samples, the aspect ratio of individual PZT particles, which is about one, was used in the
Yamada model of foamed samples.

3.2. Thermal Properties

3.2.1. Crystallization

Figure 4a depicts the DSC thermographs of neat TPU and TPU/20 vol % PZT composites with
expansion ratios of 1, 2, 3, and 4. All the samples exhibited a multiple-peak melting behavior, which has
been reported in earlier studies for TPU-based materials [37,38]. Neat TPU showed a relatively
narrow endotherm with two distinct peaks at 121.1 and 168.1 ◦C; the heat of fusion for the first peak
was ΔH = 1.54 J/g and that for the second peak was ΔH = 1.69 J/g. The narrow peaks are most
likely attributed to the relative homogeneity of the hard-segment (HS) crystallites in the neat TPU
microstructure. Pramoda et al. [38] attributed the multiple-peak phenomenon to three main reasons:
(a) melting/re-crystallization/re-melting during DSC heating, (b) polymorphism, and (c) variation in
morphology. During heating, the smaller and less perfect crystals started melting first, as reflected in
the first melting peak, which occurred at lower temperatures (Tmlow). As heating continued, the bigger
and more perfect crystals then began to melt.

Figure 4. (a) Differential scanning calorimetry (DSC) heating thermographs of neat TPU and solid and
foamed TPU/20 vol % PZT samples and (b) variation of the low and high melting peaks (Tmlow and
Tmhigh) of solid and foamed (ϕ = 2) composites as a function of PZT content.

Figure 4a also shows the heating thermographs of the TPU/20 vol % PZT solid and foamed
composites. All the composites showed a broad endotherm with two melting peaks. A major change
in the thermographs of the composites, compared with that of the neat TPU, is the shift of the first
melting zone to lower temperature ranges. This is also seen in Figure 4b, where the changes in the first
and second melting peaks (Tmlow and Tmhigh) of the solid and foamed samples, at expansion ratio of 2,
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are given. Similar values of Tmhigh were obtained for both solid and foamed samples, and it appeared
to be relatively independent of the PZT content and expansion ratio. This consistency in the Tmhigh
values suggests that the compression molding and foaming temperature (160 ◦C) was not high enough
to fully melt the larger and more perfect crystals. The crystallites that comprise the second melting
peak (Tmhigh) are larger with higher melting points.

Neat TPU and solid samples had identical process histories. The exposure to high temperatures
only occurred during the compression molding (160 ◦C). However, foamed samples underwent
a slightly different process. The solution cast samples were first pressed at 130 ◦C (before foaming) and
then at 160 ◦C for foaming. The only difference between the process histories of foams with various
expansion ratios is that the foaming time was slightly higher for samples with higher expansions.
It can be seen from Figure 4b that the Tmlow and Tmhigh were only affected by the introduction of PZT
particles; different expansion ratios and a change in the PZT contents did not significantly affect the
melting peak temperatures.

As seen in Figure 4b, in the solid samples, Tmlow decreased as the PZT was added. At the pressing
temperature of 160 ◦C, the less perfect crystals of the hard segment were molten. Upon cooling,
the presence of heavy PZT particles hindered the motion of the molten chains and prevented the
full re-stacking and re-crystallization. Therefore, a lower Tmlow was obtained in the solid TPU/PZT
compared with that in the solid neat TPU.

In the foamed neat TPU samples, the quenching after foaming resulted in a much faster cooling
compared with the air cooling of the solid neat TPU. Therefore, the molten hard segment chains did
not find enough time for re-stacking and full crystallization in the foamed TPU. This resulted in smaller
and less perfect crystals and thus a significant drop in the Tmlow of the foamed neat TPU compared with
that of the solid neat TPU. However, the Tmlow increased again with the introduction of PZT to foamed
samples. The major reason for this increase comes from the foaming time. TPU/PZT composites had
a much higher viscosity compared with neat TPU. Therefore, longer foaming times were needed to
obtain a certain expansion ratio. The longer foaming time associated with the composites facilitated
better re-stacking of the chains and further crystal growth. Therefore, a higher Tmlow was obtained
for TPU/PZT foams compared with the TPU foam. It is believed that 10 vol % PZT was a sufficient
amount of filler loading in terms of its effect on the crystal stacking, and thus a further increase of the
PZT loading from 10 vol % to 40 vol % did not significantly change the Tmlow.

Figure 5 shows that the total crystallinity of the TPU’s hard segment decreases with an increase
in the PZT filler content. The crystallinity is usually expected to increase with the addition of
a small amount of fillers, because they could act as crystal nucleating agents and initiate more
crystallization [39]. However, in this work, the TPU matrix is filled with a high content of heavy and
relatively large PZT filler, and thus the viscosity is increased, causing the limited mobility of the chains.
The chain mobility is further limited by an increase in the PZT content. This hinders the stacking of
the TPU’s hard segment chains during pressing and cooling, and hence a decrease in the degree of
crystallinity is observed with an increase in the PZT filler.

It is also noted that the total crystallinity decreased as a function of the expansion ratio in neat
TPU. In order to achieve a higher expansion ratio, a longer foaming time was used. A longer time at
a relatively high temperature of 160 ◦C for neat TPU with a lower viscosity causes a larger number of
more perfect crystals (i.e., crystals associated with Tmhigh) to melt. Therefore, the total crystallinity
was decreased by more than 50% in the foams with the highest expansion of 4, compared with the
solid ones. However, the crystallinity remained approximately unchanged with expansion ratio in
the TPU/PZT composites. This is most likely the result of the dominating effect of the heavy and
abundant PZT fillers, which made it difficult for the crystals to reform once they were molten.
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Figure 5. Total crystallinity of the TPU and TPU/PZT solid and foamed composites.

3.3. Dielectric Properties

3.3.1. Broadband Relative Permittivity

Figure 6a shows the broadband εr of TPU/PZT composites over the frequency range of
10 kHz–10 MHz at several PZT contents. The average εr of TPU and PZT was 6.4 and 1850
(~300 times that of TPU), respectively. A homogeneous distribution of the PZT particles resulted in
a continuous increase in εr of the composites, as the high-permittivity PZT loading was increased.
Overall, the permittivity values for a given PZT content were relatively frequency independent.
The frequency independency decreased slightly as the PZT content increased, being most noticeable
for TPU/40 vol % PZT composite. The frequency dependency of a composite permittivity can be
affected by the polarization of the matrix, the filler, and the interface [40,41]. TPU and PZT have
frequency independent permittivity over the tested frequency range. In addition, as neither PZT
nor TPU are electrically conductive, only a few nomadic charge carriers could be accumulated at
the interface of the two. Therefore, the total resultant permittivity behavior of the composites was
relatively frequency independent and the slight increase of the dependency with increased PZT content
is attributed to the increased interface between TPU and PZT. The measured broadband permittivity
values are consistent with the data reported in the literature [42,43]. The relative permittivity values at
1 MHz were used for further analysis.

Figure 6. Broadband relative permittivity of (a) solid (b) foamed at ϕ = 2 of TPU/PZT composites at
various PZT loadings up to 40 vol %.
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Figure 6b shows the broadband εr of the foamed composites at ϕ = 2. The overall broadband
behavior of the foamed samples was similar to that of the solid composites, with some reduced
dependency on the frequency. In the foamed composites, the sensitivity of the permittivity to PZT
content was lower compared with that in the solid samples. As will be discussed later, this is the result
of having the third phase (gas) with a low permittivity and relatively large volume fraction.

3.3.2. Impact of PZT Content and Foaming on Relative Permittivity

Figure 7a shows the variation of εr of TPU/PZT foams with PZT content at several fixed expansion
ratios. The relative permittivity of the solid samples increased drastically with the increasing PZT
content. This increase indicates a good coupling between the filler particles and polymer matrix [44].
For foamed samples, in general, the curves shifted downwards as the expansion ratio increased,
demonstrating an inversely proportional relation between εr and the void fraction. Also, the void
fraction effect was pronounced as the PZT content increased. Overall, εr decreased by approximately
50% to 85% by increasing the expansion ratio to 4. For foamed samples, εr increased as PZT content
increased, but it was not as significant as solids, which can be attributed to the dominance of
low-permittivity gas phase at high void fractions. In addition, a further increase of the expansion ratio
decreased εr.

Figure 7. (a) Relative permittivity of TPU/PZT composites as a function of PZT content at the expansion
ratios (void fractions) of ϕ = 2 (Vf = 0.5), ϕ = 3 (Vf = 0.67), ϕ = 4 (Vf = 0.75). (b) Relative permittivity vs.
PZT content for solid and foam TPU/PZT samples, compared with the prediction of the Yamada model.

Figure 7b compares the results of the experiments for both solids and foams with the Yamada
model. The Yamada model results for the solid samples, using two different aspect ratios of PZT
particles, are also shown in Figure 7b. The volumetric contents for the foamed composites were
modified in order to obtain final volume fractions of the constituents needed for the model. For this,
the volume occupied by the voids was subtracted from the overall volume, and the new PZT contents
were calculated based on the available TPU/PZT material in the foams. The relative permittivity of
TPU (ε1) and PZT (ε2) used in the model was 6.4 and 1850, respectively. Assuming perfectly spherical
particles (AR = 1), the Yamada model underestimates εr values and the discrepancy increases with the
increase in the piezoelectric particle volume fraction. Babu et al. [44] related this increasing discrepancy
to the diversion from the original spherical shape of the particle and leaning towards an ellipsoidal
shape. As discussed, Figure 3g schematically represents the dispersion of PZT particles in the solid
samples and can be described as a matrix with particles having a non-unity AR. When using the
Yamada model, the shape-dependent parameter nf in the Equation (5) needs to be modified to achieve
the best fit to the experimental values [34,45]. In this work, an AR � 0.5 was found to best fit the
experimental results of solid composites. nf was thus selected such that that it represents the AR � 0.5
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for the solid samples. With this assumption, the predicted values from the Yamada model match well
with the experimental data for the entire PZT content range tested.

Figure 7b also shows the comparison of the experimental data with the Yamada model for the
foamed composite samples. The extended Yamada model was used to predict the permittivity of
TPU/PZT/gas composites. For the ternary system, the aspect ratio for both PZT and air particles
was assumed to be 1, which is a reasonable assumption, according to the SEM micrographs of the
composites, as the PZT particles are mostly individually dispersed and the voids are relatively spherical.
A relatively good agreement was obtained between the experimental values and the Yamada model
predictions for all the TPU/PZT foams, indicating the capability of the Yamada model to predict εr of
ternary systems.

Figure 8 gives the dielectric loss (tanδ) of the solid and foamed samples as a function of PZT
loading. The dielectric loss of the used TPU and PZT was 0.1 and 0.016, respectively. In the solid
samples, the dielectric loss continuously decreased from 0.1 in neat TPU to 0.055 in TPU 40 vol.%
PZT composites, as the tan δ of PZT is ~6 times smaller than that of TPU. In the foamed samples,
at an expansion of two (ϕ = 2), the dielectric loss curves for all PZT loadings shifted downwards,
and an overall decreasing trend of the dielectric loss versus PZT content was present throughout all
the samples at ϕ = 2. Neat TPU showed the biggest decrease after foaming, as tanδ dropped from 0.1
for solid to ~0.04 with 75% foaming (ϕ = 4). In the composites, overall, the value of tanδ decreased
only slightly by further expansion beyond ϕ = 2. The rate of tanδ drop as a function of expansion ratio
reduced as the PZT content was increased in the composites. This was the result of the reduced content
of TPU, which had the highest dielectric loss.

Figure 8. Dielectric loss of TPU/PZT composites as a function of PZT content at the expansion ratios
of ϕ = 2 (Vf = 0.5), ϕ = 3 (Vf = 0.67), and ϕ = 4 (Vf = 0.75).

4. Conclusions

Composite foams of TPU/PZT with different PZT contents (ranging from 10 to 40 vol.%) and
various expansion ratios (ϕ =1 to 4) were fabricated. Expandable microspheres were utilized to create
the cellular structure in these highly loaded composites. The morphology and cellular structure were
studied. The foams demonstrated microcellular structures with relatively spherical cells at all PZT
contents and expansion ratios. The DSC was performed on the samples in order to assess the effect
of filler and expansion ratio on the thermal properties of the composites. All the samples showed
double melting peaks, which became shorter, as the expansion ratio increased. Tmhigh values did not
change after the addition of PZT filler or foaming, but Tmlow decreased by ~60 ◦C after the addition of
PZT particles.

The dielectric permittivity, εr, increased with an increase in the PZT content.
Overall, the introduction of cellular structure decreased εr. The permittivity exhibited an
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inversely proportional relation with the void fraction, and a maximum of 7.7 times decrease was
obtained at an expansion ratio of ϕ = 4. At the higher expansion ratios, the relative permittivity
appeared to be less dependent on PZT loading, because of the dominance of the low-permittivity gas
phase. Moreover, the experimental εr measurements showed good agreement with the predictions
made by the Yamada model, extended to the ternary system of piezoceramic/polymer composite
foams. An AR = 0.5 best described the Yamada model of the solid samples, while AR = 1.0 worked
well for both the PZT and gas phases in the ternary system of foam. This was because of the
fact that foaming helped in better dispersing the agglomerates of PZT formed during solution
casting. These foams will exhibit higher voltage sensitivity compared with their solid counterparts,
broadening the applications of piezocomposites.
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Abstract: Many polymer/surfactant formulations involve a trapped kinetic state that provides some
beneficial character to the formulation. However, the vast majority of studies on formulations
focus on equilibrium states. Here, nanoscale structures present at dynamic interfaces in the form
of air-in-water foams are explored, stabilised by mixtures of commonly used non-ionic, surface
active block copolymers (Pluronic®) and small molecule ionic surfactants (sodium dodecylsulfate,
SDS, and dodecyltrimethylammonium bromide, C12TAB). Transient foams formed from binary
mixtures of these surfactants shows considerable changes in stability which correlate with the strength
of the solution interaction which delineate the interfacial structures. Weak solution interactions
reflective of distinct coexisting micellar structures in solution lead to segregated layers at the foam
interface, whereas strong solution interactions lead to mixed structures both in bulk solution, forming
interdigitated layers at the interface.

Keywords: Pluronic; surfactants; foams; SANS; multilayers

1. Introduction

Polymer-surfactant stabilised foams are of growing interest in a wide range of industries-paper,
foodstuffs, home, personal care and pharmaceutical-either because the foam is an end-product or
encountered during the manufacturing process. The ability to control the interactions between the
polymers and the surfactants provides new approaches to control the foaming properties of these
systems, and eventually, optimizing the performance of the formulation. Foams are thermodynamically
unstable, and therefore surface active species like proteins, particles, polymers, surfactants and their
mixtures are commonly used to stabilise the foam by slowing the drainage, coalescence and coarsening
of the foam structures [1]. How this stability is achieved is still not fully understood.

Mixtures of polymers and surfactants are ubiquitous and their bulk and equilibrium interfacial
behaviours have been investigated at length. Generally, the systems may be differentiated by the
strength of the interactions between the surfactant and the polymer chains, these being hydrophobic
and/or electrostatic in nature, depending on the chemical composition of the system. The key
surfactant structure in these complexes could be of monomeric or micellar nature depending on
several factors, but notably the surfactant/polymer concentration, the presence of any additives and
the conditions of the solution being studied [2]. Multi-layer structures are often observed, especially in
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the context of oppositely charged polymers and surfactants, but less so with non-ionic surface active
polymers and surfactants [3–11].

Few studies have focused on the relationship between adsorbed layers and the foam stability
(time taken for the foam to collapse) and/or “foaminess” (measured height of a column of foam
generated under controlled conditions) from a detailed structural analysis of the interfacial layers.
One notable study is that of Petkova et al., who investigated foams stabilised by blends of non-surface
active polymers (poly(vinylamine), poly(N-vinyl-formamide)) and small molecule surfactants (SMS)
(sodium dodecylsulfate (SDS), C12TAB (dodecyltrimethylammonium bromide) and Brij 35 (C12EO23))
that show strong and weak solution interactions. In these studies, less foamabililty, but higher foam
stability was recorded from polymer-surfactant mixtures showing strong synergistic interactions [12].

Recent neutron reflectivity (NR) studies have concluded that the “equilibrium” interfacial
structures of surface active species such as surfactants and polymers are rather more complex than
historically modelled, and often, experimental findings are difficult to deconvolute. The origin of this
is thought to be the formation of multilayer structures [13–15], though not all experiments provided
unequivocal evidence for this (such as Bragg peaks). However, some studies especially on oppositely
charged polymer/surfactant complexes do exhibit these features e.g., Campbell et al. [3,16] and
others [8,17–20]. Further, for oppositely charged systems, characteristics that impact the kinetics of
interaction such as the order of mixing, are shown to be dominating factors in defining the structures
that ultimately form [10]. Therefore, it is hypothesized that there is an as-yet, an ill-defined relationship
between the surface and bulk structures in these slowly equilibrating systems.

We have previously deployed small-angle neutron scattering (SANS) to study foams stabilised
by single component solutions of non-ionic polymers of the Pluronic family [21] and small molecule
surfactants [22], since neutron techniques have a proven ability to probe the adsorption of molecules
at interfaces. Such experimental approaches have contributed significantly to the understanding of
the structure activity relationships of interfacial bound species. Of key interest in that work were
observations of (Bragg) peaks in the scattering data suggesting the presence of polymer and/or
surfactant multilayer structures [23–25] at the air-water interface present in wet foams. It is therefore
hypothesized that the multilayer structure is induced by the non-equilibrium nature of the foam,
and as such these observations resonate with “equilibrium” reflectivity studies on the more slowly
equilibrating oppositely charged polymer/surfactant systems. Our data were successfully described
by a small number (M) of discrete layers of thickness (L) and spacing (D) [26,27] though it must be
said, that multilayer structures at dynamic interfaces is not a universally accepted view [28–32] and
further research is warranted.

Herein, we extend our previous SANS studies to include investigation of the interfacial structure of
foams stabilised by two surface active species (and thus, in contrast to Petkova [12]); non-ionic triblock
copolymers Pluronic and SMS. To the best of our knowledge, this is the first time that foams stabilised
by mixtures of surface active polymers and surfactants has been investigated by SANS, and should
complement the reflectively studies on oppositely charged polymer/surfactant systems. Significant
changes in the foam stability measurements were also observed as the strength of interactions varied
from weak to strong, evident by more stable foams for the systems showing strong or “synergistic”
solution interactions (Supplementary Information).

Wet (continuously generated) foams consisting of bubbles ranging in size from a few to tens of
millimetres in diameter, with film thicknesses of microns, were prepared using the following SMS;
anionic SDS, cationic C12TAB, and non-ionic polymeric surfactants Pluronic P123 (EO20PO70EO20) and
L62 (EO6PO34EO6). Further, mixtures of Pluronic P123 and SMS at concentrations significantly below
the respective critical micelle concentration (CMC) or mixed CMC as measured by surface tensiometry
(Figures S5 and S6) to avoid the presence of any solution-like micelles have also been explored.

The SANS data will be presented in the following manner; (a) foams stabilised by a weakly
interacting system; Pluronic P123 and C12TAB system [33]; (b) foams stabilised by a strongly interacting
system; Pluronic P123 and SDS and finally; (c) to show temperature induced micellisation, foams
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stabilised by Pluronic L62 as a function of temperature. It is hoped that this work would highlight
how the structural variations of the commonly used temperature sensitive surface active polymers
(Pluronic) and the interactions between these polymers and SMS in bulk affect the surfactant structures
at the foam air-water interface.

2. Materials and Methods

2.1. Materials

Sodium dodecylsulfate (SDS, ≥99.0%) and dodecyltrimethylammonium bromide (C12TAB,
≥99.0%), Pluronic® P123 and L62 were purchased from Sigma Aldrich and were used without
further purification as the surface tension data did not point to the presence of any impurities
(Figures S3 & S4, Table S1). Deuterated sodium dodecylsulfate (d-SDS), dodecyltrimethylammonium
bromide (d-C12TAB), were synthesised by ISIS deuteration facility and have been used as received.
All the samples were prepared in deuterium oxide (D2O, ≥99.8%, Sigma Aldrich, Gillingham, UK).

2.2. Methods

2.2.1. Tensiometry

Surface tension measurements were carried out using a maximum bubble pressure tensiometer
(SITA science on-line t60, Germany), calibrated by reference to de-ionized water. Surface tension
was recorded at a bubble lifetimes of 10 s. All the CMC determination measurements were taken
at 25 ± 1 ◦C, Table S1. The CMT determination measurements for Pluronic L62 were performed at
concentration of 2 wt% and a temperature range of 20 ◦C to 50 ◦C, Figure S7.

2.2.2. Foam Stability Measurements

Measurements were carried out in a graduated glass column, 45 cm in height and 20 mm in
diameter, Figure S1. The column has a porous frit disk (porosity of 2 μm) placed at the bottom of the
column. The airflow was controlled via a flow meter. 2.5 cm3 of the surfactant solution was placed
at the bottom of the column and nitrogen gas was passed through the sample (constant flow rate of
0.04 L/min and 0.4 bar pressure). Foam with a standard height of 15 cm was generated, after which
the gas flow was turned off and the foam was allowed to drain and collapse. The time taken by the
foam to drop to half of its original height is defined as the half-life. All measurements were recorded
twice; new aliquots of surfactant solution were used for each foam test and the column was washed
with deionised water and dried between each test to ensure reproducibility.

2.2.3. Small-Angle Neutron Scattering (SANS)

SANS experiments were performed on either (i) the time of flight SANS2d diffractometer at the
ISIS pulsed spallation neutron source, Rutherford Appleton Laboratory, Didcot, UK. A range defined
by Q = (4π/λ) sin (θ/2) between 0.005 and ≥ 0.3 Å−1 was obtained by using neutron wavelengths (λ)
1.75 to 16.5 Å with a fixed detector distance of 4 m or (ii) steady-state reactor source, D11 diffractometer
at the ILL, Grenoble where a Q range is selected by choosing three instrument settings at a constant
neutron wavelength (λ) of 8 Å (ILL) with a sample detector distance of 1.2, 8 and 39 m.

Experimental measurement times were around 5 min (SANS2d) and between 10–15 min (ILL,
longer as three detector distances were used with no offsets or discontinuities between the various
configurations). All scattering data presented in this paper were (a) normalized for the sample
transmission; (b) background corrected using the empty foam cell and; (c) corrected for the linearity
and efficiency of the detector response using the instrument specific software package and the scattering
from a polystyrene blend taped to the front of the foam cell, Figure S2.

269



Polymers 2019, 11, 109

SANS Data Modelling

Visually, the bubbles studied here are highly curved, comprising spherical pockets of air that
are a few to tens of millimetres in size, with the fluid lamellae being easily observable to the naked
eye. However, to the neutrons these interfaces are large and flat. The nano-scale structures assembled
at these air-water interfaces may be characterized by a model, represented in Scheme 1, comprising
M thin paracrystalline polymer/surfactant/water multilayers of thickness L and separation D with
diffuseness Ti (the variation in interface structure perpendicular to the interface; an ideal interface will
have zero diffuseness). A Qn term was also added to this model to account for the scattering arising
from the smooth air/water interface. To limit the functionality of the fit, the diffuseness Ti has been
constrained to 0.01 as per previous studies [26,27].

Scheme 1. Schematic presentation of the multilayer model of the adsorbed Pluronic layers at the
air/water interface. L is the layer thickness and D defines the separation. Not to scale.

Therefore, in this model, I(Q) = I(Q)lamellar*S(Q), where I(Q)lamellar is expressed as:

I(Q)lamellar → N (ρ1 − ρ3)
2V2

⎛
⎝ sin

(
QL1

2

)
QL1

2

⎞
⎠

2

where N is the number of scatterers per unit volume, cm−1, ρ1 is the scattering length density (SLD) of
the polymer/surfactant layer, ρ3 is the SLD of the solvent, V is the volume of the scatterer and L is
the thickness of the polymer and/or surfactant layer. The S(Q) used here is that of a one dimensional
paracrystal, Equations (9)–(12) in the model description detailed by Kotlarchyk et al. [26] The main
contributing terms to the S(Q) are M and D as explained earlier, in addition to a Gaussian distribution
term, σD/D; these give rise to the peaks observed in the reduced (Qn subtracted) visualization.

Typical starting values for heterogeneity for L and D expressed as σ(L)/L and σ(D)/D are 0.2,
though these values have been shown to have a negligible effect on the overall quality of the fit
(within reasonable bounds). The SLDs (contrast) of the various materials is such that in D2O, the
scattering arises equally from the air–D2O and polymer/surfactant–D2O interfaces, and any further
deconvolution of the data is not feasible, at least in these systems.

The thickness L value was estimated by calculating the critical chain length (Å) for the small
molecule surfactants (1.5 + (1.26 × Nc) × 2)., where Nc is the number of carbon atoms in the alkyl chain.
As for the Pluronic, the thickness L was determined from previous neutron reflectivity studies but also
taking into consideration the sensitivity of the model’s parameters. The value for the number of layers
(M) necessary to produce suitable fits was around n ≈ 5), larger values did not significantly improve
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the quality of the fit. No significant difference was observed between the d-spacing values obtained
from the visual inspection of the scattering data and the values obtained for D from the fitting routine.

3. Results and Discussion

The measured SANS data from these systems, the insets in Figure 1 (and also in Figure 3), show a
pronounced Q−4 dependence, as expected from the intense Porod surface scattering from the large
smooth surface of the bubbles. A visualisation strategy in which the data is plotted in a I(Q)*Q−n

representation was developed, (n = 4 ± 0.05), Figure 1 and Figure 3, to reveal the several subtle
inflexion(s) in these data observed across the Q range. The Q position of these inflexions was found to
be sensitive to the surfactant and/or polymer structure, and to the level of the interactions between
the components. The data were fitted to a multilayer model, as shown in the materials and methods
section and the fit is also presented in an I(Q)fit*Q−n representation.

Figure 1. Small-angle scattering recast into an I(Q)*Qn vs. Q format arising from foam stabilised by
Pluronic P123, C12TAB and their mixture, recorded on the D11 diffractometer. Data have been offset
for clarity. The inset figure presents the raw data. Solid lines are fits to the multilayer model. Both
the main figure and the inset are presented in a double logarithmic representation. All samples were
prepared in D2O.

SANS from pure P123 at 0.025 wt% (half of the measured CMC), Figure 1, show that these
inflexions corresponds to d-spacings (2π/Q) of ≈ 370 Å (Q ≈ 0.017 Å−1) and ≈ 180 Å (Q ≈ 0.0347 Å−1),
Table S2. These d-spacing values were consistent in both data sets acquired from the two different
diffractometers used in this study (SANS2d and D11).

The peak at mid Q (≈ 0.03 Å−1) is usually the most discernible. The presence of what could be
interpreted as a higher order peak at the lower Q value can be related to the regular arrangement
of the surfactant multilayers, albeit within fractured or heterogeneous lamellar structures. For a
perfectly lamellar structure, one would expect to see regular reflections (n = 1, n = 2, n = 3) however,
the subtle differences observed in the peak positions implies that the structure is not perfectly lamellar
(in the direction normal to the interface).

Both P123 datasets (SANS2d and ILL) have been successfully fitted to the multilayer model, Table 1.
The fit revealed a Pluronic layer thickness of 140 Å and a D of 180 Å, however for the SANS2d data set,
the fit was able to capture both low and mid Q peaks with a D value of 390 Å, in good agreement with
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our previous work [21]. Clearly, the model captures the gross features in the data very well, namely
the peak position (especially that of the main peak), but it also captures subtleties in the data, such as
the weaker shoulders evident in the Porod plots.

Table 1. Fit (multilayer model) parameters to the scattering data from foams stabilised by Pluronic
P123, small molecule surfactants and their mixtures at concentrations below their CMC or mixed
CMC. L: surfactant and/or polymer layer thickness, M: number of layers and D: spacing between the
surfactant layers.

System Description L (Å) ± 2 M D (Å) ± 5

0.025 wt % P123 (D11) 140 4 180
0.025 wt % P123 (SANS2d) 140 5 390

7 mM C12TAB 40 5 180
0.025 wt % P123 + 0.1 mM C12TAB 140 4 180

4 mM SDS 35 5 180
0.025 wt % P123 + 0.1 mM SDS 120 5 410

Upon introducing C12TAB to the system, no significant change in the peak position at mid Q is
observed. In the foam stability studies, the stability of the foam formed from these systems is (only)
slightly reduced (supplemental information). The non-changing position of this inflexion from the
foam stabilised by the mixture of P123 (0.025 wt%) and C12TAB (0.1 mM), when compared with foams
from both the pure systems of P123 (0.0347Å−1) and C12TAB (0.0370 Å−1), indicates the conclusion
proposed by Petkova et al. [13] regarding the correlation between the weak interactions observed in
bulk and dynamic interfacial structures is more general i.e., it pertains to other non-surface active
polymer/surfactant mixtures as well as surface active polymer/surfactant mixtures. The data fitting
results are also in agreement with these conclusions, Table 1.

One can postulate that the thinner C12TAB (40 Å; 1.5 + (1.26 × Nc) × 2) layers are “coexisting”
between the segregated thicker P123 layers (140 Å), without a significant change in the dimension
and/or the separation of the P123 layers. Such structures would seem logical assuming distinct
populations of the two species in bulk solution [33,34] associated with weak interactions between the
two components.

This hypothesis was further explored by a contrast variation SANS approach with deuterated
C12TAB, where the foam scattering is dominated by the P123 (supplemental information). This
experiment, Figure S10, shows that for the P123 + h-C12TAB system, two peaks are observed at
d-spacing ≈ 380 Å and 195 Å respectively, but for the P123 + d-C12TAB, there is a shift in both peak
positions towards lower Q values (d-spacing ≈ 400 Å and 200 Å). The observation of these larger
spacings-with dimensions much more akin to the pure P123 foam—is consistent with the fact that the
C12TAB is rendered invisible.

Moving to the strongly interacting system, P123 (EO20PO70EO20) and SDS, several published
works have shown the formation of mixed micelles at concentrations above the mixed CMC. These
micelles were found to be smaller in size (≈28 Å) when compared with pure P123 micelles (≈70 Å). [34]
Further, the interfacial structure of the triblock copolymer EO23PO52EO23 in solution was also studied
by neutron reflection at different concentrations, where a total layer thickness of 72 Å was noted. Upon
addition of SDS, the layer thickness was found to be between 46 and 49 Å [13,14].

Foams stabilised by the mixture of P123 and SDS showed the most significant change in foam
stability, Figure 2, and in the SANS data, Figure 3. For P123 at concentrations equal to half of its
measured CMC (0.025 wt%), the decay in the stability profile is rapid with a half-life of ≈4250 s. Upon
the addition of a small concentration of SDS, 0.1 mM, the strong synergy between both components
leads to a significantly enhanced foam stability, with a half-life that is now almost double that of the
P123 only (≈8000 s).
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Figure 2. Foam height of Pluronic P123 and SMS mixtures as a function of time.

Figure 3. Small-angle scattering recast into an I(Q)*Qn vs. Q format arising from foam stabilised by
Pluronic P123, SDS and their mixture, recorded on the SANS2d diffractometer. Data have been offset
for clarity. The inset figure presents the raw data. Solid lines are fits to the multilayer model. Both
the main figure and the inset are presented in a double logarithmic representation. All samples were
prepared in D2O.

Recall the SANS data from foams stabilised by 4 mM SDS (only) showed one peak at mid Q
consistent with a surfactant layer thickness of 35 Å. On addition of SDS to the P123 solution, even
at concentrations as low as 0.1 mM, there is a significant impact on the position of the P123 peaks.
For example, the peak at low Q, now corresponds to a d-spacing value of ≈ 380 Å (from 370 Å), whereas
the peak at mid Q corresponds to a d-spacing value of ≈ 205 Å (from 180 Å). This was also evident in the
data modelling where the layer thickness was found to be 120 Å each (M ≈ 5) with a D value of 410 Å.
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The increase in both values of the spacing for the P123/SDS case suggests the formation of a
new polymer-surfactant structure at the air-water interface, in which the SDS is absorbed or laterally
interdigitated within the P123 layers, forming thinner, mixed surfactant layers, resulting in a larger
spacing between these layers. This is consistent with the smaller micelles seen in solution, albeit at
higher concentrations.

The same approach for data presentation has been followed as before and Porod plots have been
used to highlight the peaks at low and mid Q, Figure 3. The observations from the SANS contrast
variation (d-SDS and P123) measurements, Figure S9, from these systems also reiterate the hypothesis
that the peak positions of the d-SDS/P123 system show no significant change from the h-SDS/P123
system, however, both peak positions differ from the pure P123 system.

To further illustrate that these Bragg features arise from interfacial species, foams stabilised by a
different molecular weight Pluronic, L62, were also investigated by SANS as a function of temperature
(Pluronic P123 has a low critical micelle temperature, CMT; 16 ◦C), since on passing through the CMT
the aqueous phase comprising the interstitial volumes will now contain micelles.

Figure 4 shows the scattering behaviour from foams stabilised by 0.05 wt % L62 (below its 25 ◦C
CMC) at different temperature ranges (below and above the CMT ≈ 28 ◦C). Below the CMT (and CMC),
a similar SANS pattern to the P123 is observed. The data fitting to the multilayer model has revealed a
surfactant layer thickness (L) of 90 Å, spacing between layers (D) of 195 Å and that 6 layers (M) of the
polymer are stacked at the interface. The change in the fit parameters are consistent with the change in
the molecular weight and EO:PO ratio as we move from the bulkier P123 to the smaller L62.

Figure 4. Small-angle scattering presented in the conventional, double logarithmic I(Q) vs. Q format
arising from Pluronic L62 as a function of temperature, background corrected. All samples were
prepared in D2O.

As the temperature approaches the CMT, 25 ◦C, a broadening of the peak at mid Q ≈ 0.035 Å−1

can be observed. The temperature increase, namely between 37 ◦C and 45 ◦C, smears the mid Q peak
rendering the fine features related to the air-water layer structures hard to define. However, these
broad peaks indicate that micellar structures have been induced in the system and are present in
the aqueous solution comprising the foam cell walls and further, that they dominate the scattering
intensity. As an aside, the temperature induced micellisation also had a significant effect on the L62
foamability, as the temperature increased, the maximum foam height reached increased, Figure S8.
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4. Conclusions

It is our tenet that the (dynamic) interface creates novel structures in these non-ionic
polymer/anionic surfactant systems, related to- but different from- those observed in the bulk phase,
and similar to those observed in reflectivity studies on oppositely charged polymer/surfactant systems.
The differentiating feature in these systems is the rate at which the various structures comes to
equilibrium, contrasting with the age of the interface when characterized. Furthermore, it is clear
that the air-water interface is more complex than originally thought, both under highly dynamic and
equilibrium conditions [4,35–37]. Together, these studies demonstrate the importance of deriving
parallel understanding of the complex interactions in the bulk and at interfaces, interfacial age, and
how they drive the characteristics of the structures formed in the connected foam and solution phases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/1/109/s1,
Figure S1: Foam column apparatus used to study the foaming properties of polymer and surfactants solutions,
Figure S2: SANS sample environment for studying foams. The foam was generated by pushing nitrogen gas
through a 20 μm frit (A) at the base of a Perspex column (height of 25 cm, diameter of 4.6 cm), which contains
approximately 50 mL of the surfactant solution. A 2 cm wide groove has been removed and covered with
aluminium foil to allow the neutrons to cross the sample. The neutron beam impinges on the aluminium foil
between (B) and (C) behind which the Perspex has been partially removed. For stable foams, the reservoir (D)
collects the foam sample and returns it to the base via the plastic tube at (E). The cell was also be equipped with
a controlled heating set up (heating jacket) at (F) and (G), Figure S3: Surface tension as a function of SDS and
C12TAB concentration in water. All measurements were done at 25 ◦C, Figure S4: Surface tension as a function
of P123 concentration water. All measurements were done at 25 ◦C, Figure S5: Surface tension as a function
of SDS concentration in 0.025 wt % P123 and water. All measurements were done at 25 ◦C, Figure S6: Surface
tension as a function C12TAB in 0.025 wt % P123 and water. All measurements were done at 25 ◦C, Figure S7:
Surface tension from 2 wt % Pluronic L62 as a function of temperature in water, Figure S8: Maximum foam height
of 2 wt % Pluronic L62 as a function of temperature. Dashed line is a guide to the eye, Figure S9: Small-angle
scattering recast into an I(Q)*Qn vs. Q format arising from foam stabilised by 0.025 wt % Pluronic P123 (circles),
0.025 wt % P123 + 0.1 mM h-SDS (hexagons) and 0.025 wt % P123 + 0.1 mM d-C12TAB (triangles). Data have
been offset for clarity. The inset figure presents the raw data. Both the main figure and the inset are presented
in a double logarithmic representation. All samples were prepared in D2O, Figure S10: Small-angle scattering
recast into an I(Q)*Qn vs. Q format arising from foam stabilised by 0.025 wt % Pluronic P123 (circles), 0.025 wt %
P123 + 0.1 mM h-C12TAB (diamonds) and 0.025 wt % P123 + 0.1 mM d-C12TAB (hexagons). Data have been offset
for clarity. The inset figure presents the raw data. Both the main figure and the inset are presented in a double
logarithmic representation. All samples were prepared in D2O, Table S1: CMC and mixed CMC values from
the small molecule surfactants, Pluronic P123 and their mixtures, Table S2: d-spacing (SANS) values from foams
stabilised by Pluronic and small molecule surfactant mixtures.
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Abstract: Polymers and foams are pervasive in everyday life, as well as in specialized contexts
such as space exploration, industry, and defense. They are frequently subject to shock loading in
the latter cases, and will chemically decompose to small molecule gases and carbon (soot) under
loads of sufficient strength. We review a body of work—most of it performed at Los Alamos
National Laboratory—on polymers and foams under extreme conditions. To provide some context,
we begin with a brief review of basic concepts in shockwave physics, including features particular to
transitions (chemical reaction or phase transition) entailing an abrupt reduction in volume. We then
discuss chemical formulations and synthesis, as well as experimental platforms used to interrogate
polymers under shock loading. A high-level summary of equations of state for polymers and their
decomposition products is provided, and their application illustrated. We then present results
including temperatures and product compositions, thresholds for reaction, wave profiles, and some
peculiarities of traditional modeling approaches. We close with some thoughts regarding future work.

Keywords: polymers; foams; shock compression; equation of state

1. Introduction

Polymers, polymeric composites, and polymeric foams are used extensively as cushioning,
insulation, structural support, and for shock mitigation. As such, they are frequently exposed to
impact or dynamic (high strain rate) loading conditions, their response to which is complex and
distinct from that of other material classes. At relatively low stresses (σ � 1 GPa) and up to high
strain rates (ε̇ � 107/s−1), the volumetric and deviatoric components of their response often are not in
equilibrium, and viscoelasticity plays an important role [1,2]. For example, their elastic moduli and
strength can be strongly strain rate- and temperature-dependent [2]. Most also undergo order-disorder
phase transitions, such as the glass transition separating “glassy” from “rubbery” regimes [3].

Even when complications such as viscoelasticity or phase transitions are neglected, the complexity
of polymer response places high demands on equation of state (EOS) models [4–6]. The temperature-
dependence of their specific heats are seldom reproduced by a single characteristic temperature [7],
and porosity introduces the need for compaction or multiphase flow models [8–17]. Working solutions
to each of these problems are discussed below, but our emphasis here will be on an additional
complication that has received somewhat less attention: chemical reaction under sufficient load,
and shock loading in particular. Polymers decompose chemically above some threshold stress on
their principal shock locus (defined in the following subsection) [18,19], and this threshold drops
dramatically with increasing initial porosity [6]. We believe and will present evidence that the chemistry
involved shares many similarities with that of high explosive decomposition, the obvious differences
involving reaction thermicity and (typically) the oxygen balance of the starting material.

Polymers 2019, 11, 493; doi:10.3390/polym11030493 www.mdpi.com/journal/polymers278
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The remainder of this Introduction outlines some basic concepts of shock physics, as well as
some considerations unique to foams. Section 2 briefly describes the chemical formulation of some
representative polymers, then presents the experimental and theoretical methods we and others have
used to interrogate these systems. Section 3 illustrates some basic phenomenology of polymers and
foams under shock loading, and provides some interpretation. Section 4 concludes and suggests
promising avenues for future investigation.

1.1. Shock Physics Background

1.1.1. Basic Concepts

Shock waves produce discontinuous changes in material properties while remaining subject
to conservation of mass, momentum, and energy across the discontinuity [20–29]. In addition to
standard thermodynamic concepts such as pressure (P), volume (V), density (ρ = 1/V), and energy
(E), the shock (U) and material (commonly referred to as “particle”) velocities (u) play an important
role and often are the quantities actually measured in an experiment. (Throughout this treatment,
all shock velocities are those relative to some inertial “Laboratory” frame: i.e., they are Eulerian.)
Properties of unshocked material will be designated by a subscripted ‘0’, those of shocked material by
a subscripted ‘H’. For material initially at rest (u = 0), the conservation laws applied to singly shocked
material are:

V0

VH
=

U
U − u

, (1)

PH = P0 + ρ0Uu, (2)

and

PHu = ρ0U
(

EH +
1
2

u2 − E0

)
. (3)

These are also known as the Rankine-Hugoniot relations. If the initial state is known, then (1)–(3)
constitutes a system of three equations in five unknowns. Substitution and elimination permits direct
relation of any three variables, one of the most common (and useful) being elimination of the velocities
from (3):

EH = E0 +
1
2

PH(VH − V0). (4)

Perhaps more importantly, measurement of any two of the five quantities fully determines the state
of the system. The locus of states accessible upon single-shock loading from a fixed origin is known
as a Hugoniot; if that origin happens to be the ambient state, it is known as the principal Hugoniot.
It is important to note that Hugoniots are not thermodynamic paths: one does not smoothly evolve
a system along a Hugoniot as one would along an isotherm in a diamond anvil cell experiment [30],
for instance. Each point of a shock locus represents a discrete transition from the origin. The path
actually followed in a given experiment is the chord (known as the Rayleigh line) linking the origin
with the shocked state in the P-V plane. Its slope is found by eliminating u from (1) and (2),

PH − P0

V0 − VH
=

(
U
V0

)2
. (5)

The condition for shock stability [24,26,27] is that this slope be greater than that of the isentrope passing
through the shocked state,

−
(

∂P
∂V

)
S,P=PH ,V=VH

>
PH − P0

V0 − VH
. (6)

Pressure and particle velocity must be conserved across a shock interface, giving rise to the vitally
important notion of impedance matching described more fully in Section 2.2.
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In the absence of phase transitions or chemical decomposition, the Hugoniot of many materials is
linear in the U − u plane [31]:

U = c0 + su, (7)

where the y-intercept coincides with the bulk sound velocity, c0. The latter quantity is related to the
isentropic bulk modulus

KS = ρc2
0, (8)

whose pressure derivative can be derived from the slope s through

s = (K′ + 1)/4, (9)

where
K′ = (dK/dP)ρ=ρ0 . (10)

While (9) follows from thermodynamic identities and is therefore true of all materials, (7) is purely
phenomenological and typically does not hold for polymers [31]. Their principal Hugoniots are better
fit by forms such as

U = c0 + s1u + s2u2, (11)

with s2 < 0. The same is true of liquids (the Universal Liquid Hugoniot [32] having been proposed
specifically to capture concavity in the shock locus at low particle velocity) and high explosive
crystals [33]. What these materials have in common is inhomogeneous electron density at atomistic
length scales, in contrast to the simple metals for which (7) was first proposed. As porosity and
disorder are reduced by compression, the material stiffens until its compressibility varies with pressure
in a manner consistent with (7).

1.1.2. Wave Splitting

Shock-driven transitions often are accompanied by abrupt changes in volume. Such changes can
be negative (i.e., the material densifies), as in most first-order phase transitions in metals and chemical
decomposition of full-density polymers [31], or positive, as in detonating high explosives and chemical
decomposition of sufficiently porous foams [6,8]. A few transformations are volume-neutral, such
as the chemical dissociation of CCl4 [34,35]. Most solid polymers undergo a densifying transition at
P ≈ 20–30 GPa, or u ≈ 2.5–3.5 km/s, on their principal Hugoniot [36]. Its extent can be correlated at
least qualitatively with packing efficiency in the original material, which in turn is related to the size
and shape of side chain moieties along the polymer backbone. Decomposition of “bulky” chains with
strong interchain repulsion frees up much more volume than that of “clean” backbones, resulting in
larger reduction upon destruction of long-range order. Shock-driven decomposition of polyethylene
(perhaps the cleanest polymer backbone) thus results in volume reduction of 0.5%, less than that of
polysulfone or polystyrene by over an order of magnitude (≈15%).

If the volume change is negative, then the shock Rayleigh line (Equation (5)) crosses the principal
Hugoniot at more than one V, in violation of the shock stability criterion, Equation (6). The resultant
instability splits the initial wave into two, producing multiwave structures qualitatively such as those
illustrated in Figure 1 (after Dremin for KCl [37] and Dattelbaum [35] for benzene). This produces
an apparent cusp in the shock locus at A, whose origin we discuss further below. Wave splitting for
a densification reaction is characterized by U2 ≤ U1 (the slope of the 2nd wave Rayleigh line is less
than or equal to that of the 1st wave), meaning the waves may visibly separate in time if the difference
is large enough. This separation produces a delay (the plateau between the two rises) that shortens
with increasing strength of the initial shock. For sufficiently strong initial shocks, the transition will be
overdriven and appear only as rounding in the front. The risetime of waves following the first reflects
the rate of underlying chemical or physical transformations, and their evolution with initial stress is
reflective merely of transformation rates that increase with temperature. When rates are high enough
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for transformation to complete within the risetime of the initial wave (typically ∼1 ns), a single, sharp
shock will reappear.

Figure 1. Shock-driven transitions such as chemical reaction or phase transformation that entail a
reduction in volume can cause splitting of the initial wave. A transition with an onset at 1 on the
principal Hugoniot will produce a waveform qualitatively similar to that of D. As the input stress
is increased to 1’, 1”, etc., the temporal separation between the initial and reactive wave lessens
(the plateaux on the right shorten in moving from D to B) until the transition is “overdriven” (as in
A) and appears only as rounding in the initial wave. At sufficiently high input stress, even this
rounding will disappear, and the transition will complete in the risetime of the lead shock. (reprinted
with permission)

Explosively driven flyer plate experiments underlying the data reported in standard
compendia [31,38] measured the arrival at an interface of the first waves only shown in Figure 1.
This had the effect of placing data points in the “mixed phase” region between loci 1 and 2 of the figure,
giving the appearance of a pair of derivative discontinuities in the Hugoniot [21,24–28,34,35,37,39–46].
It is important to note that points in this region do not represent equilibrium thermodynamic data, but
rather are artifacts of transformation kinetics and the experimental design.

1.1.3. Shockwave Compression of Porous Foams

At the same mass velocity, porous materials typically have lower wave velocities relative to their
fully dense counterparts. Their shock loci often exhibit exaggerated curvature in the U − u plane
due to compaction of pores at low particle velocity [6,9,13,31,47–50]. The combination of lower initial
density and wave speed implies lower shock impedance (ρ0U), which represents the slope of the
Rayleigh line in the P − u plane. All these features are illustrated schematically in Figure 2.

Shock compression of foams readily produces temperatures dramatically exceeding those of solid
material shocked to the same final pressure; this is due to the large quantity of energy transferred to
the foam in the form of P − V work [6,13,14,16,17,51,52]. Figure 3A,B illustrates Hugoniots for solid
and porous material when the initial porosity is not too high. The foam is compressed from an initial
specific volume, V00, to the solid volume V1. Full-density material at volume V0 undergoes far less
compression to reach the same final pressure at roughly the same final volume. Because internal
energy (E) is obtained from the integral under the Rayleigh line (the solid gray and dotted areas
in Figure 3B), the internal energy and temperature rise are much greater for the foam than for the
solid [6,13,14,16,17,51,52].
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Figure 2. (A) Schematic Hugoniot curves for a solid material and its foam in the pressure-particle
velocity (P − u) plane. The slope of the Rayleigh line connecting the origin to a point on either curve is
ρ0U (see Equation (2)), also known as the shock impedance of the material; porosity lowers the impedance
relative to that at full density. (B) The Hugoniot of many materials is linear in the shock velocity-particle
velocity (U − u) plane. Porosity has the effect of lowering U at a given u, and can produce curvature at
low u due to the enhanced compressibility associated with pores.

Figure 3. (A) Hugoniots for solid-density and porous material in the normal (non-anomalous) regime.
The foam is compressed from initial specific volume V00 to solid volume V1, undergoing far greater
compression than the solid material shocked from V0 to the same final volume. (B) The internal energy
rise upon shock loading is given by the area under the Rayleigh line, indicated by the solid gray and
dotted areas for porous and solid material, respectively. The internal energy (and thus, temperature)
rise is much greater in the porous case than in the solid. (C) As in (A,B), but showing the effect of
anomalous compression, in which the porous material Hugoniot does not approach that of the solid
due to shock heating.

Variation of initial porosity produces the family of Hugoniot curves depicted in Figure 3C [53].
As porosity increases, the internal energy rise becomes increasingly thermal in nature, and at some
point shock heating begins to dominate the compressive response such that it becomes ‘anomalous’.
Anomalous Hugoniots turn back on themselves, and P(V) is no longer single-valued. Rising shock
pressures yield greater shock volumes, as shown in Figure 3C. This can occur even at modest porosities
of 25–50% [53,54]. Anomalous compression has been well-documented in porous tungsten [53],
copper [15,16], aluminum, and glass microballoons [55,56]. More recently, we showed that this effect
can be convoluted with chemical decomposition in shocked polymer foams such as polyurethane [6].

Anomalous compression has several consequences. The porous Hugoniot does not reach that
of the solid (as it does in Figure 3A), as assumed in models such as Snowplow and P-α [17]. This
typically results in lower shock velocities than such models would predict. The large internal energy
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rise can dramatically reduce melt stress on the principal Hugoniot, as well as lower the shock condition
for thermally driven processes such as phase transformations and chemical dissociation. In foamed
aluminum, the threshold stress for melting can be reduced by 50% at porosities of ∼25–30% [51,53].

The impedance of porous materials increases to a far greater extent upon shock loading than in
first shock compression of solids. Increase in the sound velocity at pressure,

c2
0 = −V2

(
∂P
∂V

)
S

, (12)

results in high rarefaction/release wave velocities in the pre-shocked material, as well as much
greater second shock velocities. This effect was discussed previously by Boade for pressed copper
powders [15,16], and is relevant to the design of 1-dimensional (non-released) plate
impact experiments.

2. Materials and Methods

2.1. Materials

The concepts discussed above will be used to interpret results obtained for the following
materials: solid and porous (foamed) polyurethane [6,13,47,48,57,58], Epon- and Jeffamine-based
epoxies [59,60], carbon fiber-filled phenolic (CP) and cyanate ester (CE) composites [5,60,61], and
filled polydimethylsiloxane foam (SX358) [62,63]. These materials have been studied extensively over
the last decade at Los Alamos National Laboratory, and represent solid-density unfilled polymers,
polymer-filler composites, and two types of polymer foams. Table 1 provides their common
names, chemical compositions by weight, and initial densities, which cover a range in the case
of foams [5,6,63–65]. We define porosity level as 100 × V0/V00, where V0 is the initial volume of
solid-density material and V00 is that of the associated foam.

Table 1. Polymers and foams discussed in the Results section. All materials were manufactured by
Department of Energy laboratories. PMDI = Diphenylmethyl diisocyanate, MW = molecular weight,
PDMS = polydimethylsiloxane, PMHS = Polymethylhydrosiloxane.

Material Name Chemical Formulation (wt %) Initial Densities (g/cm3)

epoxy Epon 828 resin (70) 1.154
Jeffamine T-403 curing agent (30)

polyurethane PMDI-based polyurethane (100) 1.264, 0.867, 0.626,
(solid and porous) 0.451, 0.351

carbon phenolic Chopped carbon fibers (56.37) 1.550–1.555
phenolic polymer resin (35)

graphite powder (7.75)
Lithium stearate (<1)

carbon cyanate ester carbon fibers (68.5) 1.555–1.556
cyanate ester resin (31.5)

SX358 foams high MW PDMS (43.36) 0.400–0.500
low MW PDMS (17.19)
diatomaceous earth (15)

medium MW PDMS (14.45)
diphenylmethylsilanol (5)

PMHS (3)
tetrapropylorthosilicate (2)
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Polyurethane foams were prepared by condensation polymerization of the isocyanate moiety
in methylene diphenyl diisocyanate (PMDI) with a hydroxyl group, yielding a molar composition
(normalized to hydrogen) of C0.79HO0.27N0.08. The final architecture was that of an open cell foam
with pore diameters bimodally distributed around 70 and 240 μm. Representative X-ray computed
tomographs for the intermediate density polyurethane foams are shown in Figure 4 [6]. New
experimental data at intermediate densities ρ0 = 0.867, 0.626, 0.488, and 0.348 g/cm3 are combined
with historical data from the LASL Compendium (pedigree unspecified) [31] below.

Figure 4. X-ray computed tomographs of PDMI-polyurethane foams with initial densities ρ0 = 0.867,
0.626, 0.488 and 0.348 g/cm3. Taken from Ref. [6], reprinted with permission.

SX358 foam samples were prepared by adding 5 wt % Sn-octanoate catalyst to a resin
mixture of polydimethylsiloxane (PDMS), polymethylhydrosilance (PMHS), tetrapropylsilicate (TPS),
diphenylmethylsilane (DPMS), and diatomaceous earth filler, Figure 5. The resin was cured at room
temperature in a flat sheet mold, and the porous network was formed by the evolution of hydrogen
during curing and cross-linking. The foam was post-cured at 100–120 ◦C for several hours. SX358
foams were prepared over a range of initial densities from ∼0.4 to 1.12 g/cm3. H2(g) was evolved
as part of the cross-linking process, producing an open cell, stochastic structure with pore diameters
ranging from 10 s of μm to mm in diameter [65,66]. An X-ray computed tomograph is shown in
Figure 6 for ρ0 = 0.4 g/cm3.

Figure 5. Chemical structures of starting materials, curing agent, and final SX358 foam. The H2(g)
released during cross-linking produces the stochastic pore network of the open cell foam.
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Figure 6. X-ray computed tomograph of SX358 foam illustrating the open cell, stochastic pore structure.
Pore diameters range from 10 s of μm to mm in diameter. (image credit: Brian Patterson, Los Alamos
National Laboratory)

2.2. Gas Gun-Driven Plate Impact Experiments

Most modern shockwave compression experiments are based on projectile impact driven by light
gas guns or direct laser drive (not discussed here). Smooth bore launch tube gas and power-driven
guns are widely used for imparting well-defined, flat-topped shock waves with 100 s ns to several-μs
shock durations. An additional advantage of gas gun experiments is that complex loading conditions
such as shock-release, double shock, or ramp loading can readily be generated using tailored impactors.
The Shock and Detonation Physics group at LANL houses a two-stage light gas gun (50 mm launch
tube bore) [67], a high-performance powder-driven two-stage gun (28 mm launch tube bore) [68],
and a 72 mm launch tube single-stage light gas gun [69]. Achievable projectile velocities collectively
span the range from ≈0.1 to 7.5 km/s.

Data discussed in Section 3 were generated using several different types of plate impact
experiment. In the front surface impact (FSI) or “reverse ballistic” configuration, a sample 2–6 mm
thick was mounted onto the front of a polycarbonate projectile and impacted into a standard window
of single-crystal LiF ([100]); a schematic is provided in Figure 7A. The state of the material at impact
was measured directly, and particle velocity at the impact interface (uint) was monitored with dual
velocity-per-fringe (vpf) interferometers (VISARs) [70,71]. More recent velocimetric techniques such
as photonic Doppler velocimetry (PDV) [72] were also used to measure shock velocities and wave
profiles at a windowed interface. These experiments typically were performed with the 50 mm launch
tube light gas gun.

In the FSI experiments, measured velocities of the sample-LiF interface were combined with
projectile velocities (upr) to obtain final (P, u) states in the sample. We calculated final pressures in the
initially unshocked (P0 ≈ 0) LiF by substituting its Hugoniot (ρ0 = 2.64 g/cm3, c0,LiF = 5.15 mm/μs,
sLiF = 1.353) [73] into the Rankine-Hugoniot relation for conservation of momentum, then equating its
particle velocity with that of the interface,

PLiF = ρ0,LiFULiFuLiF = ρ0,LiF(c0,LiF + sLiFuLiF)uLiF = ρ0,LiFc0,LiFuint + sLiFuLiFu2
int. (13)

Pressures in the sample were determined by impedance matching to the LiF,

PLiF = Psample = P. (14)

and specification of the final shocked states was complete upon relating sample particle velocities to
those measured for the projectile and at the interface
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upr − uint = usample = u. (15)

This procedure is known as impedance matching. From this (P, u) combination, shock velocities U
were found by additional application of (13) to the sample only, and specific volumes VH (or densities,
ρH) by Equation (1).

Figure 7. (A) Front surface impact geometry. Samples (in this case, a composite) were mounted to
the front of a Lexan projectile, then launched into an oriented [100] single-crystal LiF window using a
two-stage light gas gun. The interface particle velocity was measured using dual-velocity-per-fringe
VISARs and the Doppler shift of light from a diffuse 8 kÅ Al reflector at the impact interface.
(B) Schematic of the “top-hat” target configuration used for making shockwave transmission
measurements in high-pressure plate impact experiments driven by a two-stage powder gun.
Shockwave transit times are determined from the difference in shock arrival at the rear surface (sample
side) of the baseplate and the sample/window (LiF) interface, as determined using multiple VISAR and
PDV probes corrected for system timing and impactor tilt. Probe placements are shown at right, based
on a rear-view of the target. An 8 kÅ Al reflector was coated onto the LiF window at the LiF/sample
interface for the VISAR and PDV velocimetry measurements.

The second type of experiment employed the “top-hat” or transmission configuration shown in
Figure 7B. In most experiments, a symmetric impact condition was created by launching either an
oxygen-free, high-conductivity (OFHC) Copper or 6061 Aluminum disk into a drive plate of the same
material, which was then was backed by a disk of the sample and a thick (9–12.6 mm) rear window of
oriented [100] LiF. Shock transit times through the sample were measured independently using 3 each
of PDV and VISAR probes—two on the rear surface of the drive plate and one on the rear-windowed
interface of the sample. The measured transit time and initial sample thickness were used to calculate
an initial shock velocity U = Δx/Δt, which was then corrected for impact tilt based on the cross-timed
PDV and VISAR diagnostics. Projectile velocities were measured several microseconds prior to impact
either by a collimated PDV probe or the sequential “cut-off” of 4 laser diodes at the launch tube exit
aperture. Errors in measured projectile velocities were typically < 0.1%.

Shock velocities measured in the transmission experiments were used in combination with
measured projectile velocities and the Hugoniots of OFHC-Cu (ρ0 = 8.93 g/cm3, c0 = 3.94 mm/μs,
s = 1.489) [42] or 6061 Al (ρ0 = 2.703 g/cm3, c0 = 5.35 mm/μs, s = 1.34) [31] to calculate u via the
impedance matching procedure described above. Shocked states in the sample were found from the
intersection of its Rayleigh line (m = ρ0U) with the Hugoniot of the projectile centered at the projectile
velocity (u = upr), assuming coincidence of the Hugoniot and isentrope in this regime. The remaining
Rankine-Hugoniot variables (ρH, PH, and EH) followed from the conservation relations.

A modified form of the top-hat configuration was also used to obtain shocked states for up to
4 foam samples in a single experiment [6,63]. In this “multi-slug” target, the samples were affixed
to the rear surface of the drive plate and windowed using PMMA. A 5–6 μm Al foil was glued onto
the PMMA window to provide a reflective surface for detecting shock wave arrival following transit
through the foam. This setup permitted collection of multiple data in a single experiment, and all with
the same impact condition. Figure 8 shows a diagram of the multi-slug configuration that was applied
to polyurethane and SX358 [6,63].
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Figure 8. Multi-slug target configurations used at LANL large-bore two-stage gun to obtain up to 4
Hugoniot states in a single experiment. (A) Four foam samples with different initial densities were
glued to the rear surface of a driveplate made of 6061 Al or other EOS standard material. (B) The
samples were then windowed individually using PMMA. (C) A 5–6 μm Al foil was glued onto the
PMMA window to provide a reflective surface for measuring shock wave arrival following transit
through the foam.

A final configuration was developed specifically to obtain deep-release pathways following shock
compression above the threshold for chemical decomposition [74,75]. A polymer sample was affixed
to the front of a projectile and driven into an oriented [100] single-crystal LiF window, similar to the
FSI configuration. In this case, however, the sample was backed by a low-density glass microballoon
(ρ0 = 0.54 g/cm3) or polyurea foam (ρ0 = 0.25 g/cm3), such that it released isentropically upon arrival
of rarefaction waves from the sample-backer interface. The window diameter and thickness were both
nominally 25.4 mm, and the impact surface of the window was vapor-deposited with a thin layer of Al
to serve as a reflector for velocimetry measurements. Figure 9 shows the experimental configuration
used for deep-release experiments on epoxy and polyethylene [75], including the probe positions for
PDV and VISAR velocimetry measurements.

Figure 9. Deep-release configuration developed to access release pathways from states above the
dissociation threshold on the principal Hugoniot (PH >25 GPa). Particle velocities measured at the
interface with dual VISAR and multiple points of PDV were used to characterize the shock state and
release isentrope.

2.3. Equations of State

2.3.1. Global

The EOS of polymers can be described with a variety of models, differing widely in their quality
and level of detail. For simplicity we will focus on a very flexible framework known as SESAME.
SESAME is also a database of tabular EOS (most of which are based on the SESAME decomposition of
Equation (16)) maintained and distributed by Los Alamos National Laboratory. We will distinguish
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library entries from the framework by the use of all caps followed by an entry number, such as SESAME
7603 below. The total Helmholtz free energy is decomposed as [76]

F(ρ, T) = φ(ρ) + Fion(ρ, T) + Felec(ρ, T), (16)

where analogous sums apply to the internal energy and pressure. The first term represents the energy
of a static lattice at zero temperature (SESAME was developed with metals in mind), with all ions and
electrons in their ground state; it is often referred to as the cold curve. The second term represents the
free energy of ionic excitations in the ground electronic state, and the last that of electronic excitations
in the ionic ground state. The first and second terms are coupled through the Grüneisen parameter,

Γ = V
(

∂P
∂E

)
V
= −

(
∂ ln T
∂ ln V

)
S

, (17)

and coupling of the latter two is neglected (the Born-Oppenheimer approximation [77]). The actual
models employed for each are flexible, although some generalizations can be made.

For simplicity and computational speed, Felec typically is the Thomas-Fermi or Thomas-Fermi-
Dirac model [78–80]. These guarantee the correct physics in the high temperature limit, but can be
quite inaccurate at temperatures of �2000 K. This is of little relevance to polymers under shock loading,
however, because the electronic contributions to the energy and pressure are �1% up to well over a
Mb in pressure on their principal Hugoniots. This is well beyond the point at which they chemically
decompose, calling for an entirely different theoretical treatment described in the following section.

Most ionic models are some variation on that of Einstein or Debye [81], supplemented by
(somewhat arbitrary) forms for interpolating the specific heat from its classical limit of 3R/mol
at melt to the ideal gas value of 1.5R/mol at high temperature [82,83], where R is the gas constant.
A feature distinguishing polymers and molecular solids from most metals and oxides is the need for
multiple characteristic temperatures due to presence of both relatively low-frequency phonons and
high-frequency vibrons. One means of dealing with this is through combination of Einstein models
for “group” modes (vibrons) and Debye oscillators of varying dimension for “skeletal” modes. Use of
variable dimension in the latter case permits treatment of chain-like, sheet-like, and 3-D crystalline
vibrations [7].

Several different cold curves have been used for polymers in compression, the Tait form being
particularly popular [2,84]. Cold curves for non-polymers often are calibrated to room temperature
compression in a diamond anvil cell [30], where volume is measured by diffraction and pressure by
reference to a standard. The former requires a high degree of crystallinity, which many polymers lack.
Another common source for cold curves in metals is density functional theory calculations [85] which,
again, are non-trivial for polymers due to their complex chemical structure. For these reasons, probably
the most common basis historically [31] for building polymer cold curves has been by fitting to shock
data [86]. Because the final term in (16) is small for modest compressions (i.e., where there are plate
impact data), the total pressure and energy on the Hugoniot may be approximated as the sum of the
first two terms only. If a characteristic temperature or temperatures is assumed, the cold contribution
can be obtained by subtraction of the ionic contribution from the Hugoniot. Depending on the details,
this procedure can have significant consequences for use of such an EOS in hydrodynamic simulation
(see Section 3.5).

2.3.2. Thermochemical

The EOS of shock-driven reaction products discussed below were based on thermochemical
modeling [87], where full thermodynamic equilibrium of chemically distinct atomic, molecular, or
solid components is assumed. The first two component types are in the fluid phase (all non-solids
are well above their critical points at the relevant conditions), and their free energies are decomposed
into ideal and non-ideal contributions [81]. The former are treated exactly, based on standard
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decomposition of the partition function into a product of vibrational (harmonic oscillator), rotational
(rigid-rotor), translational, and electronic contributions. Each of these, in turn, takes gas phase
vibrational frequencies, rotational constants, and electronic excitation levels as input parameters [88].

Non-ideal contributions to the free energy of fluid components were described by soft-sphere
perturbation theory [89] based on exponential-6 pair potentials [90]. Such potentials have the form

φ(r) = ε

[
6

α − 6
eα(1−r/rs) − α

α − 6

( rs

r

)6
]

, (18)

where α, rs, and ε are parameters characteristic of a given fluid constituent. Please note that (18) lacks
angular-dependence, meaning that even a constituent with interactions so directional as those of H2O
is treated as isotropic. In addition to procedures designed to extract effective spherical potentials
from anisotropic ones [91], the quality of this approximation will improve with temperature. Because
shock-driven decomposition always involves temperatures of T � 103 K, some of this anisotropy is
“washed out” by thermal agitation. The Gibbs free energies of all Nf l fluids and Ns solid components
were combined into that of the mixture via

Gmixture(P, T) =
Nf l

∑
i=1

xiG
(0)
i (P, T) + RT

Nf l

∑
i=1

xi ln xi +
Ns

∑
i=1

xiGi(P, T), (19)

where the G(0)
i are free energies of fluid components in isolation at the same (P, T) state as that of the

mixture. The middle sum represents the free energy of mixing - here assumed to be ideal - meaning
that all activity coefficients are unity and therefore that mixing is a purely entropic phenomenon [92].
While obviously a crude approximation, its virtues are computational simplicity and lack of need for
cross-potentials. Equation 19 clearly is not unique, and other prescriptions [93,94] have been proposed.
Solids contribute no mixing term, as their constituent atoms are assumed to be distinguishable from
those of fluid particles. The mixture free energy is minimized as a function of xi, subject to the
constraints of stoichiometric balance and that xi ≥ 0 for all i.

3. Results and Discussion

3.1. Polymer Shock Data and Evidence of Decomposition

The Los Alamos Shock Compendium [31] summarizes Hugoniot data from over 5000 experiments,
and the subset of polymer data were republished separately in a later report by Carter and Marsh
(CM) [36]. The CM report is quite comprehensive, including results for many important polymers
including polyethylene (PE), polyvinyl chloride (PVC), polytetrafluroethylene (PTFE, often Teflon R©),
polychlorotrifluroethylene (PCTFE), polymethylmethacrylate (PMMA), polystyrene, epoxy, and
polyurethane. CM also discuss polymers’ propensity to undergo chemical reaction under shock
loading, even providing a table of threshold pressures and degrees of volume collapse entailed (a small
portion of which is reproduced in Table 2). The Lawrence Livermore National Laboratory (LLNL) [38]
and Russian compendia [95] contain numerous polymer entries as well.

Data for all of the polymers recorded in CM display structure in their principal Hugoniots,
although its degree varies widely. This structure manifests itself as a volume collapse in the P − V or
P − ρ plane, or as what appear to be three straight line segments of different slope in U − u; the degree
of volume collapse correlates with the length of the middle line segment. These features consistently
appear at PH ∼ 25 GPa or u ∼ 3 km/s. The extent of this feature can be at least qualitatively correlated
with chemical structure, as illustrated in Figure 10. A single PE chain is almost entirely backbone, and
the absence of pendant side chain groups means it can pack quite efficiently. When shock temperatures
are sufficient to destroy the long-range order of the matrix, the amount of volume “freed up” is small
relative to matrices with more excluded volume, such as polystyrene.

289



Polymers 2019, 11, 493

Table 2. Representative polymers, their threshold pressure for decomposition on their principal
Hugoniot, and the percentage volume change upon decomposition. As taken from Ref. [36].

Material Name Pthreshold (GPa) ΔVtr/V (%)

epoxy 23.1 3.9
PMMA 26.2 3.4
PTFE 41.6 1.1
PE (linear) 24.7 0.4
polycarbonate 20.0 11.4
phenolic 23.2 6.7
polysulfone 18.5 12.9
polyurethane 21.7 7.3

The most compelling evidence that this structure is caused by chemical decomposition, as opposed
to some form of phase transition or additional consolidation, was provided in a set of experiments
performed at LANL in the 1980s. Samples of PE [18] and PTFE [19] were exposed to single-shock,
Mach compression waves in heavily confined and hermetically sealed capsules that enabled product
recovery. For PE shocked to 20 GPa, the recovered sample was entirely solid PE. For PE shocked to
28–40 GPa, no PE was recovered; rather, the products were almost entirely methane and hydrogen gas
and carbon soot that was neither graphite nor diamond.

Similar results were reported for PTFE, but the PE case is particularly notable due to it representing
an extreme: because its chain structure is so clean, its volume collapse upon reaction is negligible and
there is only a subtle change in slope in U − u. One would expect any accompanying temperature rise
to be small and, indeed, preliminary calculations indicate that it actually cools upon decomposition [96].
The fact that only full decomposition products are recovered above the cusp would at least suggest a
fortiori that this be the case for other polymers in which the volume collapse is larger.

Figure 10. Shock Hugoniot data in the U − u plane for polyethylene (red, offset by Us + 1) and
polystyrene (blue). The structure around u = 3 km/s is greater in polystyrene, which undergoes a
larger volume collapse.

3.2. Product Temperatures and Compositions

One of the most difficult quantities to measure in a dynamic experiment is temperature, making
theoretical estimates particularly valuable. Thermochemical results for four different solid-density
polymers and four foams (all polyurethane) are shown in Figure 11, where several features are worthy
of note. The temperature increases upon reaction in all three cases, although we predict they drop in
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SX358 (not shown) and in PE, as already noted. This suggests that at least some polymers decompose
exothermically under shock loading. The temperature rise due to reaction at constant pressure varies
considerably, from < 1% in epoxy to well over 100% in solid polyurethane. Foam product temperatures
are a good bit higher than that for solid density at the same pressure, and their slope increases with
initial porosity.

Figure 11. Reactant and product temperatures for epoxy (left), CP and CE composites (center), and
both porous and solid-density PMDI polyurethane (right). All reactant curves are black, product curves
are red; only the full-density reactant curve is shown for polyurethane.

An even more difficult quantity to measure is chemical composition, and existing means for
doing so are highly indirect [97]. In addition to it providing a more realistic representation of a
reacting material, one of the advantages of thermochemical modeling is that it provides some physical
basis for predicting this feature. Because they are based purely on thermodynamics, thermochemical
compositions approximate those in the infinite time and bulk matter limits, the applicability of the
former (in particular) to O(μs) experiments being not at all obvious. Figure 12 displays compositions
for full-density polyurethane (left), epoxy (center), and 70% porous polyurethane (right) as functions
of pressure on their Hugoniot. In each case we have excluded some minor constituents never present
at >2% and included others for the sake of consistency in the presentation. Variations in epoxy
composition with increasing pressure are well described by the simple equation

CH4 → C + 2H2, (20)

with water and ammonia serving largely as spectators. Polyurethane compositions show even less
variation as a function of pressure, and the primary difference between full-density and foam results
is the replacement of methane with hydrogen. This is to be expected, in that higher temperatures
(see Figure 11) enhance the role of entropy, which is maximized by increasing moles of fluid. In each of
the three cases—and we find this to be the case in general—the products as a whole are dominated by
solid carbon and water.

Figure 12. Chemical composition of the product mixture along the products Hugoniot of solid PMDI
polyurethane (left), epoxy (center) and 75% porous PMDI polyurethane (right).
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3.3. Porosity and Reaction Thresholds

As described in the previous section, most full-density polymers react at ∼25 GPa on their
principal Hugoniots. However, as described in Section 1.1.3, the amount of P − V work performed on
the material upon loading increases dramatically with initial porosity. This has the effect of reducing
the pressure needed to input a given energy, meaning also that shock heating is much greater at a given
shock pressure. Standard reaction rate laws such as Arrhenius are strongly temperature-dependent, so
perhaps it is not surprising that the pressures needed to observe shock-driven decomposition on the
timescale of dynamic experiments drops dramatically as a function of initial porosity. By calibrating
reactant and product EOS to full-density material, adding a P-α compaction model [8,17,52,98] to
account for porosity in the unreacted material (this involved only one adjustable parameter), and
adjusting the initial density as required to calculate the porous Hugoniots, we were able to clearly
distinguish between reacted and unreacted polyurethane under shock loading [6]. By taking the
threshold for reaction as the midpoint between the lowest-pressure reacted and highest-pressure
unreacted points (and setting the uncertainty accordingly), we estimated this threshold as a function
of initial porosity, as shown in Figure 13. Its value drops by more than an order of magnitude, from
26 GPa at full density to just over 1 GPa at 75% porosity.
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Figure 13. Threshold pressure for shock-driven decomposition of PMDI polyurethane along its
principal Hugoniot, as a function of initial porosity.

3.4. Wave Profiles

One of the great advantages of modern velocimetric diagnostics is their ability to measure wave
profiles. Older diagnostics provided mean wave speeds based on times of arrival, whereas profiles
capture their full temporal evolution including reshock, release, and wave splitting. The last is
particularly helpful for identifying shock-driven chemistry, and dramatic multiwave structures have
been observed in conjunction with decomposition of organic liquids [99].

It was only recently that we reported the first observation of multiwave structure due to chemical
reaction in a polymer, although with structure much less dramatic than that shown in Ref. [99].
Transmission experiments at shock stresses of approximately 30 to 50 GPa were performed on CP
and CE, using the configuration of Figure 7B. Particle velocity profiles measured with VISAR at the
rear CE/LiF windowed interface are shown in Figure 14 (offset arbitrarily in time), where a dashed
line has been used to indicate the average interface particle velocity. The profiles were selected from
shots with input shock stresses ranging from 29.1 to 46.8 GPa. The rounding in the shock front at 29.1
and 34.7 GPa constitutes a form of two-wave structure, as discussed above. Reaction occurred in the
2nd wave, and so its risetime provides the timescale for shock-driven decomposition. At 29.1 GPa,
for example, chemical reactions transformed the composite to higher density products over a period of
roughly 45 ns. The transmitted shock fronts sharpen into single waves above 40 GPa, and rounding
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in the front disappears within the temporal resolution of the VISAR measurement at 46.8 GPa. This
indicates that transformation of the material was complete within the measured risetime of the shock,
∼1 ns as determined by VISAR and PDV. Measured Hugoniot states in the high-pressure regime
(>40 GPa) lie on the products locus. The mixed phase region, in which two waves appeared, extended
over a large pressure range from 25 to 40 GPa.

Figure 14. Transmitted particle velocity wave profiles measured at the windowed sample/LiF interface
in selected top-hat experiments performed on the CE composite. The profiles span pressures from 29.1
to 46.8 GPa. Average interface particle velocities for each experiment are indicated in the Figure by the
dashed lines. (reprinted with permission)

3.5. Reaction Reversibility and Hydrodynamics

Figure 15 depicts epoxy shock data alongside three different EOS drawn from the SESAME
database. SESAME 7602-3 are based upon the SESAME decomposition of Section 2.3.1, whereas 97607
is a thermochemical EOS meant to describe reaction products only, as described in Section 2.3.2. The
cold curves of SESAME 7602-3 (φ of Equation (16)) are based on fits to Hugoniot data: that used to
build 7602 ignores the points in the mixed phase regime (artifacts of recording the arrival of the first
wave only, see Section 1.1.2), whereas that of SESAME 7603 incorporates them and thereby retains
their full structure. This structure propagates to all thermodynamic loci (e.g., isotherms, isentropes,
etc.) until the temperature is high enough that the ionic and electronic contributions (which do not
possess this structure) are together sufficient to mute it.
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Figure 15. Hugoniot data for epoxy taken from Refs. [31,38,100,101], as compared with those calculated
using three different numbered equations of state.

Figure 16 compares results obtained for epoxy in the experimental configuration of Figure 9.
The black lines are averages of PDV 1, 2, 5, and 6, while the colored lines are based on hydrodynamic
simulation using the same pair of SESAME EOS shown in Figure 15. Agreement between theory and
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experiment is good for the peak velocities, as one would expect given that all the EOS are in part
calibrated to Hugoniot data. The point at which the release wave arrives at the interface is largely a
function of the sound speed at pressure in the shocked material, differences that are highlighted in the
insets. Here the thermochemical EOS performs noticeably better, reducing the error in sound speed
from 16% in 7602 and 29% in 7603 to 8% in 97607. The improvement is less for the higher pressure
shot shown on the right, but still clearly discernible. A more curious feature is the obvious multiwave
structure seen in the simulation performed with 7603.

Figure 16. Particle velocity at the sample/window interface in deep-release experiments performed on
epoxy; see Figure 9 for the experimental configuration. The average experimental PDV trace is dotted,
while solid lines are results of hydrodynamic simulation performed with the SESAME EOS indicated
and have the same color correspondence as those in Figure 15.

The origin of this multiwave structure is provided in Figure 17, where release paths have been
included from shocked states above the threshold for reaction. The isentrope from 7603 retains the
structure built into the cold curve, as shown in Figure 15 (right). Relaxation of the pressure back
through this feature leads to wave splitting and thus “back reaction”. Because the products are treated
as an entirely separate material—with a different EOS—no such feature is present in 97607. Similar
results hold for 7602, where the structure due to reaction was not included as part of the cold curve. The
way shock-driven transitions are incorporated into EOS representations can thus have hydrodynamic
consequences, depending on how hard the material is shocked and how long it is simulated.
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Figure 17. Principal Hugoniots and release isentropes (originating from a shocked state above the
threshold for chemical decomposition) as read from SESAME EOS 7603 and 97607. Please note that the
structure built into the cold curve of 7603 (see Figure 15, right) is retained also in the isentrope.
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4. Conclusions

Polymers decompose chemically under shock loading of sufficient strength, which tends to be
up ∼ 2.5–3.5 km/s and P ∼ 20–30 GPa on their principal Hugoniots. The reaction is accompanied
by an increase in density, the extent of which varies widely and correlates at least qualitatively with
initial chain structure and degree of crystallinity. We believe the products of this reaction to be those of
full chemical decomposition (i.e., the polymer “blows apart”) and not additional consolidation of the
original matrix, as in a polymorphic phase transition. The transition manifests itself as a cusp in the
principal Hugoniot (Figure 1A) and as multiwave structure in particle velocity profiles obtained in situ
(Figure 1B) or at interfaces (Figure 14).

Introduction of porosity complicates the picture largely through the significantly higher
temperatures generated in the process of pore collapse. This effect substantially lowers the threshold
pressure and particle velocity for shock-driven decomposition (Figure 13), even by an order of
magnitude in 75% porous PMDI polyurethane. Thermal expansion due to shock heating can be
so considerable that the Hugoniot becomes anomalous in the sense that final volumes actually
increase with increasing input stress (Figure 3C), an effect observed also in metal foams. Detonating
high explosives also expand as they react, but with exothermic heat release sufficient to drive a
self-sustaining wave [54]. While preliminary indications are that some solid polymers do decompose
exothermically (Figure 11), the degree of heat release is insufficient to compensate for the effects of
volume collapse and the criterion for detonation is not satisfied. At high porosities, the data also
exhibit a high degree of scatter, likely due to some combination of “hot spots” from void collapse,
nearly equivalent wave velocities Us ∼ up, and non-equilibrium conditions.

Future Directions

There are several outstanding questions regarding shock-driven compression and dissociation
of polymers and foams. As in the case of high explosives, in situ measurement of the product
composition remains challenging experimentally, and even the best post-mortem studies are now
decades old [18,19]. Our current treatment of carbon (based mostly on graphite shock data [31]) is
particularly crude: as diamond at pressures P � 20 GPa, and as graphite at P � 20 GPa. X-ray-based
methods are promising in their ability to penetrate the optically dense, high-pressure–temperature
product mixture, and we have recently reported the evolution of carbon particle size and morphology
in a detonating explosive in situ [102,103].

New in situ measurements of reactive wave profiles in polysulfone [104] demonstrate strong
temperature-dependence of chemical reaction rates and complex two-wave structures such as those
observed in CP and CE. These wave profiles are being used to calibrate reactive flow models for
polymers, the first of their kind. However, EOS temperatures are unconstrained by experiment and
most reaction rate forms depend exponentially on temperature, so a great deal of uncertainty regarding
the details remains. Many interesting facets of the chemistry—mechanisms, intermediates, even the
number of basic steps—are almost completely unknown. In the absence of such knowledge, there is
little justification for use of anything beyond a single, global Arrhenius reaction rate.

Precise measurement of shock response in foams is also hindered by several sources of
ill-quantified uncertainty. Sample heterogeneity (often of an extreme degree, see Figure 4) and high
shock temperatures (Figure 11) can reduce the quality of velocimetric and embedded gauge data, as
well as that of other diagnostics. Impedance matching to a high impedance impactor or drive plate can
result in errors in particle velocity with measured shock velocities. In addition, it remains the case that
only the initial (first) shock breakout is measured in many experiments, and wave profiles that might
otherwise display temporal evolution are incapable of doing so. Advances in in situ and spatially
resolved diagnostics, such as direct density measurements using proton or X-ray radiography and
multiple point or line imaging velocimetry, offer the potential for reducing these errors.
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Abbreviations

The following abbreviations are used in this manuscript:
CE cyanate ester
CM Carter and Marsh, the authors of Ref. [36]
CP carbon phenolic
EOS equation(s) of state (singular or plural)
FSI front surface impact
HE high explosives
LANL Los Alamos National Laboratory
LLNL Lawrence Livermore National Laboratory
PDV photon Doppler velocimetry
PE polyethylene
PTFE polytetrafluroethylene
VISAR velocity interferometer system for any reflector
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Abstract: Bio-based polyurethane materials with abundant open-cells have wide applications because
of their biodegradability for addressing the issue of environmental conservation. In this work,
open-cell rigid polyurethane foams (RPUFs) were prepared with bio-based polyols (BBPs) derived
from the liquefaction of peanut shells under different post-processing conditions. The influences
of the neutralization procedure and filtering operation for BBPs on the foaming behaviors, density,
dimensional stability, water absorption, swelling ratio, compressive strength, and microstructure of
RPUFs were investigated intensively. The results revealed that a small amount of sulfuric acid in the
polyols exhibited a great impact on physical and chemical properties of RPUFs while the filtering
operation for those polyols had a slight effect on the above properties. The RPUFs prepared from
neutralized BBPs possessed higher water absorption, preferable dimensional stability and compression
strength than that fabricated from the non-neutralized BBPs. Moreover, the prepared RPUFs exhibited
preferable water absorption of 636–777%, dimensional stability of <0.5%, compressive strength of
>200 KPa, lower swelling rate of ca. 1%, as well as uniform cell structure with superior open-cell rate,
implying potential applications in floral foam.

Keywords: rigid polyurethane foams; bio-based polyols; peanut shell; floral foam

1. Introduction

Rigid polyurethane foams (RPUFs) are extensively used in numerous engineering applications,
such as building and tank thermal insulation, structural support material, and composite wood
due to their light weight, considerable specific strength, and superior heat insulation, etc. [1–3].
The major components for synthesizing RPUFs are isocyanate and polyols obtained basically from
the petroleum industry. Due to the fast consumption of fossil oil reservoirs and environmental
conservation, it is necessary to explore renewable feedstocks to substitute petroleum-based polyols
for RPUFs production [4–6]. Biomass resources could make great contributions to the polyurethane
industry development, because they are widely available, renewable and CO2-neutral feedstocks for
the subsequent applications, especially in the preparation of RPUFs [7–11].

Generally, vegetable oils [4,8,12–22] and plant fibers [23–29] contain abundant hydroxyl groups
or double bonds, which require chemical modification or liquefaction to generate bio-based polyols
(BBPs) with proper hydroxyl numbers [10,11]. BBPs with hydroxyl numbers in the range of 200–550 mg
KOH·g−1 would be suitable alternatives to replace the petroleum-based polyols for RPUFs synthesis [30].
As previously reported, foams prepared from BBPs could be used in thermal insulating materials
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with properties comparable to those of commercial products [8,11]. Agricultural residues such as
crop straws and hulls, containing abundant polysaccharide and lignin with ample phenolic hydroxyl
groups, are valuable biomass resources, which could be effectively converted into BBPs, as reported
previously [31,32].

RPUFs are usually closed-cell foams due to the usage of low boiling point substance as foaming
agents, resulting in the tightly reticular air barrier, low moisture vapor permeability and resistance to
water. Therefore, closed-cell RPUFs have excellent thermal insulating properties and can be used for
building thermal insulation materials [14,15,33]. However, in several new application areas, such as
floral foam and noise reduction materials, RPUFs with high open-cells are required with properties
of high water absorption [34] or sound absorption [35]. In the present studies, RPUFs with open-cell
structure have rarely been reported. Typically, open-cell RPUFs can be synthesized by utilizing
cell-opening agents, such as 1-butanol or the lithium salt of 12-hydroxystearic acid (Li-12HSA) [36].

This study was to synthesize the open-cell and bio-based RPUFs by using the liquefied products
of peanut shell (defined as bio-based polyols, BBPs) as one of the dominant raw materials, where
the BBPs were treated with four post-processing conditions. The effects of different post-processing
conditions on the physical and mechanical properties, as well as the cell morphology of open-cell
RPUFs have been intensively assessed.

2. Experimental

2.1. Materials

The liquefaction process of peanut shells for the preparation of BBPs could be found in previous
report [31]. The properties of four BBPs are listed in Table 1, where A, B, C, and D stand, respectively, for
the liquefied products of peanut shells filtered through a Buchner funnel with the filter paper (pore size:
30–50μm) to remove residue (1.3 wt% relative to the original peanut shell) that cannot be liquefied by the
solvents and neutralized with sodium hydroxide, the sample unfiltered and neutralized with sodium
hydroxide, the sample filtered and non-neutralized, and the sample unfiltered and non-neutralized.
Polymeric methylene-4,4′-diphenyl diisocyanate (PM-200) was obtained from Wanhua Chemical Group
Co., Ltd. Triethylene diamine (A-33), stannous octoate (T-9) and silicone-based surfactant (L-580) were
produced by Air Products & Chemicals, Inc. (Allentown, PA, USA).

Table 1. Properties of bio-based polyols.

Sample
OH Number,
mgKOH·g−1

Acid Number,
mgKOH·g−1

Viscosity(25◦C),
mPa·s Color

A 451.9 1.0 47 black
B 473.3 1.0 143 black
C 451.9 8.9 47 black
D 473.3 8.9 143 black

2.2. Preparation of Open-Cell RPUFs

The open-cell RPUFs were synthesized through a one-step method. The content of all the additives
was a relative mass ratio to the BBPs. Firstly, the BBPs (100 wt %), blowing agent (distilled water, 2
wt%), L-580 (2–3 wt %) and complex catalysts (A-33 of 0.75–1.00 wt % and T-9 of 0.3–0.4 wt %) were
fully blended in a 500 mL plastic beaker with stirring (800 rpm) for one minute. Then the pre-weighted
PM-200 (where NCO index was 1.00–1.05 and the isocyanate content was calculated in our previous
study [37]) was poured into the beaker rapidly under continuous stirring of another 90–120 s. Finally,
the homogeneous mixture rose freely and then was cured at room temperature for 24 h before taking it
out of the plastic beaker. The samples were kept at ambient temperature for at least three days before
their properties were measured. The RPUFs from BBPs A, B, C and D were defined respectively as
RPUF-A, RPUF-B, RPUF-C and RPUF-D.
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2.3. Characterization and Property Testing of RPUFs

The gel time and free rise time of RPUFs were tested according to the standard “cup-test” in ASTM
D7487-13E1 using a digital timer. Each test was conducted repeatedly at least five times for minimizing
experimental error. The inner temperature of RPUF was measured by inserting the thermometer into
the mixture during the foaming process to record the maximum value of the temperature. The density
of RPUF was measured according to GBT 6343-2009. Prior to the test, the samples with the size of 50
mm × 50 mm × 50 mm were kept at the temperature of 25 ◦C and relative humidity of 50% for at least
16 h. Dimensional stability of RPUFs was measured in accordance with GBT 8811-2008 over the foams
with the size of 100 mm × 100 mm × 25 mm as the temperature was −25 ◦C and 85 ◦C, respectively.
The compressive strength test of RPUFs (50 mm × 50 mm× 50 mm) was carried out according to GB
T 8813–2008 using an electronic universal testing machine (H10KS, Hounsfield, England) under the
loading speed of 5 mm·min−1. The water absorption and swelling ratio in the water of RPUFs (150
mm × 150 mm × 50 mm) were tested based on method A and method B in GBT 8810–2005 under the
temperature of 25 ◦C and relative humidity of 50%. The porosity and cell microstructure of RPUFs
were observed using a cold-field emission scanning electron microscope (S-4800, Hitachi) with the
cross-section sampling to the foam growth direction after coating with gold.

3. Results and Discussion

3.1. Foaming Behaviors

The reactions of isocyanate with water and polyols are intense exothermic processes. The carbon
dioxide generated from the blowing reaction between the isocyanate and water would act as foaming
gas to expand bubbles. Meanwhile, the backbone of the urethane group is formed from the gelling
reaction between isocyanate and polyols with different molecular weight as shown in Figure 1.

 

Figure 1. Gelling reaction between the isocyanate and polyols.

The gel time and the free rise time were recorded during the foaming process and listed in Table 2.
It can be found that the gel time and free rise time of RPUF-A and -B could be dramatically reduced
in comparison with that of the RPUF-C and -D due to the use of the BBPs neutralized with sodium
hydroxide, indicating the great influence of neutralization procedure of BBPs on the synthesis of the
RPUFs. For instance, using the filtered BBPs, the gel time and free rise time significantly increased
from 24 and 39 s for RPUF-A to 449 and 578 s for RPUF-C, respectively. Moreover, the filtration
process of BBPs had a slight effect on both the gel time and free rise time of foams, illustrating that
the preparation of BBPs without filtration process could save the time as well as the cost of the final
RPUFs. The foaming variation with the elevated free rise time for RPUF-B (Figure 2) and RPUF-D
(Figure 3) further clearly verified that the free rise time of foam prepared from neutralized polyols was
substantially shortened. The alkaline amine catalyst A-33 could fully exhibit its catalytic performance
for promoting the reaction of isocyanate and water to generate carbon dioxide during the foaming
process due to the removal of sulfuric acid through the neutralization procedure.
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Table 2. The gel time and free rise time of the foaming process in different reaction conditions.

Samples Gel Time, s Free Rise Time, s

RPUF-A 24 39
RPUF-B 28 41
RPUF-C 449 578
RPUF-D 480 593

 

Figure 2. Foaming process of RPUF-B prepared from unfiltered bio-based polyols (BBPs) with
neutralization by sodium hydroxide.

 

Figure 3. Foaming process of RPUF-D prepared from unfiltered BBPs without neutralization by
sodium hydroxide.

Figure 4 shows the inner temperature variation trend of RPUF-B and RPUF-D during the foaming
process. It could be seen that the inner temperature of the two samples increased with respect to the
test time. The inner temperature of RPUF-B reached the maximum value of 136 ◦C after 386 s, which
is relatively higher and faster than that (103 ◦C after 625 s) of RPUF-D. The presence of sulfuric acid
in the BBPs without neutralization would react with alkaline amine catalyst A-33 to slow down the
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reaction between the isocyanate and water during the preparation of RPUF-D, resulting in the mild
exothermic process, thus the relatively low inner temperature. This is consistent with the observation
of Figures 2 and 3. Therefore, the neutralization procedure could be necessary to prepare the BBPs for
the subsequent RPUFs synthesis. It was also found that the initial temperature of foaming mixture had
an obvious effect on the inner temperature during the foaming process (Figure 5), illuminating that
the high initial temperature of foaming mixture can accelerate the reaction rate to shorten the overall
reaction time.

Figure 4. Inner temperature variation of foams prepared from unfiltered BBPs with (RPUF-B) and
without (RPUF-D) neutralization by sodium hydroxide.

Figure 5. Inner temperature variation during the foaming process under different initial temperatures
of the foaming mixture.
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3.2. Apparent Density

The apparent density of RPUFs is presented in Figure 6. It can be found that the apparent
density of all RPUFs was in the range of 75–90 Kg·m−3, suggesting the formation of the dense structure.
Furthermore, the apparent density of RPUF-A and B was higher than that of RPUF-C and D, respectively.
The relatively high inner temperature of the RPUF-A and B would facilitate the formation of the
framework of the urethane group in the stage of the gel reaction between the BBPs and isocyanate,
resulting in the high apparent density of the prepared RPUFs. Thus, the remaining sulfuric acid in the
BBPs exhibited a certain impact on the properties of the final RPUFs and should be removed by the
neutralization with sodium hydroxide.

 
Figure 6. The apparent density of prepared RPUFs.

3.3. Dimensional Stability and Water Absorption

The dimensional stability of RPUFs under different temperature is listed in Table 3. As expected,
the dimensional changes of RPUFs under low temperature and thermal treatment were unregulated
and negligible (−0.07% to 0.50%), indicating that the prepared RPUFs is favorable for the practical
engineering application in the wide range of temperature.

Table 3. Dimensional stability of RPUFs at different temperature.

Samples
−25 ◦C 85 ◦C

Length, % Width, % Height, % Length, % Width, % Height, %

RPUF-A −0.13 −0.07 −0.03 0.02 0.08 0.07
RPUF-B −0.12 −0.05 −0.16 0.13 0.26 0.18
RPUF-C −0.35 −0.07 −0.15 0.07 0.50 0.15
RPUF-D −0.34 −0.10 −0.27 0.06 0.27 0.20

Water absorption is usually associated with the open-cell ratio and density. As shown in previous
work on the RPUF from rapeseed oil polyol with a high content of closed cells, the water absorption
foams are less than 10% [16]. However, as listed in Table 4, the four prepared RPUFs in this study
possessed substantially higher water absorption (636%–777%) as well as the extremely low swelling
ratios (around 1%), implying the high open-cell ratio and density of prepared RPUFs. The RPUFs with
the properties of high water absorption, low swelling ratio, and suitable density are favorable for the
application of floral foam [38].
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Table 4. Water absorption and swelling ratio of RPUF in different compositions.

Samples Water Absorption, % Swelling Ratio, %

RPUF-A 687 1.06
RPUF-B 777 1.05
RPUF-C 636 1.09
RPUF-D 678 1.03

3.4. Mechanical Properties

The mechanical properties of prepared RPUFs were evaluated by compressive strength test and
the results are illustrated in Figure 7 and Table 5. The compressive strength of foams prepared from
the neutralized BBPs (RPUF-A and B) was substantially higher than that of RPUF-C and D, indicating
that the neutralization process of the BBPs would significantly influence the compressive strength of
the subsequent RPUFs. Moreover, the unfiltered BBPs containing few residues can strengthen the
mechanical strength of the RPUFs, resulting in the higher compressive strength of the foams derived
from the unfiltered BBPs in comparison with foams from filtered BBPs. Typically, the compressive
strength of RPUF-B was obviously higher than that of RPUF-A. The mechanical test results are also in
accordance with the density results (Figure 6); that is, the foam with high density also exhibited the
superior mechanical strength. Except for density, the compressive strength of RPUFs is also relative
to the cell size and shape of the final foams. The RPUFs with regular cell shape and uniform cell
size usually possessed high compressive strength [34,39]. This can be proved by the morphology
investigation in the following discussion. Furthermore, the compressive strength of prepared RPUFs
in this work is superior in comparison with the foams from others’ work [16,26].

Figure 7. Stress-strain curves of the prepared RPUFs for the determination of the compressive strength.

Table 5. Mechanical properties of RPUFs.

Samples
Maximum
Pressure, N

Compression
Strength, KPa

Stress-Strain

10%, KPa 20%, KPa 25%, KPa

RPUF-A 63.4 248.5 221.9 278.6 307.5
RPUF-B 89.5 350.7 326.4 337.7 349.6
RPUF-C 51.0 200.1 171.4 189.0 197.9
RPUF-D 59.2 231.7 204.4 215.1 218.3
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3.5. Cell Morphology

SEM images (Figure 8) of prepared RPUFs reveal that the foam cells have a regular shape and
uniform size, indicating the isotropic growth of the bubble during the foaming process. This result also
verified the conclusion from the analysis of the compressive strength test. Furthermore, the cells are
approximately hexagonal and completely opened. In the foaming process, the slow-gelling reaction
rate allowed the bubbles to easily escape from the matrix before it forms the firm struts. Finally, an
equilibrium was reached between the gelation and blowing reaction, leading to the formation of RPUFs
with uniform cell size. The superior performance of the prepared RPUFs enable them to be potentially
used as floral foam.

 
Figure 8. SEM images of the prepared RPUFs.

4. Conclusions

The bio-based rigid polyurethane foams (RPUFs) with high open-cell ratio were successfully
prepared with bio-based polyols (BBPs) derived from the liquefaction of peanut shells under different
post-processing conditions. Compared to the filtration post-processing of BBPs, the neutralization of
BBPs with sodium hydroxide would significantly influence the properties of the final foams due to
the elimination of the small amount of sulfuric acid, which could slow down the reaction between
the isocyanate and water during the preparation of RPUFs. The RPUFs prepared from neutralized
BBPs exhibited the suitable density, superior compressive strength, especially high water absorption of
636%–777% and low swelling ratio of ca. 1% as well as uniform cell structure with high open-cell rate.
These properties of the obtained RPUFs are favorable for application as a floral foam.
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