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Abstract 

 

The present PhD thesis is framed within the Industrial Doctorate Plan promoted by the 

Generalitat de Catalunya and has been developed in cooperation between the Universitat 

Politècnica de Catalunya-BarcelonaTech, the Centre Català del Plàstic, SEAT SA and 

Volkswagen AG. The research project has as main objective the characterization of 

microcellular plastics obtained by injection molding, motivated by a concern to reduce 

weight, cost and carbon footprint in automotive plastic parts. 

First, cylindrical bars and square plates made of Acrylonitrile-Butadiene-Styrene (ABS) 

and 20% Glass Fiber reinforced-Polypropylene (PP 20GF) were injection molded and foamed 

through the MuCell® technology. Shot volume was found as the most influencing parameter 

on cell structure and tensile and flexural properties. The effect of mold temperature and 

injection speed was secondary and not statistically significant for the mechanical 

performance. Tensile and flexural properties decreased almost linearly with the apparent 

density, whereas impact resistance was strongly reduced during foaming. Glass fibers 

contributed to partially overcome the loss of properties due to the reduction in density. Cells 

act as crack arrestors by blunting the crack tip. However, once the crack is propagating, cells 

acting as stress concentrators lead to a decrease in fracture toughness. Because of the low 

amount of blowing agent injected during the foaming process, no significant changes in the 

thermal properties were determined as compared to that of the solid counterpart. 

Simulation of the microcellular injection molding process with Moldex 3D® software 

and prediction models of the mechanical properties based on the apparent density and 

morphological characteristics provided a good approach to the experimental results. 

On the other hand, the Core Back tool technology was also employed in this study. By 

pulling the core and increasing the final thickness of the part, the apparent density decreased 

but the bending stiffness was greatly enhanced. Finally, a new alternative foaming 

technology, called IQ Foam® and developed by Volkswagen AG, was used to produce 

rectangular plates and compare their properties to that of the obtained by MuCell® process. 

By using a minimum amount of blowing agent, foamed plastic parts through IQ Foam® 

obtained through this process exhibited thicker solid skins and lower cell densities, but 

consequently higher mechanical properties. Additional benefits such as cost-effectiveness, 

easy-to-use and machine-independence are also offered by this new emerging technology. 
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Resumen 

 

La presente tesis doctoral se enmarca dentro del Plan de Doctorats Industrials 

convocado por la Generalitat de Catalunya y se ha desarrollado como colaboración entre la 

Universitat Politècnica de Catalunya-BarcelonaTech, el Centre Català del Plàstic, SEAT SA y 

Volkswagen AG. El proyecto de investigación tiene como principal objetivo la 

caracterización de plásticos microcelulares, motivado por el interés en reducir peso, coste e 

impacto ambiental en piezas de plástico de automoción. 

En primer lugar, se obtuvieron mediante moldeo por inyección barras cilíndricas y 

placas cuadradas fabricadas con Acrilonitrilo-Butadieno-Estireno (ABS) y Polipropileno 

reforzado con un 20% de fibra de vidrio (PP 20GF), espumadas con la tecnología MuCell®. 

El volumen de dosificación es el parámetro más influyente sobre la estructura celular y las 

propiedades a tracción y a flexión. El efecto de la temperatura de molde y velocidad de 

inyección, en cambio, es secundario y no introduce variaciones estadísticamente significativas 

sobre el rendimiento mecánico. 

Las propiedades a tracción y flexión se reducen de manera prácticamente lineal con la 

disminución de densidad, mientras que la resistencia a impacto decrece drásticamente debido 

a la espumación. El efecto reforzante de las fibras de vidrio contribuye a compensar 

parcialmente la caída de propiedades debido a la reducción de densidad. Las celdas tienden a 

enromar el frente de grieta, retrasando así el inicio de propagación. Sin embargo, una vez la 

grieta comienza a propagar, las celdas actúan como concentradores de tensión provocando 

una disminución en la tenacidad a fractura. El reducido contenido de agente espumante 

inyectado durante el proceso de espumación no es suficiente para producir cambios en las 

propiedades térmicas en comparación con las del material macizo. 

La simulación del proceso de inyección microcelular con el software Moldex 3D® y los 

modelos de predicción de propiedades mecánicas basados en la densidad y características 

morfológicas proporcionaron valores cercanos a los obtenidos experimentalmente. 

Por otro lado, en este trabajo también se estudió el efecto de la tecnología de molde 

Core Back en combinación con el proceso de espumado mediante moldeo por inyección. A 

través del movimiento de la cavidad y el aumento del espesor final de la pieza inyectada, la 

densidad aparente se reduce al mismo tiempo que la rigidez a flexión se incrementa 
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considerablemente. Finalmente, una nueva tecnología de espumación desarrollada por 

Volkswagen AG, llamada IQ Foam®, se utilizó para la inyección de placas rectangulares y la 

comparación de sus propiedades con las de placas análogas obtenidas mediante el proceso 

MuCell®. Mediante la utilización de un contenido mínimo de agente espumante, las placas 

espumadas con IQ Foam® exhibieron mayores espesores de piel y menores densidades 

celulares, y por tanto, propiedades mecánicas ligeramente superiores. Esta nueva tecnología 

ofrece también otras ventajas, como una menor inversión inicial, facilidad de operación y 

posibilidad de utilización en cualquier máquina de inyección convencional. 
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Chapter 1: 

Introduction 

 

Climate change is one of the most important challenges facing the whole planet at 

present, and it requires the firm commitment of all industrial and service sectors in order to 

reduce the environmental impact of their activities. The automotive industry is aware of this 

responsibility, and focuses its efforts on providing more sustainable road transportation 

systems. 

In 2013, almost one quarter (24.4%) of greenhouse gas emissions emitted to the 

atmosphere in Europe was derived from the transport sector, 43% of them corresponded to 

passenger cars [1]. According to data provided by the European Environment Agency (EEA) 

depicted in Figure 1.1, automobiles in the Europe Union are becoming ever more fuel- 

efficient. In 2014, CO2 mean emissions from new passenger cars were 123.4 g CO2/km, 3% 

less than in the previous year. In Spain, the new sold cars emitted on average 118.6 g CO2/km 

[2]. 

 

Figure 1.1. Evolution of CO2 emissions from new passenger cars per year and fuel type, and emissions targets 

for 2015 and 2020. Modified from [2]. 
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Since the 1970s to the present day several directives and regulations have been adopted 

with a view to control, more and more strictly, the fuel quality, consumption, emissions and 

environmental impact of the vehicle. Limits in air pollutants, such as carbon monoxide (CO), 

non-methane hydrocarbons (NMHC), particulate matter (PM) and nitrogen oxides (NOx) 

have been increasingly and successively constrained over time through the series of directives 

Euro 1, 2, 3, 4, 5 and 6 [3-8], which are amendments to the first European Council Directive 

70/220/EEC introduced in 1970 [9]. The emission levels regulated by these directives are 

shown in Table 1.1. A particulate number standard (PN) was included in Euro 5b in 2011 for 

diesel engines and in Euro 6 in 2014 for petrol engines. 

Regarding greenhouse gas emissions, in April 2009 the European Union adopted the 

Regulation No 443/2009 [10] setting average emissions targets for new passenger cars of 130 

g CO2/km by 2015 and 95 g CO2/km from 2020 onwards (Figure 1.1). Furthermore, each 

Member State is claimed to record information for each new passenger car registered in its 

territory to monitor CO2 emissions reduction, and excess emissions premiums are imposed on 

car manufacturers that do not meet these specific targets. 

The White Paper on Transport [11], approved by the European Commission in 2011, is 

a roadmap consisting of 40 concrete initiatives aimed at increasing mobility, removing major 

barriers in key areas, reducing dependence on imported oil and cutting carbon emissions in 

transport by 60% by 2050. The end of life problem of vehicles has also been considered by 

the Directive 2000/53/EC [12], which establishes measures to prevent and limit waste from 

car components after their service life and ensure the reuse, recycle and recover of their 

materials. 

Table 1.1. Emission limits (g/km) of the Euro emission standards for passenger vehicles [3-8]. 

Diesel Date CO NMHC NOx HC+NOx PM PN 

Euro 1 07/1992 2.72 - - 0.97 0.14 - 

Euro 2 01/1996 1.00 - - 0.70 0.08 - 

Euro 3 01/2000 0.64 - 0.50 0.56 0.05 - 

Euro 4 01/2005 0.50 - 0.25 0.30 0.025 - 

Euro 5a 09/2009 0.50 - 0.18 0.23 0.005 - 

Euro 5b 09/2011 0.50 - 0.18 0.23 0.005 6.0·1011 

Euro 6 09/2014 0.50 - 0.08 0.17 0.005 6.0·1011 
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Table 1.1. Continued. 

Petrol Date CO NMHC NOx HC+NOx PM PN 

Euro 1 07/1992 2.72 - - 0.97 - - 

Euro 2 01/1996 2.20 - - 0.50 - - 

Euro 3 01/2000 2.30 - 0.15 - - - 

Euro 4 01/2005 1.00 - 0.08 - - - 

Euro 5 09/2009 1.00 0.068 0.06 - 0.005 - 

Euro 6 09/2014 1.00 0.068 0.06 - 0.005 6.0·1011 

 

As a result of the regulatory constraints and an increase of the environmental awareness, 

the automotive industry has taken different strategies to reduce greenhouse gas emissions and 

air pollutants (Figure 1.2). On one hand, major progress has been made in the development of 

fully electric- and hybrid-drive vehicles [13]. However, the conventional internal combustion 

engines are still the most widespread powertrain, although its efficiency has been greatly 

improved and the fuel consumption and emissions have been strongly reduced [14]. Research 

work has also focus on natural gas, biodiesel, hydrogen, ethanol or propane as alternative 

fuels derived from resources other than oil [15]. Additionally, some technologies have been 

developed to improve fuel economy and decrease energy loss, like more efficient 

transmission systems, regenerative braking techniques or reduced rolling and aerodynamics 

resistance [16]. 

On the other hand, the environmental impact can be also diminished by materials 

selection and part design of automobile components. For example, by employing bio-based 

and biodegradable polymers [17] and removing additional features. Another strategy to 

reduce emissions is decreasing the weight of the vehicle, due to lower required tractive efforts 

and less rolling resistance. Indeed, saving 100 kg in the bodywork cuts CO2 emissions by 10 g 

CO2/km [18]. For this reason, conventional materials are being replaced with high 

performance steels, fiber composites and plastics. In this context, the present PhD thesis deals 

with the characterization of microcellular thermoplastic foams obtained by injection molding, 

as a preliminary approach towards lighter, cheaper and more environmentally friendly 

automotive interior parts. 
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Figure 1.2. Measures to reduce CO2 emissions. 

1.1. Plastics in automotive industry 

The use of plastic materials in cars dates back to the 1950s concurring with the fall of 

the oil cost and bulk plastic prices after the Second World War [19]. Since then plastics 

market has only grown and with that the demand for automotive applications [20]. Figure 1.3 

illustrates the increase in plastic materials percentage by weight of the overall vehicle mass 

along the time as well as the continuous growth estimation for 2020. In 2014, automotive 

industry was the third sector of plastics demand in Europe with a share of 8.6% [21], resulting 

in a reduction of 12 million tons in fuel consumption and 30 million tons in CO2 emissions 

per year [22]. In Figure 1.4 the differences in the amount of plastic materials employed in the 

dashboard of the SEAT 600 model (1960) as compared to the SEAT Ateca launched in 2016 

can be clearly observed [23, 24]. 

 

Figure 1.3. Percentages by weight of materials used in vehicles over time. Modified from [20]. 
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Figure 1.4. Plastic materials used in the dashboard of a) SEAT 600 (1960) [23]; b) SEAT Ateca (2016) [24]. 

Many reasons make plastics attractive for automotive engineers [25]. To begin with, 

they have low density and are generally cost effective, providing design freedom to 

incorporate safety, styling and comfort into vehicles. They can be strong, durable, transparent, 

translucent or opaque, and resistant to heat, chemicals and corrosion. They can also be 

formulated in different ways, blended and reinforced with fillers, so that their properties can 

vary in a wide range of stiffness, softness and hardness. Furthermore, plastics are excellent 

thermal and electrical insulators, although they can be modified to allow partial conductivity. 

Finally, this versatility of plastics offers the possibility to be formed into almost any shape, 

size and color. 

Figure 1.5 depicts the use of plastics in a vehicle per polymer type and vehicle area. 

Polypropylene (PP) is by far the most employed polymer, followed by Polyurethane (PUR), 

Polyamide (PA) and Acrylonitrile-Butadiene-Styrene (ABS) [18]. The relative good specific 

mechanical properties and low cost of PP make it suitable for a wide range of applications, 

such as bumpers, wheel housings or defrost air channels. PUR presents higher flexibility and 

excellent damping properties and, therefore, it is mainly used as flexible and rigid foams for 

seat cushions or impact energy absorbers. PA is an engineering polymer with a good 

combination of mechanical and thermal properties and chemical resistance. It is largely 

applied to replace metals in engine covers and electrical components. ABS is characterized by 

reasonable dimensional stability and thermal and impact resistance as well as high gloss, 

surface quality and possibility to be painted and chromed. Consequently, it is widely used for 

aesthetic purposes, like interior panels and trims. 
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Figure 1.5. Percentages by weight of plastic materials used in cars per a) polymer type; b) vehicle zone. 

Modified from [18]. 

Concerning vehicle areas, plastic materials are predominantly employed in interior 

parts, where styling, surface quality, passenger comfort and safety are the main aspects that 

can be easily fulfilled by polymers. ABS individual or blended with Polycarbonate (PC/ABS) 

are usually employed in parts with aesthetics functions, while reinforced PP with talc particles 

or glass fibers are mostly present in structural components. Typical exterior parts made of 

plastics are bumpers (glass fiber reinforced PP), door handles (PC, Polybutylene-terephthalate 

(PBT), Polyethylene-terephthalate (PET)) or mirror housings (ABS, PC/ABS, Polystyrene 

(PS)). These parts are subjected to higher mechanical loads and environmental conditions and 

therefore, their production with thermoplastics is less common. Components under the hood 

work under high temperature conditions, so only engineering plastics like PA or PBT are used 

in the surroundings of the engine instead of metals. Finally, transparent PC has replaced glass 

lenses for lightning applications, as it can resist high levels of heat and shattering and 

increases design possibilities. Table 1.2 shows a summary of main properties of different 

plastics and examples of their applications in a vehicle [26]. 

Automotive plastics parts can be manufactured by different processes, such as 

extrusion, injection molding, blow molding, thermoforming, rotational molding, casting, 

compression molding and transfer molding [27]. The possibility of molding almost all 

thermoplastics and some thermosets in a wide variety of complex geometries and textures, 

with high manufacturing flexibility and repeatability makes injection molding one of the most 

common methods for large-scale plastic production [28]. 
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Table 1.2. Properties and applications of polymers employed in automotive industry [26]. 

Polymer Abbreviation Properties Applications 

Polypropylene PP Low cost, high strength, 

chemically resistant 

Bumper, wheel 

housing, air filter 

housing 

Polyethylene PE Low cost, chemically 

resistant, high strength, non-

ageing 

Fuel tank 

Polyamide PA Low gas diffusivity, 

temperature-stable, high 

fatigue strength and stiffness, 

non-ageing 

Engine cover, plug 

connector, air duct 

Acrylonitrile-

butadiene-styrene 

ABS Dimension-stable, impact-

resistant, high strength 

Radiator grill, wheel 

flashing, interior 

panel 

Polyurethane PUR Good damping behavior, 

good electricity, low thermal 

conductivity 

Seat cushion, 

instrument panel 

cushion, roof lining 

Polyvinylchloride PVC Low cost, weatherproof, 

flame resistant 

Underbody skid 

plate, wire insulation 

Polyoxymethylene POM Chemically resistant, low 

creep, impact-resistant, 

temperature-stable, abrasion 

resistant 

Fastening clip, plug 

connector, cog 

wheel, bearing 

components 

Poly(methyl-

methacrylate) 

PMMA Transparent, UV-resistant, 

stress crack resistant, scratch 

resistant 

Headlight lenses 

Polycarbonate PC Transparent, UV-resistant, 

impact resistant 

Headlight lenses, car 

body parts 

Polyethylene-

terephthalate 

PET High tensile strength and 

stiffness, good barrier effect 

Textile, safety 

seatbelt, airbag 

Polybutylene-

terephthalate 

PBT High stiffness, high heat 

deflection temperature, good 

electrical isolation, low 

thermal expansion coefficient 

Electric housings, 

exterior mirror 

housing, handgrip 
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The continuous development of plastics materials will further increase the demand for 

automotive components as light, high performance and sustainable solutions [29]. However, 

improvements in polymers chemistry and behavior understanding as well as advances in 

recovery and recycling at end of life products are needed for growing plastics market and 

making an appropriate use of them. By 2030, plastics are expected to be the preferred 

materials for automotive and other society applications [30]. 

1.2. Lightweight construction in automotive industry 

Although the significant progress in powertrain technologies and fuel efficiency reached 

in the last years, another focus of attention by automotive makers is reducing the overall 

weight of the vehicle. According to Figure 1.6, the largest loss of the energy supplied to the 

vehicle corresponds to the fuel combustion in the engine (74%), and the rest of available 

energy is mainly consumed in friction with the air and road as well as in braking the vehicle 

mass (16%) [31]. Thus, lighter cars have lower inertia and rolling resistance, needing less 

energy to get moving. Therefore, fuel economy is improved and lower levels of CO2 are 

emitted into the atmosphere. 

 

Figure 1.6. Representative vehicle energy flows in an urban driving cycle. Modified from [31]. 

 

 

Figure 1.7. Vehicle mass distribution by subsystem. Modified from [32]. 
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Figure 1.7 shows the vehicle mass distributed by subsystems [32]. Over 80% of its 

weight comes from the chassis, powertrain and body, which are mainly made of ferrous 

metals like cast iron and steel [33]. The environmental impact can therefore diminished by 

replacing these materials with lighter alternatives, such as High Strength Steels (HSS), 

Advanced High Strength Steels (AHSS), Aluminum (Al), Magnesium (Mg) or polymer 

composites [34]. 

High Strength Steels (HSS), Advanced High Strength Steels (AHSS) are derived from 

new alloying and processing combinations to produce unique microstructures with enhanced 

strength and elongation [35]. Aluminum is a low-density material with a broad range of 

opportunities to replace mild steel in powertrain, chassis and body structures [36]. Magnesium 

and its alloys are even lighter than Aluminum with excellent casting behavior and are often 

employed in body interior parts as well as in fuel tanks. Composite materials, especially 

Carbon Fiber Reinforced Polymers (CFRP) and Glass Fiber Reinforced Polymers (GFCP), 

allow great mass savings as compared to metals, and have been also adopted by car 

manufacturers to reduce weight car structure parts [37]. Figure 1.8 shows examples of 

lightweight body solutions adopted with aluminum (Audi A8) [38] and carbon fiber (BMW i 

Concept) [39]. However, the increase in cost involved in manufacturing these lighter 

materials restricts their widespread use in the competitive automotive market [31]. Table 1.3 

summarizes the main mechanical properties of the different alternative materials and the 

raising cost as compared to the mild steel and iron cast. High performance polymers with 

increased specific strength and stiffness, polymer sandwich panels or polymer/metal hybrid 

systems are also considered for metal replacement [40]. 

 

Figure 1.8. Lighter car bodies made of a) Aluminum (Audi A8) [38]; b) CFRP (BMW i Concept) [39]. 
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Table 1.3. Properties and prices of alternative lightweight automotive materials [31]. 

Material Density 

(relative) 

(g/cm3) 

Yield 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Relative cost 

per part 

Mild steel 7.86 (1.00) 200 300 200 1.0 

Iron 7.10 (0.90) 276 414 166 - 

High Strength Steel 7.87 (1.00) 345 483 205 1.0 - 1.5 

Aluminum 2.71 (0.34) 275 295 70 1.3 - 2.0 

Magnesium 1.77 (0.23) 124 228 45 1.5 - 2.5 

Carbon/Glass fibers 1.57 (0.20) 200 (Flex.) 810 (Flex.) 190 (Flex.) 2.0 - 10.0 

 

As the use of plastics in automotive is continuously growing, it seems appropriate to 

conduct strategies to make them lighter. In this sense, foaming techniques by injection 

molding arises as one of the most promising methods to reduce weight in plastic components. 

The microcellular injection molding MuCell® process, developed by the Massachusetts 

Institute Technology (MIT) and commercialized by Trexel Inc., consists of dissolving a 

physical foaming agent in the melted polymer during injection molding in order to create a 

cellular structure inside the plastic part. Consequently, lighter components with improved 

dimensional stability are obtained. Unlike the rest of lightweight alternatives previously 

presented, cost of foamed parts is also decreased, due to saved material and reduced cycle 

time [41]. Kim and Wallington [42] as well as Elduque et al. [43] found that by microcellular 

injection molding it is possible not only to lighten industrial components, but also reduce 

carbon footprint and CO2 emissions. 

In 2011, Ford Motor Co. won the Grand Award at the 41st edition of the Society of 

Plastics Engineers (SPE) Automotive Innovation Awards competition for the foamed 

instrument panel of Ford Escape/Kuga models as the largest component ever molded with the 

MuCell® process [44]. Volkswagen AG also manufactures the same foamed part of the VW 

Golf VII model, and some other automotive components have been produced with MuCell® 

technology (Figure 1.9), reaching different weight and cost reduction ratios depending on the 

application [45]. The development of microcellular injection molded bumper systems has also 

been reported in the literature [46]. 
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Figure 1.9. Automotive foamed plastic parts manufactured by MuCell® technology [44]. 

Nevertheless, the application of the MuCell® foaming technology has not been widely 

extended in automotive parts due to several factors. For example, the high initial investment 

to implement the process, the additional complexity in controlling the production and the 

lower mechanical properties and worse surface qualities of foamed components as compared 

to the solid counterpart. With the aim of overcoming some of these drawbacks, new foaming 

injection molding technologies have emerged, such as IQ Foam®, developed by Volkswagen 

AG. Further research on foaming mechanisms and their effect on polymer properties will be 

essential in order to fully incorporate microcellular plastics in automotive parts. 

1.3. Objectives 

The present thesis has been developed under the frame of the Industrial Doctorates Plan 

founded by the Generalitat de Catalunya in 2013, aimed to promote company strategic 

research projects in cooperation with university and technological research centers, which will 

be carried out as doctoral thesis. This project has been conducted as collaboration between the 

Universitat Politècnica de Catalunya - BarcelonaTech, by means of the Centre Català del 

Plàstic, and the Technical Center of SEAT SA with the support of Konzernforschung 

department of Volkswagen AG. 

On one hand, the technological objectives from SEAT and Volkswagen side refer to 

characterize foamed plastics with the view of exploring potentials and limits in raising the 

application to real car parts. Besides, it is of great interest to assess a new foaming technology 
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recently developed by Volkswagen (IQ Foam®) in comparison to other existing processes in 

the market (MuCell®). 

On the other hand, from a scientific point of view the aims of the Universitat Politècnica 

de Catalunya and the Centre Català del Plàstic are mainly related to gain deeper knowledge 

about microcellular plastics and their manufacturing technologies, through studying the 

influence of processing variables on the cell structure and resulting properties as well as 

getting insight into their fracture behavior. 

The materials selected for this research were commercial grades employed in 

automotive of an Acrylonitrile-Butadiene-Styrene (ABS) and a Polypropylene reinforced with 

Glass Fiber (PP GF). Combining both technological and scientific purposes, the following 

objectives were defined for the present project: 

 Morphological, mechanical, thermal and fracture behavior characterization of 

different plastic foams (ABS and PP GF) obtained by injection molding. 

 Analysis of the effect of processing parameters on the cell structure and mechanical 

performance. 

 Comparative study of foaming MuCell® and IQ Foam® technologies in terms of 

morphology and mechanical properties of PP GF foamed by both processes. 

1.4. Overview of the thesis 

In Chapter 1 the motivation and status of use of plastics and lightweight possibilities in 

automotive industry and objectives of the thesis have been introduced. Chapter 2 deals with 

theoretical fundamentals of plastic foams characteristics and microcellular injection molding 

technologies. Furthermore, relevant literature about research on plastic foams is reviewed. 

Chapter 3 describes the materials and experimental procedure carried out in this project. 

Chapter 4 shows the results of morphology analysis and mechanical, thermal and 

fracture characterization of ABS foamed material, as well as the influence on them of the 

injection molding parameters. Chapter 5 replicates a similar study with PP GF polymer. 

Chapter 6 presents the main conclusions of comparing the properties of PP GF samples 

foamed by MuCell® and IQ Foam® technologies. Finally, Chapter 7 summarizes the major 

contributions of this thesis, and suggests proposals for future research works. 
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Chapter 2: 

Theoretical aspects 

 

Natural foams have been known and employed historically, such as cork, wood, bones 

or sponges. However, it was not until the 1960s when science and technology were engaged 

in producing synthetic foams [47]. Plastics foaming enlarged the already wide versatility and 

property spectrum of polymers, and it was soon extended to different sectors and industries by 

replacing conventional business. 

Thermoplastic foams are characterized by their excellent thermal and acoustic 

insulation properties, compressibility, cost effectiveness, and, of course, low density. For 

these reasons, they can be found in many different applications including packaging, building, 

transportation, shock absorbers, furniture or thermal and sound insulators. Nevertheless, cell 

sizes of conventional foams, usually over 250 µm, as well as the non-uniform distribution of 

them inside the plastic part, gave rise to a dramatic reduction in their mechanical properties, 

disabling their employment in structural applications. In the last decades several 

improvements have been made and advanced foaming technologies have been developed with 

the aim of reducing cell diameter up to the microcellular scale (1-100 µm) and homogenizing 

its distribution, in order to decrease material consumption without sacrificing mechanical 

properties [48]. There is a constant search for more and more lighter materials. Indeed, 

polymer foams market is expected only to grow and is estimated to reach US$ 131.1 billion 

by 2018 [49]. 

The main theoretical fundamentals of polymer foams, basic stages and phenomena 

governing foaming processes as well as technologies for foam manufacturing are introduced 

in this Chapter. 

2.1. Basic concepts of polymer foams 

2.1.1. Classification of foams 

Plastic foams or cellular polymers are two phase materials of dispersed gaseous voids 

dispersed in a continuous polymer matrix. “Foam” and “porous” terms are usually indistinctly 
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employed for this kind of materials, but they are different concepts. Foam involves volume 

expansion, while porous material does not [50]. 

Regardless of the processing technology, all plastic foams can be categorized according 

to different criteria. The most common classification of foams is through the connectivity of 

the cells. Open-cell foams contain cells that are connected by open faces forming an 

interconnected network, while in closed-cell foams each cell is sealed off from its neighbors 

(Figure 2.1). Cell struts isolates each cell improving insulation, dimensional stability and 

compressive strength. And, of course, some foams are partially open and partially closed [51]. 

Plastic foams can be also divided into rigid and flexible foams [52]. Rigid foams 

contain the polymer in the crystalline state or, if amorphous, below its glass transition 

temperature (Tg). On the contrary, the polymer matrix of flexible foams is above its Tg. The 

former are usually employed in building, transportation and packaging, and the latter are 

mostly used in furniture, textiles and shock and sound applications. Finally, depending on the 

range of cell size, a foam can be said to be macrocellular (> 100 µm), microcellular (1-100 

µm), nanocellular (1-100 nm) or ultrananocellular (0.1-1 nm) [52]. 

2.1.2. Characteristics of foams 

A polymer foam possesses unique properties which are governed by the polymer 

matrix, cellular structure, gas composition and foaming technology. Thus, plastic foams can 

be characterized by the following parameters [53]: 

 

Figure 2.1. SEM micrographs of Polyurethane foams with a) open-cell [54]; b) closed-cell [55] structures. 

 



Chapter 2: Theoretical aspects 

- 15 - 

 The most important characteristic of a cellular plastic is its relative density (ϕ), also 

known as volume fraction, which measures the density of the foam (ρf) as compared 

to that of the solid polymer (ρs): 

𝜙 =  
𝜌𝑓

𝜌𝑠
 (2.1) 

It is the main characteristic affecting the mechanical and thermal properties [51]. 

Cellular polymers with relative densities lower than 0.1 are classified as low density 

foams. 

 Cell size is another property resulted from the combination of polymer matrix, type 

of gas and processing conditions. It can be measured by inspecting a cross-section. 

Usually there is a distribution of cell sizes. Therefore, although sometimes it is 

reported as an average cell diameter, cell size is commonly analyzed by range of cell 

sizes or frequency histograms. Generally, the smaller the cell size, the higher the 

absorption energy as well as the insulation [56]. 

 Cell shape. First, small spherical disperse cells are created in the melted matrix. As 

they grow, cells get distorted forming polyhedral structures. Foam cells consist of 

three main parts: edges, vertices and faces [57]. Topology of cells and approaches to 

geometrical forms have been studied extensively, including bidimensional and 

tridimensional structures [51]. Figure 2.2 shows some polyhedrons employed in the 

literature to model cell shapes. 

 

Figure 2.2. Three-dimensional polyhedral cells: a) tetrahedron; b) triangular prism; c) rectangular prism; d) 

hexagonal prism; e) octahedron; f) rhombic dodecahedron; g) pentagonal dodecahedron; h) tetrakaidecahedron; 

i) icosahedron. Modified from [51]. 
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 Cell density. This property is defined as the number of cells contained in the volume 

of the foamed part, and it is greatly influenced by the amount of gas mixed with the 

polymer. Usually, the more gas introduced, the higher the cell density. It is also 

related with cell size. The gas added to the polymer can be distributed into high 

number of cells with small sizes, or, if they collapse, low quantities of cells with 

bigger dimensions. 

 Open/close cell ratio. According to the extent of gas expansion and cell grow, cell 

walls could break and cells would be interconnected, forming open cell structures. 

This parameter can be determined by water absorption or permeation, and it is 

especially important in low density foams. At same level of added gas, it can be 

distributed into high number of small cells, or, if they collapse, low number of bigger 

cells. 

 Cell anisotropy. Plastic foams are hardly made under conditions allowing free cell 

expansion in three dimensions, for example foams produced by extrusion or injection 

molding. According to processing parameters, cells could be more or less elongated 

or flattened. If cells were equiaxed, the mechanical properties would be isotropic, but 

in any other case the performance of the foamed part would be different in the length 

and width directions. Then, mechanical properties should be measured in both 

directions. 

2.1.3. Properties of polymer foams 

Principally, plastic foams stand out for their compressibility, energy absorption 

capability as well as low thermal conductivity [53], which are strongly influenced by their 

relative density and cell structure (cell density, size, shape, anisotropy and open/cell ratio). 

Under compression load, polymer foams exhibit three main behaviors, corresponding to 

three clearly differenced regions in the stress-strain curve (Figure 2.3). Region 1 is a linear 

elastic range governed by cell walls bending and stretching. Then, cells collapse by cell wall 

buckling or, in case of brittle foams, cell wall crushing and fracturing, and a plateau is 

observed in Region 2. Finally, in Region 3 the foam density increases, raising the elastic 

modulus and plateau stresses and reducing the strain. 
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Figure 2.3. Schematic compression stress-strain curve for a plastic foam. Modified from [53]. 

Some plastic foams are employed in packaging applications because of their better 

energy absorption performance than the solid counterparts. This improved property is due to 

the ability of the foamed structure to absorb the energy keeping the maximum peak load 

below the limit to damage the packaged object. Energy absorption is governed essentially by 

cell walls deformation through elastic buckling, plastic yielding or brittle crushing in the 

plateau region. Depending on the polymer matrix material, the energy absorption mechanisms 

are different. In elastomeric foams, like flexible PUR, elastic cell buckling determines the 

plateau stress, storing much of external work which is released after the impact. However, 

there is also an energy component dissipated by hysteresis effects. In thermoplastic foams, 

such as Polystyrene (PS) or Polyethylene (PE) foams, energy is absorbed by plastic flow of 

cells or cell fracture and crushing, with very little instant recovery after the application of the 

load. 

Polymer foams are mainly used as thermal insulator in buildings, transportation and 

appliances, due to the low heat transfer of cellular plastics. Four factors contribute to the 

thermal conductivity of a foam: 

 Heat conduction through the polymer matrix. 

 Heat conduction through the gas. 

 Heat convention through the cells. It is only significant in extremely large cell sizes 

(> 10 mm). Therefore, convection can be neglected in commercial foams. 

 Radiation through cell walls and across voids. 
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According to Eaves [53], thermal conductivity, with heat conduction as dominant 

factor, reduces with the density because of low conduction through the polymer matrix. 

However, there is a minimum of relative density of around 0.05, below which radiation 

increases and with that the thermal conductivity of the foam. The effect of cell size is less 

pronounced, with a trend of decreasing radiation and conductivity as cells get smaller. 

Concerning other thermal properties, the author found no significant changes in melting 

points, specific heat and thermal expansion coefficient of foams as compared to the solid 

material. 

Although they are secondary applications, polymer foams are also used as electrical 

insulators due to the enhanced electrical resistivity and for transmitting microwaves because 

their low dielectric constant [51]. Open-cell foams are also able to attenuate acoustic waves 

and have potential to absorb airbone and contact sounds [47]. 

Regarding mechanical properties, they are highly dependent on the relative density of 

the foams, as well as their cell structure. Aimed to create plastic consuming less material 

minimizing the loss in mechanical properties, especially toughness, the Massachusetts 

Institute of Technology (MIT) introduced in 1979 the first microcellular foams [58]. From 

cell morphologies of typical conventional foams, with average cell size of about 250 µm and 

cell densities in the range of 104 – 105 cells·cm-3, microcellular plastics reduced the cell size 

below 100 µm and increased the cell density up to 106 – 109 cells·cm-3. The central idea was 

to replace solid polymers with foamed ones containing a large number of very tiny cells that 

are smaller than the pre-existing flaws. Thus, cells could act as crazing initiation sites, blunt 

the crack tip, increase material toughness and maintain essential properties while density 

decreases. 

2.2. Foaming processing and technologies 

Foaming occurs when the gas is added to a plastic matrix. This gas can be released into 

the polymer through chemical reactions, or it can be physically introduced without 

undergoing chemical transformations. Either way, the gas-forming compound is known as 

blowing agent [52], which is classified into chemical or physical according to these two 

different methods to incorporate the gas. 

Chemical blowing agents are solid substances not stable at higher temperatures and 

react releasing gas and other decomposition products [59]. They can be endothermic, if they 

require heat for the decomposition reaction, or exothermic, if they release gas and heat on 
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reaching certain temperature. Once started the exothermic reaction, it cannot be influenced, 

whereas endothermic foaming agents allow to be regulated by heat transfer. Chemical 

blowing agents can be organic or inorganic materials, such as carbonates, hydrogen 

phosphates, tartrates, organic acid derivatives, azodicarbonamide (ADC) or benzene 

sulfonylhydrazide (BSH). The main advantage of using chemical blowing agents is the 

possibility of foaming almost any thermoplastic without modifications in the processing line 

(mainly extrusion and injection molding), adding the compounds in masterbach to the 

polymer in pellets form. Other benefits are broader operating window, self-nucleation and 

finer cell size [53]. However, the residual byproducts from the chemical reactions could 

interact with the polymer over time and make difficult recycling after the service life of the 

part [60]. 

On the contrary, physical blowing agents provide gas by physical changes. This change 

includes volatilization of a liquid, or release of a compressed gas. Traditionally, polymers 

were physically foamed by vaporization of low boiling organic chemicals, like pentane and 

hydrochlorofluorocarbons (HCFCs), which were dissolved in the polymer. Due to 

environmental issues related to emissions of HCFCs, inert gases such as carbon dioxide 

(CO2), nitrogen (N2) and oxygen (O2), has been widely used as environmentally friendly 

physical blowing agents [61]. Using physical foaming agents eliminates residual byproducts 

from unreacted substances which may deteriorate the final performance of the foam [52], and 

their cost is relatively low, although in some cases they may require special equipment for use 

[53]. 

Physical microcellular foams can be obtained through different continuous and 

discontinuous processes. All of them share the same fundamental principles: the polymer is 

saturated with the bowing agent at high pressure and certain temperatures. Then, a sudden 

increase in temperature or decrease in pressure induces a thermodynamic instability triggering 

cell nucleation, followed by cell growth and stabilization and formation of the cell structure 

[62]. In 1982, Martini et al. [63] presented the solid-state microcellular process, which was a 

batch technology consisting of three main stages (Figure 2.4). First, the polymer is placed in a 

vessel with a non-reacting gas at high pressure and usually at room temperature. The gas 

diffuses into the polymer and is absorbed until an equilibrium gas concentration is reached. 

Then, the specimen is removed from the vessel and brought to atmospheric pressure. At this 

point, the sample is supersaturated of gas, that is, it is in a thermodynamically unstable state 

due to the excessive gas dissolved in the polymer. 
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Figure 2.4. Schematic representation of Solid-state microcellular foaming process. Modified from [64]. 

After that, the sample is heated, typically in a hot bath with controlled temperature, to a 

temperature above the glass transition temperature (Tg) of the polymer-gas mixture, enabling 

cell nucleation and growth. Finally, the specimen is immersed in a cooling bath to stabilize 

the resulted foam. The process can be controlled and varied by changing saturation pressure 

and time as well as foaming temperature [65]. In order to increase productivity of the Solid-

state microcellular process, a semi-continuous technology was developed later [66]. However, 

the gas saturation step takes a long time, hours or even days according to the thickness of the 

part [65], which makes this technique inappropriate for large-scale production. 

In this respect, foaming plastics by extrusion or injection molding seems more time-

efficient. In the extrusion process, physical blowing agents are metered into the extruder 

under high pressure and are dissolved in the melt [67]. The rapid pressure drop generated as 

the polymer/gas mixture leaves the extruder through the die induces cell nucleation, followed 

by cell growth and stabilization during cooling. Although working with only one screw is 

possible, commercial systems often employ a second extruder in tandem with the plasticizing 

extruder, designed to keep heat and pressure into a range where a satisfactory foam can be 

formed (Figure 2.5). Several works dealing with the effects of gas content, surface quenching, 

die geometry, and temperature on foam morphologies with different materials can be found in 

the literature [68]. 



Chapter 2: Theoretical aspects 

- 21 - 

 

Figure 2.5. Schematic representation of foam extrusion on a tandem-line. Modified from [62]. 

The major disadvantage of extrusion methods is that only geometries with constant 

cross-sections can be processed. On this basis, injection molding is put forward as a suitable 

technique to mass-production of thermoplastic foams with complex geometries. Physical 

foaming through injection molding comprises the introduction of a gas injector unit and some 

gas leakage preventive measures such as nozzle shut-off valve or additional external control 

gate [69]. The gas is dissolved in the melt polymer at high pressure in the plasticizing unit and 

the injection of the polymer/gas blend through the nozzle into the mold cavity at atmospheric 

pressure prompts the pressure drop needed to nucleate millions of cells. Cell growth and 

stabilization take place inside the mold cavity while cooling stage. The temperature gradient 

from the mold wall to the center of the part gives rise to a structure consisting of two solid 

surface layers, due to a fast solidification in touch with the tool, and a foamed core, usually 

with close-cell conformation. 

Different technologies for foaming through injection molding have been developed, 

differing one from each other in the procedure of dissolving the gas in the polymer matrix 

[58]. Optifoam® was introduced by the Institut für Kunststoffverarbeitung (IKV, Germany) 

and licensed to Sulzer Chemtech Ltd (Switzerland), and consists of assembling a special 

nozzle between the plasticizing unit and the shut-off nozzle of a conventional injection 

molding machine, where the gas is introduced under pressure (Figure 2.6). In Profoam® 

process, also invented at the IKV Institute for Plastics Processing at RWTH University in 

Aachen (Germany), plastic pellets are impregnated with blowing agents before they are fed 

into the barrel. On the other hand, Sumitomo (SHI) Demag Plastics Machinery GmbH 

(Germany) patented the ErgoCell® technology, based on an external module for gas metering 
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and mixing installed upstream of a standard plasticizing unit, as well as a hydraulic shut-off 

nozzle, full integration of its manipulation into the machine controller and the gas station. 

However, there are only few applications of both technologies worldwide. MuCell® process, 

developed by the Massachusetts Institute Technology (MIT, USA) and commercialized by 

Trexel Inc. (USA), has had the most industry acceptance and nowadays is the leading 

microcellular foaming technology. Recently, Volkswagen AG has developed a new physical 

foaming technique, IQ Foam®, which is expected to be integrated in industrial production in 

forthcoming years. Both MuCell® and IQ Foam® technologies are subject of this study, and 

their operating principles are described in detail in subsequent sections. 

 

Figure 2.6. Ring-shaped die design for Optifoam® process. Modified from [69]. 

2.2.1. Stages of microcellular foaming 

Independently of the different technologies available to foam plastics by injection 

molding, the foaming process comprises four main steps [58]: dissolution of the gas in the 

polymer, cell nucleation, cell growth and foam stabilization in the mold (Figure 2.7). 

2.2.1.1. Gas dissolution 

The first stage of microcellular injection molding is creating the polymer/gas solution. 

As aforementioned above, every foaming technology differs from the other in the way of 

introducing the gas into the polymer. MuCell® places its gas injector unit in the dosing zone 

of the barrel, while IQ Foam® incorporates the gas at the feeding area of the plasticizing unit 

together with the polymer in pellets form. Thus, in both cases the polymer/gas solution is 

formed once the polymer is melt inside the barrel. As the gas flows into the molten polymer, 

big gas droplets are generated, whose size depends on the gas pressure, gas flow rate, 

viscosity of the plastic and wiping frequency of the flights [58]. 
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Figure 2.7. Stages of microcellular polymer foaming process. 

Then, the screw rotation induces elongation of the gas droplets by shear deformation, 

until they break up into many small gas droplets. These gas droplet are stabilized in the screw 

channels to form bubbles which diffuses quickly into the polymer due to shear deformation 

increasing area-to-volume ratio. As a result, a polymer/gas solution with excellent tiny 

bubbles distribution is created, which could be ideally considered as a single-phase solution, 

that is, without separation between gas and polymer phases. 

The main difficulty when making a nice single-phase solution is the limited mixing time 

and short recovery time in the plasticizing unit within the conventional injection molding 

cycle. For this reason, MuCell® developers leaned towards injecting the gas into the molten 

polymer at supercritical conditions. In this state, that is, at pressure and temperature above the 

critical point (Figure 2.8) the blowing agent exhibit some properties that maximize the 

solubility and dissolution in the polymer [70]. On one hand, the supercritical fluid (SCF) has 

liquid-like properties, like the density. On the other hand, it keeps some gas-like properties, 

such as low viscosity and surface tension. Both liquid-like and gas-like properties are 

essential to precisely meter the SCF and mix with the molten polymer. In case of IQ Foam®, 

gas does not require to be injected at supercritical conditions, due to the fact that polymer and 

gas move forward along the barrel from the feeding zone to nozzle, having longer time and 

space to increase pressure and temperature and form the proper polymer/gas solution. In the 

view of the above, it may be concluded that solubility and diffusivity are the key factors for 

achieving foams with the desired fine cell structure. Solubility is the capability of the gas to 

be dissolved in the molten polymer. Usual techniques for measuring solubility is the increase 

in mass due to the gas sorption [71]. Thus, the higher the solubility, the more amount of gas is 

absorbed by the polymer. According to experiments conducted by Sato et al. [72] solubility 

increases almost linearly with pressure and decreases with increasing temperature. 

Nevertheless, if energy is absorbed from dissolution process (case of organic solvents like 

polymers), a “reverse solubility” phenomena occurs and solubility raises with temperature. 
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Figure 2.8. Diagram of material phases. Modified from [58]. 

Either way, solubility changes more quickly with the pressure than with the 

temperature, so an increase in solubility with the pressure is expected in most cases, being the 

effect of temperature secondary [58]. At this point, within the plasticizing stage of the 

injection molding machine, under high pressure and temperature, the solubility of the gas is 

also high and the polymer becomes saturated with the blowing agent. 

The gas concentration (C) can be estimated by the Henry’s law [73], as a function of the 

molten polymer pressure (Pm) and temperature (Tpoly) in thermodynamic equilibrium: 

𝐶 =  𝐻(𝑃𝑚, 𝑇𝑝𝑜𝑙𝑦)𝑃𝑚 (2.2) 

Where H is the Henry’s law constant. It is constant at low temperatures, but it becomes 

time-dependent as temperature raises: 

𝐻 =  𝐻0𝑒−𝐸𝑠/𝑅𝑔𝑇𝑝𝑜𝑙𝑦 (2.3) 

In Equation (2.3), H0 is a preexponential constant for Henry’s law, Es is the activation 

energy and Rg is the gas constant. 

Some Henry’s law constants have been determined experimentally, and an experimental 

relationship for amorphous polymers has been also found [74]: 

ln 𝐻 =  −2.338 + 2.706(𝑇𝑐𝑟/𝑇𝑝𝑜𝑙𝑦)2 (2.4) 
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Here, Tcr is the critical temperature of the gas. The gas concentration in semicrystalline 

plastics depends on the extent of crystallinity (Xc) and the solubility of the gas in an 

amorphous region of the semicrystalline polymer (Xa): 

𝐶 = (1 − 𝑋𝑐)𝑋𝑎 (2.5) 

On the other hand, diffusivity refers to the rate at which gas molecules move through 

the molten polymer matrix [58]. It determines the time needed to dissolve the blowing aging 

in the polymer as well as the kinetics of cell nucleation and growth. The diffusion coefficient 

D can be determined by sorption/desorption experiments and through the Fick’s second law 

[75]: 

𝑀𝑡

𝑀0
= 4 · (𝐷/𝜋)1/2(𝑡𝑎

1/2
/ℎ) (2.6) 

Where M0 is the equilibrium concentration of gas without desorption, Mt is the amount 

of gas absorbed by the polymer at time ta and h is the sample thickness. A theoretical 

diffusion coefficient can be also estimated following an Arrhenius-type temperature-

dependence law [56] with a maximum diffusion coefficient D0 (at infinite temperature), the 

activation energy for diffusion Ed, the molar gas constant Rg, and the absolute temperature T: 

𝐷 =  𝐷0𝑒−𝐸𝑑/𝑅𝑔𝑇 (2.7) 

Diffusivity of gases is low at room temperature, and increases considerably with the 

temperature. Diffusivity is also dependent on the blowing agent. Gases with lower molecular 

weight, such as carbon dioxide (CO2) and nitrogen (N2), present higher diffusivity under same 

pressure and temperature conditions, resulting in higher cell nucleation and growth. Solubility 

and diffusivity also varies with the polymer matrix. Lin et al. [76] concluded that amorphous 

polymers absorbed much more gas and at higher rate than semicrystalline ones. Even in 

semicrystalline plastics, crystalline regions prevent from gas concentration and the blowing 

agent is absorbed by amorphous regions [77], giving rise to non-uniform cell distribution in 

the foam. In reinforced polymers, gas solubility is improved because of gas concentration in 

the interphase between polymer and fillers [58]. 

Carbon dioxide (CO2) and nitrogen (N2) are commonly employed as physical blowing 

agents because they are chemically inert, inexpensive, non-flammable and non-toxic 

permanent gases. Additionally, they can be easily processed at supercritical conditions, due to 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 26 - 

their low critical pressure and temperature points. Table 2.1 displays the physical properties 

of both gases. They have similar diffusion rates, but lower solubility of N2 than that of CO2 

has been reported [78, 79]. However, N2 has been found to be more effective to produce 

foams with larger cell densities and reduced cell sizes in Polypropylene (PP) and 

Polyethylene (PE) [80, 81]. 

Table 2.1. Physical properties of CO2 and N2 blowing agents [58]. 

Property CO2 N2 

Molecular weight 44 28 

Gas density at 21 ºC (g/cm3) 0.00183 0.00116 

Thermal conductivity (W/m·K) / ºC 0.0166 / 30 0.0261 / 27 

Boiling point (ºC) -78.5 - 

Vapor specific heat (cal/g·K)/ºC 0.204 / 25 0.243 / 25 

Heat of vaporization (cal/g) 137 - 

Global warming potential (GWP) 0.00025 - 

Triple point, temperature (ºC) / pressure (MPa) -57 / 0.52 - 

Critical temperature (ºC) 31.1 -147.0 

Critical pressure (MPa) 7.22 3.4 

Density at 25 ºC (g/cm3) 1.811 1.146 

2.2.1.2. Cell nucleation 

Once the gas is completely dissolved and the polymer gets saturated of gas within the 

plasticizing unit, a rapid thermodynamic instability is required to induce cell nucleation. This 

fast thermodynamic instability can be generated either by a pressure drop or a change in 

temperature. In injection molding process, a high pressure drop is easily caused when the 

polymer/gas solution goes through the nozzle orifice or valve gate. At this point, in the gate of 

the mold, the solubility decreases and the polymer becomes supersaturated of blowing agent, 

which precipitate out in the form of gas and, hence, foams the polymer [58]. 

The classical nucleation theory was introduced by Colton and Suh [82] and has been 

widely employed to model cell nucleation mechanisms. If the material is entirely 

homogeneous, nucleation takes place in the polymer matrix, where the required activation 
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energy is uniform, and the process is called “homogeneous nucleation”. The formation of a 

bubble of gas involves a change in Gibbs free energy (ΔGhom) that can be expressed as: 

𝛥𝐺ℎ𝑜𝑚 =  −𝑉𝑏𝛥𝑃 + 𝐴𝑏𝛾𝑏𝑝 (2.8) 

Where Vb is the volume of the bubble nucleus, ΔP is the pressure difference between 

inside and the surrounding of the bubble, Ab is the surface area of the bubble nucleus, and γbp 

is the surface energy of polymer - bubble interface. This excess in Gibbs free energy is 

minimized in perfect spherical bubble with radius rb. Accordingly, Equation (2.8) can be 

rewritten as follows: 

𝛥𝐺ℎ𝑜𝑚 =  −
4

3
𝜋𝑟𝑏

3𝛥𝑃 + 𝜋𝑟𝑏
2𝛾𝑏𝑝 (2.9) 

Note that volume term of energy increases with 𝑟𝑏
3 whereas the interfacial term with 𝑟𝑏

2, 

as illustrated in Figure 2.9. 

A bubble can only be stable and grow if its size exceeds a critical radius r*, given by 

differentiation of Equation (2.9): 

𝑟∗ =  
2𝛾𝑏𝑝

𝛥𝑃
 (2.10) 

Thus, the free energy required to form the critical nucleus is: 

𝛥𝐺ℎ𝑜𝑚
∗ =  

16𝜋𝛾𝑏𝑝
3

3𝛥𝑃2
 (2.11) 

 

Figure 2.9. Free energy change associated with the homogeneous nucleation of a sphere of radius r. Modified 

from [83]. 
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Equation (2.11) determines the energy activation barrier that must be overcome to form 

a stable nuclei. Generally, it depends on two opposite factors: the energy available in the gas 

diffused into the nuclei and the surface energy needed to form the cell surface. If this energy 

barrier is exceeded, the homogeneous nucleation rate (Nhom), at which gas clusters reach the 

critical size to form a stable nuclei, can be described by assuming a Boltzmann distribution by 

the following expression: 

𝑁ℎ𝑜𝑚 =  𝑓0𝐶0𝑒−𝛥𝐺ℎ𝑜𝑚
∗ /𝑘𝑇 (2.12) 

Where f0 is a frequency factor for homogeneous nucleation, C0 is the concentration of 

gas molecules in solution, k is the Boltzmann’s constant and T is the temperature. The major 

influence of pressure drop on cell morphology can be deduced from Equation (2.12). By 

increasing pressure drop, the energy barrier decreases, resulting in higher cell nucleation rate. 

Nevertheless, most injection molded materials contain additives, so the energy barrier is 

non-uniform through the entire polymer matrix. Then, cell creation stage is mainly governed 

by “heterogeneous nucleation” process at interfaces between the two phases [83]. In a 

solid/liquid interface, the energy barrier is reduced and becomes dependent on the wetting 

angle of polymer - particle - gas interface (θ). The equations above are modified by a 

heterogeneity function Sh(θ) to estimate the heterogeneous energy barrier (ΔGhet*) and 

heterogeneous nucleation rate (Nhet): 

𝑆ℎ(𝜃) =
1

4
(2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2 (2.13) 

𝛥𝐺ℎ𝑒𝑡
∗ =  

16𝜋𝛾𝑏𝑝
3

3𝛥𝑃2
𝑆ℎ(𝜃) (2.14) 

𝑁ℎ𝑒𝑡 =  𝑓1𝐶1𝑒−𝛥𝐺ℎ𝑒𝑡
∗ /𝑘𝑇 (2.15) 

With f1 as frequency factor for heterogeneous nucleation and C1 as gas concentration in 

the interface. According to the additive type, the energy barrier can be further decreased and 

cell nucleation improved as a function of the interface angle θ. Different types of particles, 

like talc, have been used as cell nucleating agents. Leung et al. [84] searched for the ideal 

filler surface geometry and concluded that nucleating agents with several crevices and small 

semiconical angles are the most appropriate for polymeric foaming processes. 
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According to Colton and Suh [83], homogeneous and heterogeneous nucleation are not 

exclusive processes, but both mechanisms can occur simultaneously if the energy barriers are 

exceeded. Therefore, a mixed nucleation mode has been studied. As gas diffusion into 

bubbles nucleated by heterogeneous nucleation is favored because of a lower energy input 

required, the gas concentration for homogeneous nucleation (C0’) will be reduced accordingly 

to the number of gas molecules in a bubble nucleus (nb) and the time since heterogeneous 

nucleation occurred (tb): 

𝐶0
′ =  𝐶0 − 𝑁ℎ𝑒𝑡𝑛𝑏𝑡𝑏 (2.16) 

Hence, the homogeneous nucleation rate (Nhom’) in presence of heterogeneous 

nucleation decreases due to the lowered gas concentration: 

𝑁ℎ𝑜𝑚
′ =  𝑓0𝐶0

′𝑒−𝛥𝐺ℎ𝑜𝑚
∗ /𝑘𝑇 (2.17) 

The rate of total nucleation for mixed homogeneous and heterogeneous modes can be 

obtained combining Equations (2.15) and (2.17): 

𝑁𝑡𝑜𝑡 =  𝑁ℎ𝑜𝑚
′ + 𝑁ℎ𝑒𝑡 (2.18) 

Although the classical nucleation theories are considered the basis for studying cell 

nucleation phenomena, the application of these theories are often limited and barely 

consistent with experimental results. The reason of these accuracy errors is simplifying 

assumptions like static thermodynamic equilibrium process and absence of time and pressure 

drop rate effects, apart from difficulties in precise calculations of the variables. Further 

research dealt with adjusting the equations above considering reductions in heterogeneous 

free energy barrier in shear flow fields [85] and continuous changes in critical radius during 

the foaming process [86]. Shirvan et al. [87] reviewed and discussed the main contributions to 

nucleation rate theories in thermoplastic foams produced by physical foaming agents through 

sudden pressure drop. 

2.2.1.3. Cell growth 

Once enough stable nuclei equal or bigger than the critical radius are created, cells 

begin to grow up. The polymer/gas system is still warm, the injected short shot volume leaves 

enough space, and there is also enough blowing agent to supply the required gas. Thus, there 

are favorable conditions for cell expansion. 
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Figure 2.10. Schematic diagram of the unit cell model. Modified from [88]. 

Cell growth is a complex process governed by pressure and temperature of the system, 

gas diffusion, hydrodynamic interaction between bubble and molten polymer and rheological 

properties of the polymer/gas mixture. In amorphous polymers, the blowing agent dissolved 

in the melt leads to a decrease in the glass transition temperature (Tg) [89], viscosity and 

elasticity, allowing cells to grow fast. As bubbles become higher, gas diffusion and expansion 

promote cooling and polymer viscoelasticity increases, reducing the rate of cell growth. 

Eventually, cells continue to grow until the polymer reaches its Tg or its stretching limit [50]. 

If the second case occurs, a large number of bubbles are growing in close proximity to each 

other, so thinning and rupturing of the cell walls give rise to cell collapse and coalescence, 

opening the cell structure [90]. 

A classical cell growth theory was given by Amon and Denson [88] in 1984. It is a 

simplified model, assuming absence of gravity and inertia effects, incompressible molten 

polymer, isothermal cell growth process, ideal gas and no loss of gas to the surroundings. On 

this basis, a cell unit consisting of a spherical gas bubble of radius R concentrically 

surrounded by a polymer melt envelop (or shell) with a constant mass and radius Se (Figure 

2.10). 

Thereby, the change rate of the radius rb over time (drb/dt) is determined through the 

melt viscosity (η) and pressure (P), the gas pressure (Pg) inside the bubble and the surface 

energy of polymer - bubble interface (γbp) by the following expression: 

𝑑𝑟𝑏

𝑑𝑡
=  

1

4𝜂
[(𝑃𝑔 − 𝑃)𝑟𝑏 − 2𝛾𝑏𝑝] (2.19) 
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Pg is defined by diffusion, while P is determined by the macroscopic pressure equation 

governing the molding process [91]. As cell grows, the radius rb increases and the pressure 

inside the gas (Pg) decreases. The relation between both variables derived from the mass 

transfer balance in the diffusion process of the gas dissolved in the melt governed by the 

Fick’s law: 

𝑑𝐶

𝑑𝑡
+ 𝜈𝑟

𝑑𝐶

𝑑𝑟𝑐
=  𝐷 [

1

𝑟𝑐
2

𝑑

𝑑𝑟𝑐
(𝑟𝑐

2
𝑑𝐶

𝑑𝑟𝑐
)] 𝑟𝑏(𝑡) ≤ 𝑟𝑐 ≤ 𝑆 (2.20) 

Where C is the gas concentration, D is the diffusion coefficient, rc is the radial 

coordinate and νr is the gas diffusion velocity calculated by Equation (2.21): 

𝜈𝑟 =  
𝑟𝑏

2

𝑟𝑐
2

𝑑𝑟𝑏

𝑑𝑡
 (2.21) 

Knowing the gas concentration, the pressure gas can be determined by the Henry’s law 

given in Equation (2.2). 

At this point it should be emphasized the fact that gas diffusion occurs from small to 

large cells, as small bubbles contain gas at a higher pressure than large ones [53]. In the 

literature there are some works collecting all differential equations derived from the model for 

numerical computations of cell growth in microcellular injection molding [91, 92]. 

2.2.1.4. Foam stabilization and shaping in the mold 

The cooling step of the injection molding cycle stabilizes the foam, while the foamed 

structure shapes in the mold. Inherently to the process, a skin/core structure is built up. Due to 

the fast cooling of the polymer in touch with the mold wall, nucleated cells are not able to 

grow and two unfoamed skin layers are formed. Dong et al. [93] studied the mechanisms 

involved in the generation of these surface layers, and concluded that they consist of two 

regions. The outer one is a thin frozen layer containing deformed and broken cells because of 

the fountain flow, while the inner region is a solid-like thick layer with no visible cells, but 

with different structural properties from the solid material due to gas dissolved in it from 

unstable nucleated cells that cannot grow under high pressure conditions. In the foamed core 

there is also a variety of cell sizes, cell densities and cell shapes along the thickness because 

of the temperature gradient, fountain flow and shear stresses during the injection molding 

filling and after filling stages [94]. Logically, the morphology of the skin layers, as well as the 

foamed core, is dependent upon the processing parameters. 
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However, foamed parts with physical blowing agents present worse surface quality than 

the conventional non-foamed part. It has limited the scope of application of microcellular 

injection molding processes. Swirl marks and silver streaks are generated because of gas 

trapped in the mold, as the melt flow front pushes cells to the surface cavity, where they are 

stretched and frozen [95]. Other typical surface defects are surface blistering, post-blow and 

large surface roughness [96]. Some progress in improving surface quality has been made and 

different solutions based on mold technologies have been successfully applied. These 

complementary techniques are described below. 

Despite these limitations, microcellular injection molding offers several benefits to 

thermoplastic parts manufacturers [97]. The lower viscosity of the polymer/gas solution 

facilitates filling the cavity in a shorter time, and with lower pressure and clamp tonnage. It 

also enables to fill thin-wall sections, which could hardly be injected by means of 

conventional processes. While conforming the shape of the mold, the residual gas pressure 

inside the cells pushes the part to the mold walls, improving dimensional stability by reducing 

or eliminating shrinkage and warpage of the parts. That is, cells provide packing pressure, so 

the packing and holding phases can be omitted. Finally, the cooling time is also shortened, 

because of the lower amount of material to cool down and also because cell nucleation and 

growth are endothermic processes, contributing to cooling down the part faster. As a result, 

the overall cycle time of the foaming processes is reduced from 20% up to 50% as compared 

to conventional injection molding [96] (Figure 2.11). 

Almost every mold without modifications can be employed for microcellular injection 

molding. However, a careful design focused on improving venting, homogenizing cooling and 

strengthening welding lines will lead to optimal results of microcellular molded parts [58]. 

 

Figure 2.11. Typical cycle time reduction of an automotive part with MuCell®. Modified from [98]. 
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2.2.2. MuCell® technology 

Microcellular plastics foamed by physical blowing agents were introduced in the 

Massachusetts Institute Technology (MIT) in the early 1980s with the objective of reducing 

material consumption but keeping reasonable mechanical properties in packaging applications 

[73]. Starting research focused on batch processes, later on continuous extrusion, and between 

1997 and 1998 the first microcellular injection molding machine was built by Trexel Inc. 

(USA) and Engel Canada (Canada) [99]. Since then this technology is licensed by Trexel Inc 

with the registered trademark of MuCell® [100, 101]. 

The fundamentals of MuCell® process have been summarized previously and consist 

basically of dissolving the blowing agent under supercritical conditions (SCF) in the molten 

polymer at the plasticizing unit, forming a single-phase solution. The pressure drops inducing 

cell nucleation and growth occurs at the entrance of the mold, so foaming takes place inside 

the mold cavity. As illustrated in Figure 2.12, applying MuCell® involves new equipment and 

modifications in reference to conventional injection molding [102]. On one hand, gas, usually 

N2 and CO2, is raised to supercritical conditions in the SCF metering unit and conducted to 

the interface kit. It regulates the mass flow and provides the blowing agent when required. 

One or more gas injectors introduce the supercritical fluid in the barrel while plasticizing 

stage. Opening and closing of gas injectors are controlled by time or screw position signals. 

 

Figure 2.12. Plant concept for MuCell® process. Modified from [103]. 
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With the objective of homogenizing and stabilizing the single-phase solution, a special 

reciprocating screw is required. This screw is longer than a conventional one and equipped 

with a mixing section specially designed for optimizing the polymer/gas mixture. A back and 

front check valves prevent from expansion of the mixture towards the feeding zone and the 

nozzle, respectively. Regarding control of the process, additional aspects must be considered. 

When the blowing agent is injected in the plasticizing unit, the pressure drops from the 

supercritical state to the melt pressure. A supplementary variable, named Microcellular 

Plasticizing Pressure (MPP) measures the pressure of the system in the cylinder. The pressure 

drop between the gas injector and the MPP has to be limited, in order to avoid foaming inside 

the barrel. 

The advantages offered by MuCell® have been listed before, and include, weight 

reduction, improved dimensional stability, energy and clamping force decrease and cycle time 

shortening. All of this lead to reduce cost and environmental impact, and to enhance 

productivity [104]. However, there are few limitations, like worse surface quality and 

deterioration of mechanical properties. Furthermore, MuCell® implementation involves a 

high economic investment to purchase the supercritical fluid supply system, as well as the 

special reciprocating screw. Besides, a number of additional difficulties are found while 

running the process, as the opening and closing of gas injectors must be regulated, and the 

pressure drop to MPP minimized. 

2.2.3. IQ Foam® technology 

As said above, current foaming technologies involve advanced engineering systems and 

staff training to make the processes run smoothly. For this reason, Volkswagen conceived a 

new foaming technology aimed to reduce complexity and cost as compared to other available 

processes. It has been named IQ Foam®, and its main equipment consists of a two-chambered 

unit assembled between the hopper and the feed of any injection molding machine (Figure 

2.13), where polymer is impregnated with gas before melting. This unit was patented in 2014 

[105] and contains two gas injectors to introduce the physical blowing agent, valves to 

regulate the flow of gas and two actuators to allow polymer pellets to pass through the unit 

and to lock each chamber. 
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Figure 2.13. Plant concept for IQ Foam® process. Modified from [103]. 

The operating principle of IQ Foam® is as follows (Figure 2.14): 

1. Initially, both actuators close the chamber and there is no communication between 

the hopper and the feeding zone of the plasticizing unit. Polymer pellets stay in the 

hopper, and chambers are free of blowing agent. 

2. Actuator 1 operates and pellets drop from the hopper to the upper chamber at 

ambient pressure. Then, the upper chamber is closed again by the actuator 1. 

3. A gas injector introduces the gas into the upper chamber under low pressure. 

Usually, N2 and CO2 and even normal air are employed, although it can work with 

any other physical blowing agent. 

4. Actuator 2 opens the air lock between both chambers. The polymer falls into the 

lower chamber, the gas fills all the available space and the lower chamber locks 

again. 

5. Remaining gas in upper chamber is re-routed to the lower one. A second injector 

adds gas to keep the desired pressure, ensuring gas moving forward with polymer 

pellets and diffuses during the plasticizing process. 

The upper chamber opens and refills again, and the cycle is repeated. It is worth to 

notice that gas is supplied under moderate-low pressure [106] directly from the bottle, without 

requiring gas-metering equipment. Re-routing gas from upper to lower chambers prevents 

from gas leakage and maximizes its use. The only important modification of the injection 

machine is sealing the back of the screw to avoid gas escaping. 
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Figure 2.14. Operating steps of IQ Foam® technology. 

On the other hand, the foaming process can be controlled only by the gas pressure, and 

it can be easily automated and driven by an electronic system managing actuators and gas 

injectors regardless the original software control of the injection molding machine. 

Consequently, IQ Foam® arises as a potentially cost-effective and machine-independent 

process, easy to start up and reducing both weight and cost of plastic products significantly. 
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2.2.4. Complementary tool technologies 

Despite the many advantages of microcellular plastics listed in this Chapter, it has been 

also reported some limitations, like mechanical properties deterioration and poor surface 

quality. The causes of surface defects while foaming have been studied in depth. In fact, 

attempts to develop numerical simulation models have been made for predicting the surface 

quality of molded parts [107]. As the surface layer is formed inside the mold cavity, different 

technologies concerning the tool have been introduced to improve the surface quality of 

foamed polymers [108]. The most relevant ones are summarized in the next sections. 

2.2.4.1. Gas Counter Pressure 

Gas Counter Pressure (GCP) technique consists of pressurizing to a high pressure the 

mold cavity, allowing filling by the polymer/gas system but restricting foaming, as pressure 

drop does not occur [109]. Thus, fracture cells on the melt flow front is inhibited and swirl 

marks are eliminated. Once the cavity is completely filled and surface layers cool down, 

pressure is released from the mold and cells nucleate and grow inside the molded part (Figure 

2.15). Due to the low pressure employed in IQ Foam® technology, Gas Counter Pressure is 

not mandatory with this foaming process. 

 

Figure 2.15. Schematic representation of Gas Counter Process effect on foaming. Modified from [109]. 

2.2.4.2. Rapid Heating Cycle Molding 

It is well known that high mold temperatures give rise to better surface qualities. 

However, it considerably enlarges cooling stage and energy consumption. By Rapid Heating 

Cycle Molding process (also called as Variotherm technology), mold walls are heated to high 

temperature, and then the molten polymer/gas solution is injected into the cavity. At this high 

temperature, any gas escaped from the solution or pushed to the mold wall will be forced to 

flow to the cavity end and then out through the gas vent, thus removing any swirl marks 

[110]. Then, the temperature of the mold is rapidly decreased reducing the overall cycle time. 
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2.2.4.3. Film Insulation 

The last technology presented implies heating equipment and good corrosion resistance 

and hot strength of the mold, increasing the cost. Derived from this solution, Chen et al. [111] 

developed a mold temperature control method based on a thermally insulated composite 

polymer film stick on the surface of mold core to delay heat transfer at the molten polymer - 

mold surface interface during the microcellular injection molding process. The thicker the 

film, the better the surface quality of the molded part, without significant increase in cycle 

time. 

2.2.4.4. Co-injection Molding 

Co-injection Molding has been traditionally employed to improve surface appearance in 

conventional injection molding, and it also works for foaming technologies [112]. The main 

principle is a sequential injection of skin and core layers from different injection units. Skin 

layers serve to overcome the poor surface quality of the core. The resulting surface depends 

on processing parameters and material combinations. Hain et al. [113] conducted some 

experiments with a slightly different concept, “In Mold Coating” technology, consisting of 

applying a PUR coating on the foamed part after molding. They presented an automated 

process for foaming and coating in the same tool, achieving class A surfaces for automotive 

components. 

2.2.4.5. Core Back Expansion Molding 

The Core Back Expansion Molding aims to improve surface quality, but also increase 

density reduction, stiffness-to-weight ratio and weight saving potential. First, the cavity is 

volumetrically filled close to solid weight by polymer/gas mixture. The cavity is filled at high 

injection speed, so as to prevent pressure drop and foaming. After a delay time in which a 

solid skin is formed, the cavity is expanded and the increase in volume induces a sudden 

pressure drop, promoting foam generation inside the part [114]. Figure 2.16 illustrates the 

process. As the thickness increases, lower densities are reached and uniform cell distribution 

and expansion are obtained. The entire cavity can be expanded, or only partially in 

determined areas of interest. Either way, precision machinery to move the mold components 

is required. Furthermore, the partition line must be designed in such a way that cavity 

expansion is allowed without leaving open areas in the mold. 
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Figure 2.16. Schematic representation of Core Back technology. Modified from [115]. 

2.3. State of the art of polymer foaming 

Foaming polymer materials extends the range of their characteristics broadening the 

scope of possible industrial applications. The variables used during the process influences the 

formation of the cell structure, which in turn has an impact on the final properties of the 

foamed material. Traditionally, the work of Gibson and Ashby [51] has been taken as a 

reference in the investigation about the relationship between the cell structure and the 

governing parameters of the mechanical, thermal, electric, and acoustic behavior. Since 

foaming injection molding technologies were developed, several investigations on the cell 

structure and mechanical properties of a wide range of foamed materials have been carried 

out. Xu [58] provided an extensive description of the effect of the processing parameters on 

the foam morphology and properties, concluding that injection speed, gas dosing and content, 

mold temperature and shot volume are the most influencing ones. Generally, melt and mold 

temperatures determine polymer viscosity and dosing speed. Therefore, they affect mostly the 

solid skin thickness and cell size. Shot volume and foaming agent content control mainly the 

reduction in apparent density, as well as the number and diameter of nucleated cells. And 

finally, injection speed promotes a rapid pressure drop and the thermodynamic instability 

inducing cell nucleation and, thus, affecting primarily cell density. 

Regarding material properties, the mechanical behavior deteriorates as the foaming ratio 

and weight reduction percentage increase. The characteristics of the foam morphology also 

affect the mechanical properties. Usually, tensile, flexural and impact properties increase with 

high cell densities, low cell sizes and thick skin thicknesses. Some authors reported a decrease 

in glass transition and melting temperatures, as a consequence of a weaker attraction forces 

between molecule chains due to the presence of gas [89], but this reduction is not highly 
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significant. The thermal conductivity diminishes with low cell size, while the expansion 

coefficient and the specific heat do not change as compared to the solid counterpart [53]. 

Few studies dealt with the comparison between chemical and physical foaming 

methods. Müller and Ehrenstein [116] made this comparison with impact-modified PP 

combined with core-back technology. Both foaming processes allowed the same density 

reduction ratios, although the morphologies obtained by physical methods exhibited thinner 

solid skins, which turned out slightly lower mechanical properties. In 2013, Gómez-Gómez 

[117] presented his PhD dissertation about the comparison of both foaming techniques with 

an Ethylene-Propylene Block Copolymer (EPBC) and Poly(Ethylene Terephthalate Glycol) 

(PETG). The former showed more uniform cell structure with chemical foaming, due to the 

difficulties of gas diffusion through the crystalline regions of EPBC, whereas cell density and 

cell distribution of the latter material were improved by physical foaming agents. In both 

cases, the MuCell® process generated lower cell size ranges. 

Despite the extensive research on microcellular injection molding and characterization 

of resulting foams, underlying mechanisms contributing to the cellular structure development 

are not fully understood yet. Establishing direct relationships between processing parameters, 

cell structure and mechanical and thermal characteristics is not always satisfactory and 

sometimes even contradictory, because of dependence on polymer material properties and 

part geometry [118]. Over the last years, some authors have worked on in situ visual 

observations of bubble nucleation and growth dynamics in microcellular injection molding, so 

as to get a better understanding of foaming phenomenon [119, 120]. The following sections 

contain the most important findings about the effect of processing parameters on cell structure 

and properties of amorphous, semicrystalline and reinforced polymers. 

2.3.1. Amorphous polymers 

Within the group of amorphous polymers (Table 2.2), Rizvi and Bhatnagar [121] 

extensively studied the effect of the injection molding parameters on the physical foaming of 

Polystyrene (PS) with N2. In general, high injection speed induces a higher pressure drop, 

resulting in higher cell nucleation and cell density and smaller cell sizes, but also worse 

surface quality. Fine cell structures were also obtained with high back pressure, due to the 

increase in gas solubility, as well as with low melt temperature, although the best surface 

quality was achieved at high melt temperature. Longer residence time of the polymer/gas 

solution in the plasticizing unit raises also the gas solubility in the molten polymer. However, 
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if the residence time is excessive, the gas could escape through the nozzle. Finally, suck back 

promotes pressure drop and thermodynamic instabilities, with cells nucleating in the 

plasticizing unit. Consequently, bigger cells and lower cell densities are formed. 

Acrylonitrile-Butadiene-Styrene (ABS) is a material widely employed in different 

industries and has also been studied in this field. Lin et al. [122] reported lower tensile 

strength but higher impact resistance as the SCF content increased. Both mechanical 

properties decreased with higher melting temperatures, due to higher average cell diameters. 

High injection speed induced molecular orientation and, therefore, higher tensile and impact 

properties. Unlike the conclusions found by Rizvi and Bhatnagar [121] with PS presented 

before, Xu [123] found no great influence of the residence time on the single-phase 

polymer/gas in ABS/N2 systems. Some other studies have been carried out with 

Polyetherimide (PEI) and Polyetherimide/Polypropylene (PEI/PP) blends [124]. Liu et al. 

[125] found better results in cell morphology by polymer blending with Polypropylene-

Graftmaleic Anhydride (PPMA), because of binary interface decreasing the nucleation energy 

barrier and increasing diffusibility of the blowing agent. 

One of the amorphous thermoplastics most employed in research works on 

microcellular polymers is Polycarbonate (PC). In 2005, Hwang et al. [126] increased the 

tensile strength by injecting at high melting and mold temperatures, high pressure and 

injection speed as well as shot volume. The same trends were observed for the impact energy 

absorption capability, except for the mold temperature, which was the opposite. Apart from 

confirming these results, Chen et al. [127] obtained an increase in the Izod impact resistance 

with thicker foamed parts. In this case, samples injected at high pressure and speed absorbed 

less energy during the tests. Foamed specimens presented higher elongation at break as 

compared to the non-foamed ones. Additionally, the resistance of foamed PC in welding-lines 

under tensile load has also been analyzed [128]. As in conventional injection molded parts, 

the tensile strength of PC foams by MuCell® decreased in welding-lines, but it was higher in 

samples injected at high shot volumes, melt temperature and injection speed. Some other 

experiments combined physical foaming of PC combined Gas Counter Pressure and Core 

Back technologies [129-131]. The main findings were the followings: reduction in tensile and 

flexural properties with high melt and mold temperatures, reduction in tensile modulus and 

strength but increase in flexural properties with high injection speed and SCF content. The 

surface quality as well as impact toughness and strain at break enhanced by pressurizing and 

expanding the mold cavity. 
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Table 2.2. Main research works on foaming injection molding conducted with amorphous polymers. 

Author Polymer Blowing 

agent 

Studied parameters Analyzed properties 

Turng and 

Kharbas [128] 

(2003) 

PC SCF N2 Melt temperature, SCF 

level, injection speed, shot 

volume 

Microstructure, 

tensile strength in 

weld-lines 

Chen et al. 

[127] (2008) 

PC SCF N2 Part thickness, melt 

temperature, mold 

temperature, SCF level, 

injection speed, shot 

volume, melt plastizicing 

pressure  

Tensile, impact 

Michaeli et al. 

[132] (2009) 

PC SCF CO2 Mold temperature, Core 

Back opening distance, 

rate and delay time 

Microstructure, 

impact 

Bledzki et al. 

[130] (2010) 

PC SCF N2 Gas Counter Pressure, 

Core back opening 

Microstructure, 

notched impact 

Bledzki et al. 

[131] (2012) 

PC SCF N2 Melt temperature, Gas 

Counter Pressure, SCF 

level, injection speed, shot 

volume, mold temperature 

Microstructure, 

tensile, flexural 

Lin et al. [122] 

(2005) 

ABS SCF N2 SCF dosage, injection 

speed, melt temperature 

Microstructure, 

tensile, impact, 

shrinkage, warpage 

Xu [123] (2006) ABS and 

GPPS 

SCF N2 Screw rotation speed, 

injection speed 

Shearing rate, gas 

diffusion time, 

pressure drop rate, 

viscosity 

Rizvi and 

Bhatnagar [121] 

(2009) 

PS SCF N2 Injection speed, back 

pressure, melt temperature, 

barrel residence time, suck 

back 

Microstructure 

Chen et al. 

[133] (2012) 

PS SCF N2 Gas Counter Pressure, 

mold temperature 

Microstructure, 

tensile, impact 

Gómez-Gómez 

et al. [134] 

(2013) 

PETG SCF N2 Shot volume, injection 

speed, mold temperature 

Microstructure, 

dynamic mechanical-

thermal, thermal 

Liu et al. [124] 

(2015) 

PEI and 

PEI/PP 

SCF CO2 Shot volume, SCF level, 

injection speed 

Microstructure 
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2.3.2. Semicrystalline polymers 

Table 2.3 summarizes the research works that have been carried out on the relationship 

between processing parameters, morphology and foam properties of semicrystalline polymers. 

Among them, the first studies were conducted with Polypropylene (PP). Kramschuster et al. 

[135] obtained lower warpage and shrinkage values in foamed samples, with less sensitivity 

to the injection molding parameters. The content of supercritical fluid agent (SCF), as well as 

injection speed and melt temperature are the most influencing processing parameters on the 

dimensional stability of the foamed part, with different effects depending on the studied 

direction. More recently, Gong et al. [136] concluded that tensile and impact properties of PP 

cellular samples obtained by chemical foaming improved with low cell sizes and uniform cell 

size distributions. 

Copolymer architectures of PP have been also investigated. Martinez et al. [137] added 

clarifying and nucleating agents to a PP copolymer during the MuCell® foaming process with 

N2, and studied the influence of different processing conditions. On one hand, these clarifying 

and nucleating agents contributed to increase crystallinity level and tensile strength, improved 

cell size distribution and reduced the solid skin thickness, whereas the impact resistance 

decreased due to lower ductility. On the other hand, both tensile and impact resistances were 

enhanced by injecting at lower melt temperature and injection rate, in contrast to what was 

concluded by Lin et al. [122] with ABS as earlier aforementioned. Gómez-Gómez et al. [138] 

determined that low shot volumes gave rise to high cell densities and thicker foamed cores of 

an Ethylene-Propylene Block Copolymer (EPBC) foamed by MuCell® and N2 as foaming 

agent. With low mold temperature they achieved smaller cells and more uniform cell 

structures, whereas injection speed did not affect significantly the foam morphology and 

properties. The same authors compared the influence of these injection molding parameters 

on Poly(Ethylene Terephthalate Glycol) PETG [134], an amorphous polymer, having more 

uniform cell structures with the maximum SCF content. High mold temperatures provided 

higher void fractions and lower apparent densities of the foamed materials. 

Polyethylene (PE) is another semicrystalline polymer widely studied. Chen et al. [139] 

reported that the rheological properties of Low Density Polyethylene (LDPE) chemically 

foamed only depend on the matrix material and volume of injected gas. The higher the 

injection speed, the higher the cell density and the lower the average cell size. Barzegari and 

Rodrigue [140] found an increase in cell density with the gas content and the melt 

temperature, because the gas is distributed in a larger number of cells with a smaller size. 
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Table 2.3. Main research works on foaming injection molding conducted with amorphous polymers. 

Author Polymer Blowing 

agent 

Studied parameters Analyzed properties 

Edwards et al. 

[141] (2004) 

POM SCF N2 SCF level, injection time, 

melt temperature, mold 

temperature 

Microstructure, 

thermal, 

viscoelasticity, 

flexural, impact 

Kramschuster et 

al. [135] (2005) 

PP SCF N2 SCF dosage time, shot 

volume, melt temperature, 

mold temperature, 

injection speed, cooling 

time 

Shrinkage, warpage 

Spörrer and 

Altstädt [142] 

(2007) 

PP SCF N2 Mold temperature, Core 

Back 

Microstructure, 

flexural, impact 

Wong et al. 

[143] (2008) 

TPO SCF N2 SCF level, Gas Counter 

Pressure, Core Back 

Microstructure, 

tensile, impact 

Gómez-Gómez 

et al. [138] 

(2013) 

EPBC SCF N2 Shot volume, injection 

speed, mold temperature 

Microstructure, 

dynamic mechanical-

thermal, thermal 

Wang et al. 

[144] (2015) 

PP SCF N2 Shot volume, injection 

speed 

Microstructure 

Barzegari and 

Rodrigue [140] 

(2009) 

LDPE Chemical Blowing agent content, 

mold temperature, melt 

temperature, injection 

pressure, back pressure 

Microstructure 

Bociaga and 

Palutkiewicz 

[145] (2012) 

HDPE Chemical Blowing agent content, 

injection speed, melt 

temperature, mold 

temperature 

Microstructure, 

tensile, surface gloss 

and color 

Xi et al. [146] 

(2014) 

PET SCF N2 SCF level, mold 

temperature, injection 

speed, shot volume 

Microstructure, 

tensile, flexural, 

impact 

Seo et al. [147] 

(2012) 

PLA SCF N2 / 

Chemical 

Blowing agent content 

injection speed 

Microstructure 

Volpe and 

Pantani [148] 

(2015) 

PLA SCF N2 Back pressure Density, tensile, 

flexural 

 



Chapter 2: Theoretical aspects 

- 45 - 

However, an excess in gas content can promote a cell coalescence phenomenon, 

resulting in the opposite effect. According to Bociaga and Palutkiewicz [145], mold 

temperature is the most influencing factor in chemical foaming of High Density Polyethylene 

(HDPE). As it increased, higher weight, density, tensile strength and gloss of the foamed 

material were obtained. 

Regarding biodegradable polymers, low melt strength of Poly(Lactic Acid) (PLA) 

forces to introduce structural modifications to be processed and foamed. Zhao et al. [149] [37] 

analyzed the effect of blending PLA with Poly(Hydroxybutyrate-Valerate) (PHBV) on the 

physical foaming with N2. As compared to the solid material, no differences in thermal 

properties were found. Nevertheless, the glass transition temperature decreased and the 

crystallinity fraction increased with the addition of PHBV. Consequently, higher cell densities 

and lower cell size were determined, but a decrease in tensile strength was found in solid as 

well as in foamed blends. The elastic modulus was not affected by blending. Jeon et al. [150] 

and Nofar and Park [151] made an extensive review of the foaming progress achieved with 

biodegradable polymers. 

2.3.3. Reinforced polymers 

Reinforced polymers are often employed in industrial applications in order to improve 

the mechanical properties and enable the replacement of heavier metals. Therefore, composite 

polymers have also been widely studied from the perspective of the relationship between 

processing parameters and filler content with the resulting morphology and foam properties. 

As shown in Table 2.4, several research works have been carried out on clay additives, 

above all with PA6 as matrix material, as it is one of the most effective filler for this polymer 

[152]. Yuan and Turng [153] analyzed the effect of different content of montmorillonite 

(MMT) on the cell structure and crystallinity of microcellular foams, as well as the influence 

of some injection parameters on the physical foaming with N2 as blowing agent. Fillers act as 

nucleating agents giving rise to uniform structures, with high cell density and small cells. The 

filler dispersion is improved due to the expansion of the foaming agent. The crystallinity 

phase is reduced due to the clay nanoparticles, although the reinforcement effect is 

predominant and the tensile and impact properties are enhanced as compared to the non-filled 

material. This effect is clearly evinced as the clay content and shot volume increase, and with 

a medium level of supercritical fluid (SCF). 
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The same filler has been used in experiments with a wide variety of materials. Most of 

these studies reported the same beneficial effect of clay on cell density, cell size, cell 

distribution and mechanical properties aforementioned above. Nevertheless, experiments 

conducted with PLA [154] reported a higher degradation of the polymer with the increase in 

filler content, reducing cell density, tensile and impact properties. However, in PLA/PHBV 

blends [155], clay raises the crystallinity levels of PHBV phase, and therefore, the 

morphology and mechanical properties are improved. Clay particles are polar materials, so 

compatibilizers like maleic anhydride are needed in order to be employed with polyolefins, 

such as LDPE [156]. In some investigations with PP [157] was also found that ramified 

structures lead to more uniform morphologies, with higher cell densities and lower cell size. 

Talc and glass fiber are common fillers reinforcing polymers, such as PP in automotive 

applications. Yetgin et al. [158] reported an increase in cell density and tensile strength and 

modulus of foamed PP by adding 20% of talc, but also bigger cells and a decrease in the 

impact strength and elongation at break. The optimal weight percentage of glass fiber and 

processing parameters enhancing cell structure and mechanical performance of PP foams was 

reported by Xi et al. [159]. 

Rubber particles are effective impact modifier for many polymer systems. According to 

Xin et al. [160], the content of chemical foaming agent is the most influencing variable on the 

cell structure and tensile properties of PP foams. Rubber particles act as nucleating agents and 

increase the viscosity of the melt PP, enabling the formation of fine morphologies with high 

cell densities and low cell sizes. However, their efficiency as nucleation agents in PA6 

resulted lower than nanoclay, as reported by Yuan et al. [152]. 

Natural fillers offer also many advantages due to environmental issues. Wood fibers are 

light and stiff and can be processed with microcellular polymers. In different studies [161-

163], the authors studied the effect of chemical foaming agent, processing variables and fiber 

types on PP foaming. High weight reduction ratios (up to 30%) and smoother surfaces than 

solid parts were obtained with hard wood fibers and exothermic chemical agents. Medium 

melt temperatures and finer fibers promoted more uniform cell distributions and smaller cell 

diameters. The most influencing variable was the foaming agent content. The mechanical 

properties decreased with the apparent density, although an improvement can be obtained 

with maleic anhydride as compatibilizer agent. 
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In some experiments conducted on recycled PP, Xie et al. [164] optimized the 

processing temperatures and pressures of chemical foaming to achieve fine cell structures, 

increasing the impact resistance as compared to the non-foamed material. Microcellular wood 

fiber reinforced polymer composites obtained by different processes (batch, injection 

molding, extrusion, and compression molding process) and their properties have been 

reviewed by Faruk et al. [165]. 

Table 2.4. Main research works on foaming injection molding conducted with filled polymers. 

Author Filler Polymer Blowing 

agent 

Analyzed properties 

Yuan and 

Turng [153] 

(2005) 

Montmorillonite PA6 SCF N2 Microstructure, tensile, 

impact, dynamic mechanical, 

crystallization 

Guo et al. 

[157] (2007) 

Nanoclay PP Chemical Microstructure, dynamic 

mechanical 

Hwang et al. 

[156] (2009) 

Montmorillonite LDPE SCF N2 Microstructure, thermal, 

tensile 

Hwang et al. 

[154] (2009) 

Montmorillonite PLA SCF CO2 Microstructure, thermal, 

tensile 

Rizvi and 

Bhatnagar 

[166] (2011) 

Montmorillonite PP SCF N2 Microstructure, tensile, 

flexural, impact 

Zhao et al. 

[155] (2013) 

Nanoclay PLA/PHBV SCF N2 Microstructure, tensile, 

dynamic mechanical 

Srithep and 

Turng [167] 

(2014) 

Nanoclay PET SCF N2 Microstructure, tensile, 

rheology, thermal 

Wang et al. 

[168] (2016) 

Nanoclay TPU SCF N2 Microstructure, thermal, 

rheology, filler dispersion, 

tensile 

Michaeli et 

al. [132] 

(2009) 

Talc PP SCF CO2 Microstructure, impact 

Yetgin et al. 

[158] (2013) 

Talc PP Chemical Microstructure, tensile, 

impact 

Yetkin et al. 

[169] (2013) 

Talc PP/EPDM Chemical Microstructure, tensile, 

impact 
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Table 2.4. Continued. 

Author Filler Polymer Blowing 

agent 

Analyzed properties 

Ameli et al. 

[170] (2013) 

Talc PLA SCF N2 Microstructure, thermal, 

tensile 

Edwards et al. 

[141] (2004) 

Glass Fiber PP SCF N2 Microstructure, thermal, 

viscoelasticity, flexural, 

impact 

Bian et al. 

[171] (2012) 

Glass Fiber PP SCF N2 Shrinkage, warpage 

Xi et al. [159] 

(2014) 

Glass Fiber PP SCF N2 Microstructure, tensile, 

flexural, impact 

Roch et al. 

[172] (2014) 

Long Glass 

Fiber 

PP SCF N2 / 

Chemical 

Flexural, impact 

Roch et al. 

[173] (2015) 

Long and Short 

Glass Fiber 

PA6 SCF N2 / 

Chemical 

Microstructure, tensile, 

flexural, impact 

Ameli et al. 

[174] (2013) 

Carbon Fiber PP SCF N2 Electrical conductivity, 

dielectric permittivity, 

electromagnetic interference 

shielding effectiveness 

Hwang et al. 

[175] (2014) 

Carbon Fiber PBT SCF N2 Microstructure, tensile, 

impact, electrical 

conductivity, electromagnetic 

interference shielding 

effectiveness 

Pilla et al. 

[176] (2007) 

Carbon 

nanotubes 

PLA SCF N2 Microstructure, tensile, 

thermal, dynamic 

mechanical-thermal 

Arjmand et 

al. [177] 

(2014) 

Carbon 

nanotubes 

PS Chemical Microstructure, electrical 

conductivity, dielectric 

permittivity 

Yuan et al. 

[152] (2005) 

Core Shell 

Rubber and 

nanoclay 

PA6 SCF N2 Microstructure, tensile, 

impact 

Xin et al. 

[160] (2010) 

Rubber powder PP Chemical Microstructure, tensile 

Zhang et al. 

[178] (2011) 

Rubber powder PP Chemical Microstructure, rheology, 

tensile 
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Table 2.4. Continued. 

Author Filler Polymer Blowing 

agent 

Analyzed properties 

Yoon et al. 

[179] (2005) 

CaCO3 PP SCF N2 Microstructure 

Hwang and 

Hsu [180] 

(2013) 

Silica PP SCF N2 Microstructure, tensile 

Li et al. [181] 

(2013) 

Carbon 

nanotube, nano-

montmorillonite, 

talc 

PEI SCF N2 Microstructure, tensile, 

flexural, dielectric constant, 

thermal conductivity 

Bledzki and 

Faruk [182] 

(2005) 

Wood fiber PP Chemical Microstructure, surface 

roughness, impact, odor 

concentration 

Gosselin et al. 

[183] (2006) 

Wood fiber HDPE/PP Chemical Microstructure, density 

Bledzki and 

Faruk [184] 

(2006) 

Wood fiber PP Chemical Microstructure, tensile, 

flexural, odor concentration 

Bledzki and 

Faruk [161] 

(2006) 

Wood fiber PP Chemical Microstructure, tensile, 

flexural, impact 

Bledzki and 

Faruk [162], 

[163] (2006) 

Wood fiber PP Chemical Microstructure, density, 

tensile, flexural, impact 

Gwon et al. 

[185] (2012) 

Wood fiber HDPE Chemical Microstructure, density, 

flexural 

Xie et al. 

[164] (2012) 

Wood fiber PP Chemical Microstructure, impact 

Kramschuster 

et al. [186] 

(2007) 

Recycled paper 

fibers 

PLA SCF N2 Microstructure, tensile, 

thermal, dynamic mechanical 

Ding et al. 

[187] (2016) 

Cellulosic fiber PLA SCF N2 Microstructure, rheology, 

thermal 

Pilla et al. 

[188] (2009) 

Flax fibers PLA SCF N2 Microstructure, tensile, 

thermal, dynamic mechanical 
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Table 2.4. Continued. 

Author Filler Polymer Blowing 

agent 

Analyzed properties 

Zafar et al. 

[189] (2016) 

Willow fiber PLA SCF N2 Microstructure, tensile, 

flexural, impact, thermal, 

crystallization 
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Chapter 3: 

Materials and methods 

 

This Chapter describes the materials and techniques employed in this thesis. An 

amorphous polymer (ABS) and a glass fiber reinforced semicrystalline plastic (PP 20GF) 

were selected. First, cylindrical bars and square plates were injection molded and foamed by 

the MuCell® process. A design of experiments was defined in order to analyze the effect of 

the injection parameters on the morphology and tensile properties of the cylindrical bars made 

of ABS. The selected optimal conditions, subject to the criterion of maximum mechanical 

properties and finest cell structure for each level of weight reduction, were employed and 

adapted to produce square plates of ABS and cylindrical bars of PP 20GF. An additional 

design of experiments was performed with square plates and PP 20GF material, in order to 

determine the influence of the injection parameters on the cell structure, fiber orientation and 

flexural properties. Impact and fracture behavior as well as thermal characteristics were 

studied on samples extracted from the square plates too. Then, rectangular plates of PP 20GF 

were foamed through MuCell® and IQ Foam® processes combined with Core-Back 

technology. The comparison between both processes was carried out in terms of the 

morphology and mechanical properties obtained from the resulting foams. The methodology 

for morphological, mechanical and thermal characterization is also explained in this Chapter. 

3.1. Materials 

3.1.1. Acrylonitrile-Butadiene-Styrene (ABS) 

Acrylonitrile-Butadiene-Styrene (ABS) is a multiphase polymer with amorphous nature 

consisting of acrylonitrile, contributing to a better chemical resistance, dimensional stability, 

surface hardness and resistance to UV radiation; butadiene, enhancing ductility, toughness 

and impact resistance; and styrene, providing stiffness and easing processing [190]. Because 

of its good mechanical properties, dimensional stability, chemical resistance, good surface 

appearance, and easy processing and recycling characteristics, it is widely used in engineering 

applications, such as electronics, electrics, automotive and aeronautics. 
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A commercial grade of ABS (Magnum™ 8434), supplied by Trinseo Deutschland 

GmbH (Germany), was selected for this research. The material has a density of 1.05 g cm-3 

(ISO 1183/B) and a melt flow index of 13 g 10 min-1 (ISO 1133), and it combines high gloss 

with medium-high heat performance. It is suitable for a wide range of applications, like 

household appliances, consumer goods, toys and automotive interior trims. 

3.1.2. Glass fiber reinforced Polypropylene (PP 20GF) 

Polypropylene (PP) is a semicrystalline thermoplastic polymer with a quite diverse 

range of applications due to its relative low cost and density and good physical, mechanical 

and thermal properties. PP is widely used in automotive parts as homopolymer or copolymer 

with enhanced impact resistance [191]. Glass fibers (GF) are the most common reinforcement 

for polymeric matrix composites, having an excellent relationship between low cost, high 

tensile strength, high chemical resistance, and insulating properties, but with the 

disadvantages of low tensile modulus, relatively high specific gravity, sensitivity to abrasion 

during handling, low fatigue resistance and high hardness [192]. 

In this project a 20% chemically coupled high performance Glass Fiber reinforced 

Polypropylene compound (PP 20GF Fibremod™ GE277Al) was employed. It is supplied by 

Borealis AG (Austria) and has been specially developed for demanding applications in the 

automotive industry, with a density of 1.04 g cm-3 (ISO 1183) and a melt flow index of 12 g 

10 min-1 (ISO 1133). It is easy to process and suitable for processing with special foaming 

technologies. It presents a great balance between impact strength and stiffness, and it is 

commonly used in structural parts and instrument panel carriers. 

3.2. Injection molding 

Cylindrical bars and square plates (Figure 3.1 and Figure 3.2) made of both materials 

were injection molded in a Victory 110 injection molding machine (Engel GmbH, Germany), 

with a clamping force of 1100 kN and equipped with an injection valve II series of 25 mm, 

the MuCell® (Trexel Inc., USA) supercritical fluid (SCF) supply system and a shut-off nozzle 

developed for such system, available in the Centre Català del Plàstic (Terrassa, Spain). Prior 

to the injection experiments, the ABS material was dried at 80 ºC for a minimum of 4 hours in 

a DSN560HE dehumidifier (Piovan SPA, Italy) with a dew point of -40 ºC, so as to avoid 

moisture problems during processing. As recommended by the supplier, the PP 20GF 
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compound was also pre-dried at 80 ºC for a minimum of 3 hours. In all cases, N2 gas was 

employed as blowing agent for foaming. 

3.2.1. Cylindrical bars 

A four-cavity mold was employed to produce cylindrical bars of 300 mm in length and 

diameters of 4, 5 and 8 mm (Figure 3.1). In order to study the effect of shot volume, mold 

temperature and injection speed on the morphology and tensile properties of the ABS foamed 

bars, a design of experiments with three variables and two levels was defined (Table 3.1). As 

a full 23 factorial design, 8 different injection molding conditions (C1-C8) outlined in Table 

3.2 were used to fabricate the bars. One additional trial, labeled C0, was conducted at medium 

levels of experimental settings, in order to check linearity of the effects of the different 

factors. Preliminary trials were carried out to determine the variation range of injection 

molding and foaming parameters. It was concluded that the minimum shot volume to ensure a 

complete filling of the mold cavities when foaming was 68 cm3, which corresponds to a 17% 

of weight reduction as compared to the unfoamed counterpart. 

 

Figure 3.1. Schematic representation of injection molded cylindrical bars. 

Table 3.1. Factors and experimental domain for ABS microcellular injection molding. Note that values of 0 

level are only employed in intermediate condition C0 (see Table 3.2) for linearity checking. 

Factor Levels 

-1 0 1 

Shot volume (cm3) 68 69.5 71 

Mold temperature (ºC) 35 47 60 

Injection speed (cm3 s-1) 40 70 100 
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Table 3.2. Matrix of the Design of Experiments for ABS microcellular injection molding. 

Condition 

No. 

Shot volume 

(cm3) 

Mold temperature 

(ºC) 

Injection speed 

(cm3 s-1) 

C1 1 -1 -1 

C2 1 -1 1 

C3 1 1 -1 

C4 1 1 1 

C5 -1 -1 -1 

C6 -1 -1 1 

C7 -1 1 -1 

C8 -1 1 1 

C0 0 0 0 

 

Table 3.3. Processing parameters of solid and foamed ABS cylindrical bars. 

Parameter Solid Foamed 

(10% wt. red.) 

Foamed 

(17% wt. red.) 

Melt temperature (ºC) 250-245-230-220-160 

Shot volume (cm3) 85 71 68 

Injection speed (cm3 s-1) 70 40/100 40/100 

Mold temperature (ºC) 60 35/60 35/60 

Cooling time (s) 30 30 30 

Holding time (s) 10 - - 

Holding pressure (bar) 600 - - 

Gas flow (kg/h) - 0.35 0.45 

Gas dosing time (s) - 4 4.5 

Gas content (%) - 0.60 0.93 
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Then, a lower foaming ratio was set (10% of weight reduction) in order to adequately 

study the morphology and tensile properties variations. Thus, both levels (-1 and 1) of the 

shot volume were adjusted to achieve a 17% and a 10% of weight reduction, respectively. The 

content of the blowing agent (N2) was 0.93% for the former series of foamed bars (17% of 

weight reduction) and 0.60% for the latter (10% of weight reduction), and was kept at 0.80% 

for the intermediate trial C0. 

In all experiments both the melt temperature profile and cooling time were kept 

constant. The melt temperature from hopper to nozzle was 160-220-230-245-250 ºC. On the 

other hand, the cooling time was set to 30 seconds, due to the large thickness of the bars (Ø = 

8 mm). The constant processing parameters for solid and foamed bars are listed in Table 3.3. 

Regarding the second material (PP 20GF), only solid and two series of foamed bars 

were produced. This polymer allowed higher reachable ratios of weight reduction, so 10% 

and 20% were set as the levels under study for the foamed bars. The processing parameters 

are summarized in Table 3.4. 

Table 3.4. Processing parameters of solid and foamed PP 20GF cylindrical bars. 

Parameter Solid Foamed 

(10% wt. red.) 

Foamed 

(20% wt. red.) 

Melt temperature (ºC) 235-225-210-200-190 

Shot volume (cm3) 97 75 66 

Injection speed (cm3 s-1) 75 100 100 

Mold temperature (ºC) 60 60 60 

Cooling time (s) 30 30 30 

Holding time (s) 25 - - 

Holding pressure (bar) 500 - - 

Gas flow (kg/h) - 0.30 0.45 

Gas dosing time (s) - 5.5 5.5 

Gas content (%) - 0.90 1.01 
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3.2.2. Square plates 

After analyzing the results from the design of experiments performed with the ABS 

bars, solid and two groups of foamed square plates of 100x100x5 mm3 (Figure 3.2) were 

injection molded. With the aim of comparing foaming behavior in different geometries, the 

same injection molding conditions as the selected optimal ABS bars were tried to keep 

constant or similar when it was not possible (Table 3.5). The same levels of weight reduction 

(10% and 17%) were also maintained for the foamed bars. 

 

Figure 3.2. Schematic representation of injection molded square plates. 

Table 3.5. Processing parameters of solid and foamed ABS square plates. 

Parameter Solid Foamed 

(10% wt. red.) 

Foamed 

(17% wt. red.) 

Melt temperature (ºC) 250-245-230-220-160 

Shot volume (cm3) 70 50.1 46.2 

Injection speed (cm3 s-1) 50 80 80 

Mold temperature (ºC) 60 60 60 

Cooling time (s) 35 35 35 

Holding time (s) 15 - - 

Holding pressure (bar) 400 - - 

Gas flow (kg/h) - 0.27 0.29 

Gas dosing time (s) - 3.4 3.5 

Gas content (%) - 0.53 0.58 
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In case of PP 20GF polymer, a design of experiments was set so as to study the effect of 

shot volume, mold temperature and injection speed on the morphology and flexural 

properties. A full 23 factorial design was employed again, whose variables and combination 

array of conditions are defined in Table 3.6 and Table 3.7. 

Table 3.6. Factors and experimental domain for PP 20GF microcellular injection molding. 

Factor Levels 

-1 0 1 

Shot volume (cm3) 45.3 48.3 51.2 

Mold temperature (ºC) 35 47 60 

Injection speed (cm3 s-1) 40 60 80 

 

Table 3.7. Matrix of the Design of Experiments for PP 20GF microcellular injection molding. 

Condition 

No. 

Shot volume 

(cm3) 

Mold temperature 

(ºC) 

Injection speed 

(cm3 s-1) 

C1 1 -1 -1 

C2 1 -1 1 

C3 1 1 -1 

C4 1 1 1 

C5 -1 -1 -1 

C6 -1 -1 1 

C7 -1 1 -1 

C8 -1 1 1 

C0 0 0 0 

 

The remaining processing parameters are summarized in Table 3.8. 
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Table 3.8. Processing parameters of solid and foamed PP 20GF square plates. 

Parameter Solid Foamed 

(10% wt. red.) 

Foamed 

(20% wt. red.) 

Melt temperature (ºC) 235-225-210-200-190 

Shot volume (cm3) 70 51.2 45.3 

Injection speed (cm3 s-1) 45 40/80 40/80 

Mold temperature (ºC) 47 35/60 35/60 

Cooling time (s) 30 30 30 

Holding time (s) 15 - - 

Holding pressure (bar) 200 - - 

Gas flow (kg/h) - 0.18 0.18 

Gas dosing time (s) - 5.5 5.5 

Gas content (%) - 0.76 0.86 

 

3.2.3. Rectangular plates 

Rectangular plates of 400 x 130 mm2 (Figure 3.3) and variable thickness made of PP 

20GF were used to make the comparative study between MuCell® and IQ Foam® processes. 

 

Figure 3.3. Schematic representation of injection molded rectangular plates. 
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Table 3.9. Processing parameters of PP 20GF rectangular plates foamed by MuCell® and IQ Foam® processes. 

Parameter Solid MuCell® 

(10% wt. red.) 

+ Core Back 

IQ Foam® 

(10% wt. red.) 

+ Core Back 

Melt temperature (ºC) 240-230-210-40 

Shot volume (cm3) 190 165 165 

Injection speed (cm3 s-1) 100 100 100 

Mold temperature (ºC) 30 30 30 

Cooling time (s) 45 45 45 

Holding time (s) 10 - - 

Holding pressure (bar) 300 - - 

Gas flow (kg/h) - 0.18 - 

Gas dosing time (s) - 11 - 

Gas content (%) - 0.50 - 

Gas pressure (bar) - 34 25 

 

This mold was also employed to study the effect of mold cavity expansion by Core 

Back technology. Previous trials concluded that the shot volume of 165 cm3 and a nitrogen 

content of 0.5% were the optimal for achieving a homogeneous and fine cell structure along 

the whole plate, reducing the weight by 10% as compared to the unfoamed part. First, solid 

and foamed 3 mm thick plates were obtained. After that, two series of foamed samples 

combined with the Core Back technology were injection molded. A movable core insert 

located in the lower side of the plate enabled the enlargement of the cavity from a basic wall 

thickness of 3 mm up to 3.3 mm and 3.7 mm, since a starting thickness between 2 and 4 mm 

was found to be the optimum for processing with the breathing tool technology [193]. 

The material was previously dried at 80 ºC for 3 hours. The solid and MuCell® foamed 

plates were obtained in an Arburg 570C Allrounder 2000-675 injection machine (Arburg 

GmbH (Germany) with a clamping force of 2000 kN, located in the Research Lab facilities of 

Covestro AG (Leverkusen, Germany). The IQ Foam® foamed plates were injection molded 

in the Institut für Recycling of the Ostfalia University (Wolfsburg, Germany), using a 
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KraussMaffei 200-1000/390/CZ Multinject injection molding machine (KraussMaffei Group 

GmbH, Germany) with 2000 kN of clamping force and equipped with the IQ Foam® foaming 

devices. As summarized in Table 3.9, the same injection molding parameters were employed 

to produce all microcellular samples. The pressure of the SCF while foaming with MuCell® 

was 34 bar, whereas the gas in IQ Foam® processes was injected at 25 bar. As the IQ Foam® 

equipment is only controlled by the gas pressure, the rest of foaming parameters (flow and 

time of gas dosing, weight content of gas introduced within the polymer) were not measured. 

3.2.4. Injection molding simulation 

The injection molding process of the cylindrical bars, square plates and rectangular 

plates was simulated with the aid of the Moldex 3D® commercial software (CoreTech System 

Co., Taiwan), in order to compare the results to the experimental ones obtained by the 

morphological analysis (Figure 3.4). 

 

Figure 3.4. 3D model for injection molding simulation of the cylindrical bars with Moldex 3D®. 

3.3. Apparent density and morphological characterization 

3.3.1. Apparent density 

After the injection procedure, the cylindrical bars and plates were weighed and their 

volume was measured to calculate the real weight reduction ratio and their apparent density. 

With the objective of studying variations along the molded parts, the density was also 

determined in samples taken from different positions of the bars and plates, as illustrated in 

Figure 3.5. 
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Figure 3.5. Schematic representation of samples extracted for apparent density measurements, direct calcination 

tests, CT scans and DSC analysis from a) cylindrical bars; b) square plates; c) rectangular plates. 

3.3.2. Scanning Electron Microscopy (SEM) 

The morphology of the foamed specimens was analyzed at the cross-section of 4 mm, 5 

mm and 8 mm in diameter of the cylindrical bars (Figure 3.6a)). In the square and rectangular 

plates, the cell structure was examined at 10 mm-width cross sections taken at different 

distances from the injection gate both in a parallel (MD) and transversal direction (TD) to the 

injection flow (Figure 3.6b) and Figure 3.6c)). Samples were submitted to cryogenic fracture 

so as to avoid altering the original morphology, and the resulting fracture surfaces were 

examined by Scanning Electron Microscopy (SEM) using a JEOL JSM-560 microscope (Jeol 

Ltd., Japan). Micrographs were adjusted for an appropriate level of contrast and 

morphological parameters, such as cell size, cell density and skin thickness were determined 

with the aid of Igor Pro® (Wavemetrics Inc., USA) and Matlab® (The MathWorks Inc., 

USA) software (Figure 3.7). Cell density (N) represents the number of cells per volume (cells 

cm-3) with respect to the unfoamed solid polymer and it is calculated as follows [62]: 

𝑁 =  (
𝑛

𝐴
)

3/2

(
𝜌𝑠

𝜌𝑓
) (3.1) 

where n is the number of cells in the micrograph, A is the analyzed area (cm2) and ρs 

and ρf  are the density of solid and foamed material, respectively. 
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Figure 3.6. Schematic representation of samples extracted for morphology visualizations from a) cylindrical 

bars; b) square plates; c) rectangular plates. 
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Figure 3.7. Procedure steps for morphological analysis of foamed samples. 

The area of each cell of the micrograph was measured and, assuming all of them were 

completely spherical, an equivalent cell diameter or cell size (d) was determined. 

The Cell Distribution Index (CDI) was proposed by Rizvi et al. [194] to assess the 

uniformity of cell size distribution, and it is defined as: 

𝐶𝐷𝐼 =  
𝑑𝑤
̅̅ ̅̅

𝑑𝑛
̅̅ ̅

 (3.2) 

Here, 𝑑𝑤
̅̅ ̅̅  and 𝑑𝑛

̅̅ ̅ are the diameter average cell diameter and number average cell 

diameter, respectively, calculated by means of the number of cells (ni) with the same 

equivalent diameter (di): 

𝑑𝑤
̅̅ ̅̅ =  

∑ 𝑛𝑖𝑑𝑖
2

𝑖

∑ 𝑛𝑖𝑑𝑖𝑖
 (3.3) 

𝑑𝑛
̅̅ ̅ =  

∑ 𝑛𝑖𝑑𝑖𝑖

∑ 𝑛𝑖𝑖
 (3.4) 

The skin thickness was measured as the distance between the surface and the first cells 

of the foamed core. 

3.3.3. X-Ray and Computed Tomography (CT) 

In order to get insight into the cell structure in a parallel direction to the injection flow 

in the ABS cylindrical bars, they were analyzed by the Computed Tomography (CT) 

technique. The micro-CT scans were conducted using a commercial micro CT scanner 

system: a General Electric Phoenix v/tome/x s (GE Co., USA) available at the CENIEH 

facilities (Burgos, Spain), using the 240kV/320 W microfocus direct tube and the multiscan 

mode. The images were obtained in each scan with the X-ray generation at 80 kV and 290 
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µA, while acquisition settings were 200 ms per projection image, averaging of 3 images and 

skipping of 1 image per position. The total of scans was 9 and the voxel size was 5.38 µm. 

These images were then reconstructed using the system-supplied Datos (GE Measurement & 

Control, USA) reconstruction software. 

The cell morphology and fiber orientation and distribution of the PP 20GF plates were 

analyzed first at a macroscopic level by X-Ray technique with a GE X-Cube compact 

equipment (GE Co., USA) available at SEAT Laboratory facilities (Martorell, Spain). The 

scans were performed at 50 kV and 3.4 mA using a 0.5 mm-thick filter of cooper and 

applying a Flash filter on the images. Then, smaller samples were tooled from the plates 

(Figure 3.5b)) and scanned at the CORELAB laboratory of the University of Barcelona 

(Barcelona, Spain) with a micro-computerized tomography MultiTom Core system, (XRE 

bvba, Belgium). The samples were scanned at tube conditions of 90kV and 10W, for a total of 

2500 projections and an exposure time of 400 ms, resulting in a mean scan duration of 22 

minutes and obtaining a voxel size resolution of 6 µm. All data from each sample was 3D 

reconstructed and filtered with RECON software from XRE and, finally, segmentation of 

materials depending on its density, i.e. fibers, polymer and air, was carried out using Avizo 

software (FEI Company, USA). 

3.3.4. Direct calcination 

The content of glass fiber reinforcement in the PP 20GF samples was carried out by the 

determination of ash through the direct calcination method, following the guidelines set by the 

ISO 3451-1 standard [195]. Different portions (around 1 g) from the cylindrical bars and 

square plates (Figure 3.5) were pre-dried at 80ºC and vacuum conditions for 1 hour in a 

desiccator Selecta (JP Selecta SA, Spain). The sample in the crucible was weighed and then 

heated on a burner slowly until volatile products were driven off. After that, the crucible was 

introduced in a muffle furnace Selecta 367 PE model preheated at 600 ºC, and it was calcined 

until reaching constant mass. Finally, the crucible was placed in the desiccator and cooled 

until reaching room temperature, and weighed again in an analytical balance with an accuracy 

of ± 1 mg. The resulting ash, corresponding to fiber content, is given by the Equation (3.5): 

% 𝐹𝑖𝑏𝑒𝑟𝑠 =  
𝑚1

𝑚0
 (3.5) 

Where m0 is the mass, in grams, of the dried test portion and m1 the mass of the ash 

obtained after calcination. 
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3.4. Mechanical characterization 

The mechanical properties of solid and foamed samples were assessed through tensile, 

flexural and impact tests. For all materials and types of tests, the specimens were machined 

out of the cylindrical bars or plates according to the schemes shown in Figure 3.8, ensuring 

the correspondence between the tested section and the morphology previously analyzed. At 

least five samples of solid and foamed materials were tested under room temperature for each 

position and direction. 

3.4.1. Tensile properties 

Tensile tests were made on samples of 4 and 5 mm in diameter and a length of 77 and 

110 mm extracted from the cylindrical bars (Figure 3.8a)). The specimens were tested in a 

universal testing machine Zwick/Roell Amsler HC25/2008 (Zwick GmbH & Co. KG, 

Germany) equipped with a 5 kN load cell, at a crosshead speed of 50 mm min-1 and an initial 

distance between clamps of 40 mm and 50 mm, respectively. 

Additionally, type 5A specimens indicated in the ISO 527-2 standard [196] (Figure 

3.8c)) and tooled from the rectangular plates were employed to compare the properties of 

MuCell® and IQ Foam® foams. Tests were carried out on a universal testing machine 

Zwick/Roell Z010 (Zwick GmbH & Co. KG, Germany) using a 10 kN load cell, at a 

crosshead speed of 50 mm min-1 and an initial distance between clamps of 72 mm. 

Following the recommendations given by the ISO 527-1 standard [197], stresses (yield 

strength σy and break stress σu, MPa) were calculated according to Equation (3.6): 

𝜎 =  
𝐹

𝐴
 (3.6) 

Where F is the measured force (N) and A is the nominal cross-sectional area of the 

samples (mm2). 

Strain values (yield strain εy and elongation at break εu, %) were determined by means 

of the initial gauge length L0 (mm) and the change in the gauge length ΔL0 (mm): 

𝜀 =  
𝛥𝐿0

𝐿0
 x 100% (3.7) 
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Figure 3.8. Schematic representation of samples extracted for mechanical characterization and HDT tests from 

a) cylindrical bars; b) square plates; c) rectangular plates. 
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Finally, the elastic modulus (Et, MPa) was obtained as follows: 

𝐸𝑡 =  
𝜎𝑡2 − 𝜎𝑡1

𝜀𝑡2 − 𝜀𝑡1
 (3.8) 

Where σt1 is the stress measured at a strain of εt1 = 0.0005 and σt2 is the stress measured 

at a strain of εt2 = 0.0025. When this method did not work accurately, the elastic modulus was 

calculated by linear regression applied to the elastic portion of the stress - strain curve, 

dividing the difference in stress (dσ) corresponding to any segment of section on this straight 

line by the corresponding difference in strain (dε): 

𝐸𝑡 =  
𝑑𝜎

𝑑𝜀
 (3.9) 

3.4.2. Flexural properties 

Flexural tests were carried out in 100x10 mm2 (length x width) specimens machined out 

of the square and rectangular plates (Figure 3.8). Experiments were done following the ISO 

178 standard [198], in a Galdabini Sun 2500 (Galdabini SPA, Italy) testing machine equipped 

with a 5 kN load cell, at a crosshead speed of 10 mm min-1. According to the aforementioned 

standard, the span length (S) was (16±1)xh, where h is the thickness of the samples. 

Flexural strength (σf, MPa) and flexural strain (εf, %) at failure were calculated as 

follows: 

𝜎𝑓 =  
3𝐹𝑆

2𝑏ℎ2
 (3.10) 

𝜀𝑓 =  
6𝑠ℎ

𝑆2
 x 100% (3.11) 

Where F (N) and s (mm) are the measured force and deflection, S (mm) is the span 

length, and b and h (mm) are the width and thickness of the specimen, respectively. 

The flexural modulus (Ef, MPa) was determined by means of σf1, which is the stress 

measured at a strain of εf1 = 0.0005, and σf2 as the stress measured at a strain of εf2 = 0.0025: 

𝐸𝑓 =  
𝜎𝑓2 − 𝜎𝑓1

𝜀𝑓2 − 𝜀𝑓1
 (3.12) 
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The linear regression method (Equation (3.9)) was also employed to calculate Ef when 

the application of this procedure was not possible. 

3.4.3. Impact properties 

Charpy impact tests were made on 80x10 mm2 (length x width) unnotched samples in 

flatwise configuration (Figure 3.8). The impact tests were carried out using an instrumented 

Ceast Resil impactor (Instron Ltd., UK), equipped with a 15J hammer. The pendulum had a 

length of 0.374 m and a reduced mass of 3.654 kg. It was impacted at an angle of 99º, 

resulting in an impact rate of 2.91 m s-1. The span length was 62 mm. Force, displacement, 

energy and time values were recorded by a data acquisition system DAS-1600 from Ceast. 

According to ISO 179-2 standard [199], the impact resistance (acU, kJ/m2) was calculated 

following Equation (3.13): 

𝑎𝑐𝑈 =  
𝐸𝑐

ℎ𝑏
 x 103 (3.13) 

Where Ec (J) is the energy absorbed during the test, and b and h (mm) are the width and 

thickness of the sample, respectively. 

3.4.4. Thermal aging 

Polymer degradation can occur due to different causes, such as atmospheric agents, 

heat, ultraviolet light or radiant energy absorption. Automotive parts must keep their 

properties beyond certain limits over the service life of the vehicle. The aging effect was 

performed by exposing PP 20GF solid and foamed square plates at 150 ºC for periods of 200, 

300, 400 and 500 hours in a TU 60/60 heating and drying oven (Vötsch Industrietechnik 

GmbH, Germany). The change in properties was assessed by flexural and impact tests, as 

described in the respective sections above. 

3.5. Fracture characterization 

The fracture behavior of the solid and foamed square plates was characterized at low 

loading speed by the Crack Tip Opening Displacement (CTOD), as well as at high testing rate 

by the fracture toughness (KIc). In order to relate the fracture properties with the cell structure 

determined by morphology analysis, the same distances from the injection gate and 

orientations were employed. All fracture tests were performed at room temperature and the 
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notch was sharpened by sliding a razor blade. At least five specimens were tested for each 

material, orientation and loading speed. 

3.5.1. Crack Tip Opening Displacement 

SENT (Single Edge Notched Tension) specimens were employed to determine the 

CTOD parameter, whose size and dimensions are plotted in Figure 3.9. The notch 

length/width ratio (a/b) was kept at 0.6, in order to avoid triaxial stress states at the crack tip 

[200]. The low speed tests were performed using a Zwick/Roell universal testing machine, 

Amsler HC25/2008 model (Zwick GmbH & Co. KG, Germany), at a crosshead rate of 16 mm 

min-1. The tests were recorded by two digital cameras at a frame rate of 10 pictures per second 

(Xenoplan 1.4/23-0.902, Schneider Optische Werke GmbH, Germany) coupled to a 

GOM/ARAMIS (GOM mbH, Germany) Digital Image Correlation system (DIC). The CTOD 

parameter was calculated by measuring the displacement of the notch faces at the crack 

propagation onset. 

 

Figure 3.9. Schematic representation of SENT samples extracted from square plates for fracture CTOD analysis. 

3.5.2. Fracture toughness 

The fracture toughness of the solid and foamed ABS was assessed through SENB 

(Single Edge Notched Bending) specimens, as shown in Figure 3.10. According to the testing 

protocol for determining fracture toughness at moderately high loading rates [201], the a/b 

ratio was in the range of 0.45 ≤ a/b ≤ 0.55. 
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Figure 3.10. Schematic representation of SENB samples extracted from square plates for fracture toughness 

determination. 

The impact tests at 1 m s-1 were carried out using an instrumented Ceast Resil impactor 

(Instron Ltd., UK), equipped with a 15J hammer. The pendulum had a length of 0.374 m and 

a reduced mass of 3.654 kg, and it was impacted at an angle of 30º. Force, displacement, 

energy and time were recorded by a data acquisition system DAS-1600 from Ceast. The 

fracture toughness KIc (MPa m1/2) was calculated as follows: 

𝐾𝐼𝑐 =  𝑓
𝑃𝑞

ℎ√𝑏
 (3.14) 

Where Pq is the calculation force (N), h and b are the part thickness and width (mm) 

respectively, and f is a geometric function depending on the a/b ratio and determined 

according to the aforementioned protocol [201]. 

3.6. Thermal characterization 

The objective of the thermal characterization is studying possible changes in 

crystallinity level and melting temperature of foamed plates as compared to solid material, by 

Differential Scanning Calorimetry (DSC) analysis, as well as variations in softening 

temperature due to foaming by Heat Deflection Temperature (HDT) tests. 
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3.6.1. Differential Scanning Calorimetry 

The effect of foaming on thermal properties was studied by Differential Scanning 

Calorimetry (DSC) analysis. PP 20GF samples of around 5-10 mg extracted from the center 

of the square plates. In order to assess differences between the solid skin and the foamed core, 

tests were made on samples taken from both areas (Figure 3.5b)). A Perkin Elmer Pyris 1 

device, with a Perkin 2P Intracooler (PerkinElmer Inc., USA) system and calibrated with 

indium and lead, was employed, as well as standard aluminum crucibles. Samples were 

heated from   -20 ºC to 210 ºC at a heating rate of 10 ºC min-1. Heating and cooling scans 

allowed the determination of melting and crystallization parameters, following the guidelines 

given by ISO 11357 standard [202]. The maximum of the exothermic peak obtained during 

the first cooling corresponds to the crystallization temperature Tc (ºC), while the melting 

temperature Tm (ºC) was taken as the maximum of the endothermic peak from the second 

heating. By integrating the areas underneath the corresponding peaks, crystallization and 

melting enthalpies were determined. The crystallinity degree Xc (%) was determined 

according to Equation (3.15): 

𝑋𝑐 =  
𝛥𝐻𝑚

(𝛥𝐻0
𝑃𝑃𝑓𝑃𝑃 + 𝛥𝐻0

𝑃𝐸𝑓𝑃𝐸)(1 − 𝑊𝑓)
 (3.15) 

Where ΔHm is the measured melting enthalpy (J/g) and 𝛥𝐻0
𝑃𝑃 and 𝛥𝐻0

𝑃𝐸 are the melting 

enthalpies for fully perfect crystalline PP and PE, whose values were taken as 207 J/g and 296 

J/g, respectively [203]. fPP and fPE are the weight fraction of PP and PE, and Wf is the weight 

fraction of the used reinforcement (0.2 in this case). 

3.6.2. Heat Deflection Temperature 

Heat Deflection Temperature tests were performed on 100x10x5 mm3 specimens 

machined out the square plates following the scheme showed in Figure 3.8b) (only TD-A, 

TD-B and TD-C samples). Method A described in ISO 75-2 standard [204] specifies a load in 

the middle of the sample of 1.80 MPa. The silicone bath was heated at a rate of 2 ºC min-1 in a 

Ceast 6520 HDT/Vicat testing instrument (Instron Ltd., UK). The test standard indicates a 

normalized deflection of 0.34 mm for 4 mm thick specimens. This value was extrapolated to a 

thickness of 5 mm, and the Heat Deflection Temperature HDT (ºC) was taken as the 

temperature at which specimens reached a deflection of 0.24 mm. 
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Chapter 4: 

ABS – MuCell® foams 

 

The main results obtained from ABS foams processed by MuCell® technology are 

presented. The wide range of applications of this material explains the fact that some authors 

have already researched its foamability. Being an amorphous material, ABS absorbs more gas 

than crystalline polymers [76], mainly CO2, although a higher diffusion of N2 in ABS and a 

reduction in the glass transition temperature due to the gas content have been reported [205]. 

Many investigations have been made on ABS foamed by batch processes [65, 206, 207], and 

an enhancement of mechanical properties with glass fibers and mineral fillers have been 

found [208]. According to Mahmoodi and Behravesh [209], the pressure drop rate in a batch 

process does not affect the microstructure, despite its effect on cell nucleation. However, the 

number of research works on foaming by injection molding is limited. Lin et al. [122] studied 

the effect of blowing agent content, injection rate and melt temperature on the morphology, 

dimensional stability and tensile and impact properties. Dong et al. [210] employed ABS 

foams to describe the governing cell forming mechanisms, and an improvement of the cell 

structure was obtained combining chemical and physical nucleating agents [147]. 

4.1. Cylindrical bars 

The study of ABS foamed samples began with the analysis of the influence of 

processing parameters on their morphology and mechanical properties. To do this, a design of 

injection experiments with different combinations of shot volume, mold temperature and 

injection speed was conducted (Table 3.1 and Table 3.2). For comparison purposes, only one 

extreme bar of all different foamed series was considered (bar A, Figure 3.1) and the 

morphology and tensile properties were determined in the Ø = 5 mm section. After analyzing 

statistical data of obtained results, those injection molding condition series for each level of 

weight reduction that optimized the cell structure and maximized the tensile properties were 

selected. A broader study of the morphology and mechanical behavior in the different 

diameter sections and mold cavities was conducted with these selected foamed groups. 
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4.1.1. Design of Experiments: Effect of processing conditions 

4.1.1.1. Morphology 

The SEM micrographs corresponding to the cross-sections of the different injected bars 

are shown in Figure 4.1 and Figure 4.2. The material structure of the foamed samples consists 

of a solid external layer and a foamed core. As a consequence of the temperature gradient 

from the surface to the middle of the part, different cell morphologies were developed and 

therefore this foamed core can be divided into two different areas (Figure 4.3). The high heat 

concentration and slow cooling in the center of the bars made the polymer viscosity in the 

region to be insufficient to prevent massive cell coalescence and expansion in the nucleus 

area, forming bigger bubbles heterogeneously dispersed. Between the nucleus and the solid 

skin, there is a transition region with cells smaller than 100 µm uniformly distributed 

(microcellular area). A similar structure was reported by Bledzki et al. [131] with 

microcellular polycarbonate. 

 

Figure 4.1. SEM micrographs of C1-C4 conditions. Shot volume: 71 cm3 (10% weight reduction). 
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Figure 4.2. SEM micrographs of C5-C8 conditions. Shot volume: 68 cm3 (17% weight reduction). 

 

Figure 4.3. SEM micrograph and morphology areas of C0 condition. 

Regarding the shape of the cells, near the surface cells were distorted following the 

circumferential shape of the cross-section, but they became more spherical as they got closer 

to the center. However, in the parallel direction to the injection flow, cells near the skins were 

elongated due to the fountain flow during filling (Figure 4.4), as stated by Wang et al. [94]. 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 78 - 

 

Figure 4.4. a) Micro-CT picture of Ø = 8 mm section of C8 condition; b) Longitudinal cross-section through the 

center point. 

Qualitatively, samples with 17% of weight reduction (Figure 4.2) seem to present finer 

cell structures, with a higher number of smaller cells more homogenously distributed than 

bars foamed with 10% of weight reduction (Figure 4.1). These remarks are in agreement with 

the morphological parameters summarized in Table 4.1. The solid skin thickness varied from 

0.25 to 0.36 mm. The cell density was kept in an order of magnitude of 106 cells cm-3 in all 

cases. This can be explained by the high diffusivity of N2 in ABS reported by Hwang and Cha 

[205]. According to the study carried out by Sorrentino et al. [211] with PET foams, a high 

diffusivity of the gas in the polymer increases cell density and reduces cell size. 

Table 4.1. Weight reduction ratio, apparent density and morphological parameters of ABS foamed samples. 

Condition 

No. 

Weight 

reduction 

(%) 

Density 

(g cm-3) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

C1 11.14 ± 0.51 0.91 ± 0.02 0.35 3.1·106 8 - 271 1.87 

C2 11.12 ± 0.64 0.91 ± 0.03 0.27 2.7·106 8 - 262 2.10 

C3 11.03 ± 0.59 0.91 ± 0.02 0.28 3.6·106 8 - 260 1.83 

C4 9.33 ± 0.33 0.91 ± 0.03 0.36 4.2·106 8 - 188 2.04 

C5 19.09 ± 0.77 0.83 ± 0.03 0.31 5.4·106 8 - 147 1.57 

C6 17.84 ± 1.12 0.84 ± 0.04 0.25 5.2·106 8 - 208 1.97 

C7 18.76 ± 0.70 0.83 ± 0.02 0.30 5.9·106 8 - 228 1.52 

C8 17.32 ± 0.48 0.83 ± 0.03 0.31 6.0·106 8 - 163 1.69 

C0 13.55 ± 0.76 0.88 ± 0.03 0.32 5.1·106 8 - 240 1.92 
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Figure 4.5. Cell size distribution of a) C1-C4 (10% weight reduction); b) C5-C8 injection conditions (17% 

weight reduction). 

Figure 4.5 depicts the cell size distribution of samples with both levels of weight 

reduction. The minimum diameter which was possible to measure due to the resolution of the 

micrographs was 8 µm. Despite the wide range of cell size obtained, around 95% of cells 

were smaller than 50 µm, with a center value of 20 µm. 

The extent of uniformity in cell size can be assessed on the basis of the Cell 

Distribution Index (CDI) parameter, proposed by Rizvi et al. [194]. This parameter is defined 

as a polydispersity index, and gives an idea about the lowest and highest cell size, as well as 

the distribution pattern of the intermediate cell sizes. As a polidispersity index, a CDI value 

close to unity represents monodispersity of cell size, and higher values indicate greater 

differences in cell sizes. According to the results provided in Table 4.1 and Figure 4.5, the 

CDI varied from 1.50 to 2.00, due to the wide cell size range of the foams obtained under the 

different injection molding conditions. 

4.1.1.2. Tensile behavior 

The engineering stress-strain curves of solid and foamed samples (C4, C0 and C8) 

obtained from tensile tests are shown in Figure 4.6. All specimens reached the yield point 

followed by necking and plastic deformation prior to breaking. The results of elastic modulus, 

stress and strain at yield point and ultimate strength of solid and foamed bars at different 

processing conditions are summarized in Table 4.2. These properties corresponding to the 

solid material are in accordance to that found in the literature [212-214]. As reported by 

Beydokhti et al. [208] working on ABS composites, foaming reduces gradually the elastic 

modulus and tensile strength as the density decreases. 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 80 - 

 

Figure 4.6. Tensile stress-strain curves of ABS solid and foamed samples (C4, C0 and C8 conditions). 

Table 4.2. Tensile properties of ABS solid and foamed samples. 

Condition 

No. 

Et 

(MPa) 

σy 

(MPa) 

Et/ρ 

(MPa/g cm-3) 

σy/ρ 

(MPa/g cm-3) 

εy 

(%) 

σu 

(MPa) 

Solid 2375 ± 43 46.2 ± 1.1 2331 ± 44 45.3 ± 1.1 2.36 ± 0.09 28.7 ± 1.4 

C1 1927 ± 41 37.8 ± 0.8 2127 ± 88 41.7 ± 1.7 2.49 ± 0.06 33.6 ± 1.6 

C2 1892 ± 42 37.1 ± 0.5 2088 ± 113 40.9 ± 1.9 2.49 ± 0.06 31.7 ± 2.6 

C3 1893 ± 50 37.1 ± 0.9 2087 ± 96 40.9 ± 1.8 2.46 ± 0.01 32.6 ± 2.8 

C4 1933 ± 78 37.9 ± 0.6 2134 ± 157 41.8 ± 2.0 2.31 ± 0.10 30.2 ± 1.9 

C5 1853 ± 34 35.1 ± 2.0 2246 ± 107 42.5 ± 3.7 2.30 ± 0.08 31.5 ± 1.3 

C6 1873 ± 64 35.1 ± 1.8 2238 ± 118 41.9 ± 3.5 2.21 ± 0.09 30.2 ± 1.7 

C7 1855 ± 27 35.3 ± 1.6 2240 ± 131 42.6 ± 3.2 2.30 ± 0.09 31.3 ± 1.4 

C8 1871 ± 64 34.5 ± 1.3 2265 ± 171 41.7 ± 3.3 2.20 ± 0.11 29.0 ± 1.5 

C0 1881 ± 63 36.7 ± 0.9 2135 ± 142 41.7 ± 2.4 2.30 ± 0.08 30.5 ± 1.8 

 

The specific modulus and tensile strength, defined as the ratio between these properties 

and the apparent density, remained almost constant and at the same order of magnitude as the 

solid samples. 
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It is well known that crazing is the main plastic deformation mechanism of ABS [215-

217]. Foamed samples were more brittle than the solid counterparts due the presence of cells 

in the core region, as can be observed in Figure 4.6 by comparing the elongation at break of 

the different solid and foamed series. The elongation at break was excluded from the studied 

effects because of the large scatter observed in this parameter. In any case, the stress-strain 

curves depicted in Figure 4.6 correspond to the average behavior of the samples tested in each 

plotted condition. Finally, it is worth to notice the same level of yield strain (εy ≈ 2.40) and 

ultimate strength (σu ≈ 30 MPa) obtained in all solid and foamed materials. 

4.1.1.3. Factorial analysis 

The experimental results obtained from the morphology and mechanical 

characterizations were collected and underwent statistical analysis. Then, the influence of the 

processing parameters on the cell structure and mechanical performance was determined. As 

an example of analysis, Figure 4.7 shows the main effect of shot volume, mold temperature 

and injection speed on the skin thickness. The results of intermediate condition C0 are plotted 

as individual points. As they do not fit the line joining the extreme values, it could seem that 

there is no perfect linearity between the factors and the response variables. However, it should 

be noted that the variations in the solid skin thickness range from 0.29 to 0.32 mm and 

therefore clear tendencies are difficult to be drawn. Moreover, the addition of central points 

does not affect the usual effects estimated in the factorial design [218] The analysis of 

curvature and variance cannot be performed considering all factors included in the model. At 

least one degree of freedom is required, so the Backward method of regression stepwise 

technique [219] was employed to remove factors with the smallest contribution to the 

response. The significance level α for this procedure was taken as 0.05. 

 

Figure 4.7. Main effect of shot volume, mold temperature and injection speed on skin thickness. 
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The simplified regression models for each morphological and tensile parameter are 

summarized in Table 4.3. Following the example with skin thickness, the analysis of variance 

(ANOVA) is shown in Table 4.4. The Sum of Squares, Mean Square, F-value and p-value 

were calculated according to the equations and guidelines given by Montgomery [218]. All 

factors and interactions with a p-value lower than the confidence level (α = 0.05) are 

significant, that is, they have a remarkable effect on the response when moving from one level 

to another, and cannot be neglected in the regression models of Table 4.3.  

Table 4.3. Regression models derived from factorial design analysis of ABS cylindrical bars. 

Response Regression model 

(A: Shot volume; B: Mold temperature; C: Injection speed) 

Weight reduction Weight reduction (%) = 14.353 - 3.799 A - 0.551 C 

Skin thickness Skin thickness (mm) = 0.30556 + 0.00875 B - 0.00625 C + 0.02875 B·C 

Cell density Cell density (cells·cm-3) = 4590851 - 1122047 A + 401962 B 

Max. cell size Maximum cell size (µm) = 218.5 + 29.5 A - 6.2 B - 10.6 C - 23.7 B·C 

CDI CDI = 1.8344 + 0.1363 A + 0.1262 C 

Et Et (MPa) = 1886.44 + 24.13 A 

σy σy (MPa) = 36.289 + 1.238 A 

 

Table 4.4. Analysis of variance for skin thickness. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 3 0.007537 0.002513 4.68 0.065 

Mold temperature 1 0.000613 0.000613 1.14 0.334 

Injection speed 1 0.000313 0.000313 0.58 0.480 

Mold temperature*Injection speed 1 0.006613 0.006613 12.32 0.017 

Residual 5 00.2685 0.000537   

Curvature 1 0.000235 0.000235 0.38 0.569 

Lack of Fit 4 0.002450 0.000612   

Total 8 0.010222    
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Through the ANOVA analysis, it can be seen that the curvature is not significant for 

skin thickness response, as has been already commented above due to the narrow range of 

variation. However, there is an interaction between parameters which needs to be considered. 

When interactions occur, the factors cannot be evaluated individually [220]. The presence of 

interaction between factors is discussed in the corresponding section below. The variance 

analysis (ANOVA Tables) obtained from the rest of morphological and tensile properties are 

compiled in Appendix A. 

As a general trend, the shot volume was the most influencing factor on the studied 

morphology and tensile properties. Therefore, for a better visualization of the effect of mold 

temperature and injection speed on the response variables (weight reduction, solid skin 

thickness, cell density, maximum cell size, CDI, elastic modulus and tensile strength), they 

are displayed separately in Figure 4.8 and Figure 4.9 for each level of shot volume. 

4.1.1.4. Effect of shot volume 

As expected, Figure 4.8 and Figure 4.9 evinces that both cell structure and mechanical 

properties were more dependent on shot volume than upon mold temperature and injection 

rate. Since this parameter corresponds to the amount of material injected into the cavity mold, 

it determines the final weight and density of the part. Obviously, a higher shot volume 

resulted in lower weight reduction ratio, and vice versa. 

In order to fill completely the mold cavity, the SCF content was increased as the level of 

shot volume decreased (0.93% for foamed bars with 17% of weight reduction; 0.60% for 10% 

of weight reduction, and 0.80% for the intermediate trial C0). Therefore, in this investigation 

the study of the variation in shot volume is equivalent to analyze the effect of different SCF 

levels. Barzegari and Rodrigue [140] stated that an increase in the blowing agent content 

reduces the melt viscosity and, additionally, improves the number of nucleated cells. Thus, 

cells are created faster than the polymer solidification when it gets in contact with the cold 

mold wall. Consequently, as indicated in Figure 4.8, the skin thickness decreased and the cell 

density increased with the blowing agent content (reducing the shot volume). The gas was 

then distributed into a larger number of cells, reducing the probability of cell coalescence and 

decreasing their maximum size. Additionally, lower shot size took shorter solidification time 

and provided less time for cells to grow. As the cells got smaller, the CDI parameter became 

closer to unity. 
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Figure 4.8. Effect of processing parameters on morphology and tensile properties of ABS foamed bars. 
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Figure 4.9. Effect of processing parameters on morphology and tensile properties of ABS foamed bars. 

Concerning the mechanical properties (Figure 4.9), a higher level of shot volume 

involves a higher part weight and density, and obviously, a higher polymer fraction which can 

withstand the applied tensile load. As found by Li et al. [181] in microcellular Polyetherimide 

(PEI), the elastic modulus as well as the yield strength increased with the shot volume. 

4.1.1.5. Effect of mold temperature 

The mold temperature had a much lower effect on the weight reduction than the shot 

volume. As it increased, the weight reduction ratio experimented a slight decrease, but it was 

closer to the proposed targets of 10% and 17%. According to some authors such as Spörrer 

and Altstädt [142], a higher temperature in mold wall gives more time for foaming due to a 

longer cooling stage. Therefore a thinner solid surface layer is expected. In this study, a 

reduction in the skin thickness was observed in conditions where the molten polymer was 

injected at low speed with 10% of weight reduction (C1 and C3). However, at higher injection 

rates, the observed trend was the opposite. This is also the case for the series of 17% of 

weight reduction. The combination of high injection rates and low shot sizes led to high shear 

and gas content levels. The higher injection speed increased the pressure in the mold cavity 

too, which might cause cell embryos redissolved back into the molten polymer counteracting 

the effect of mold temperature on the thickness of the surface layer. An increase in skin 
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thickness and cell density with the mold temperature is shown in Figure 4.8. The maximum 

cell diameter decreased at high levels of mold temperature in case of 10% of weight 

reduction, but slightly increased in samples with 17% of weight reduction. Either way, the 

cell size distribution was constricted at higher temperatures in the mold wall, as indicated by 

the drop in the CDI parameter. The occurrence of an interaction between processing 

parameters is clearly evidenced in this analysis, and it is discussed further on in this Chapter. 

Bledzki et al. [131] obtained a decrease in the elastic modulus and tensile strength of 

Polycarbonate (PC) foams as the mold temperature increased from 20 ºC to 108 ºC, due to the 

thinner solid skin, lower cell density and bigger cells formed. However, these trends were not 

observed in the injected ABS bars of this study, which may be due to the temperature range of 

the mold and its distance to the glass transition temperature (Tg) of the polymer. Verbeeten et 

al. [221] showed that mechanical properties, such as tensile strength, are influenced by the 

cooling profile of the material below Tg. The closer the mold temperature is to Tg, the effect of 

the mold temperature variations is more significant. In this work, the mold temperature 

ranged from 30 ºC to 60 ºC, while the Tg of ABS is around 100 ºC. Since foaming process 

itself also influences cooling, the mold temperature variations appear not to be enough to 

significantly change the elastic modulus and tensile strength (Figure 4.9). As a matter of fact, 

the mold temperature does not appear in the regression models shown in Table 4.3 of any of 

the tensile properties studied in this section. 

4.1.1.6. Effect of injection speed 

The increase in the injection rate contributed to a lower ratio of weight reduction, but 

closer to the objectives of 10% and 17%. According to Figure 4.8, the solid skin was not 

affected by the injection rate in foamed bars with 10% of weight reduction. However, thinner 

surface layers were formed as the injection rate increased in case of 17% of weight reduction. 

Dong et al. [93] reported that when filling at high speed, the effect of cooling is strongly 

reduced. The material keeps at relatively high temperature to allow the expansion of the 

foaming core, reducing the thickness of the surface layer. The injection speed has been widely 

related to the pressure drop of the polymer/gas solution inside the mold cavity. As concluded 

by Mahmoodi and Behravesh [209], a high pressure drop improves cell nucleation, which 

turns into higher cell densities. However, it is quite noticeable the insignificant effect of the 

injection speed on the cell density obtained in this research. The confinement of gas and 

polymer in a circular geometry could promote cell coalescence having a lower number of 
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cells and then, the real influence of the injection rate on cell density could not be determined. 

Gómez-Gómez et al. [134] reported that the effect of injection speed on the cell density of 

PETG plates is inconclusive. Rizvi et al. [194] pointed out a decrease in cell diameter and 

CDI parameter with the injection speed. In the present study, the maximum cell size 

decreased, however, the CDI increased, that is, the cell size distribution became more 

heterogeneous. Lin et al. [122] reported an improvement of the tensile properties of ABS 

foams with the injection speed, due to higher material orientation. In this study, the variation 

in elastic modulus and tensile strength obtained at the different injection rates were within the 

experimental accuracy (Figure 4.9), so the effect of the injection rate can be neglected. 

4.1.1.7. Interaction between factors 

The presence of significant interaction effects between processing parameters can be 

concluded from the discussion above. An interaction effect between parameters occurred 

when the influence of one factor depends on the value of the other ones. The Pareto charts 

illustrated in Figure 4.10 point out the magnitude of the standardized effects (effects divided 

by their respective standard errors) caused by the different factors. The dashed line drawn on 

the graphs indicates the minimum magnitude of statistically significance, with a confidence 

level of 95% (α = 0.05). Thus, the effects extending this reference line are potentially 

important. It is very clear from Figure 4.10a) that the interaction between mold temperature 

and injection speed had the highest effect on the solid skin thickness variability and 

sensitivity. Another response affected by an interaction between factors was the maximum 

cell size (Figure 4.10b)). It is mainly influenced by shot volume, followed by the combination 

of mold temperature and injection speed, whose effect on cell diameter was occasionally 

different depending on the level of each one. 

 

Figure 4.10. Pareto charts of standardized effect of processing parameters on a) skin thickness; b) max cell size. 
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From the analysis above, predominant influence of shot volume on the cell structure and 

tensile properties can be determined. The effect of mold temperature and injection speed was 

secondary. Nevertheless, higher levels of both parameters contributed to improve the 

morphology of the foamed parts for 10% and 17% weight reduction ratios (60 ºC and 100 

cm3·s-1). Therefore, only solid bars and C4 and C8 foamed series were considered for further 

research of morphology and tensile properties in the following sections. 

4.1.2. Morphology and apparent density 

Table 4.5 shows the apparent density of bars A, C and D, injected in solid and C4 and 

C8 foamed conditions. During foaming, a lack of filling in cavity B was observed. Therefore, 

the bars from this cavity were not included in the experimental analysis. Solid bars presented 

the same density in the different cavities, with a slight standard deviation. However, 

considering the foamed samples, the outer bars were 5% and 6% denser than bar C in case of 

10% and 17% of weight reduction, respectively. 

Table 4.5. Apparent density of ABS cylindrical bars. 

Condition No. Bar A 

(g cm-3) 

Bar C 

(g cm-3) 

Bar D 

(g cm-3) 

Solid 1.02 ± 0.01 1.02 ± 0.01 1.02 ± 0.01 

C4: 10% wt. red. 0.92 ± 0.02 0.88 ± 0.02 0.93 ± 0.03 

C8: 17% wt. red. 0.84 ± 0.03 0.79 ± 0.02 0.85 ± 0.02 

 

 

Figure 4.11. Melt front time of ABS foamed bars (10% wt. red.) simulated with Moldex 3D® software. 
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Despite the symmetrical position of the cavities inside the mold, these results of density 

suggest that cooling of inner and outer bars was different. This could be also the reason of the 

lack of filling in bar B. As obtained by means of injection process simulation with Moldex 

3D® software, after the change of section the fountain effect in the melt front becomes more 

pronounced and the molten polymer in the core reaches the end of the cavity faster than the 

material located in the skins (Figure 4.11). When solid samples were injected, all cavities 

were equally filled due to the holding pressure. But during foaming, the holding step was 

removed and less amount of material was introduced in the mold cavity. Thereby, if for any 

reason the cooling channels were not symmetrically distributed inside the tool, inner bars may 

have solidified faster, giving rise to a lower packing of material and lighter or even not fully 

filled bars. 

Figure 4.12 shows SEM micrographs taken in of 4, 5 and 8 mm cross-sections of bar A 

for both groups of foamed bars. The morphological parameters are depicted in Table 4.6. 

 

Figure 4.12. SEM micrographs taken from different sections of bar A in C4 and C8 ABS foaming conditions. 
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Table 4.6. Apparent density and morphological parameters in different sections of ABS foamed bars. 

Condition 

No. 

Bar Section 

Ø 

(mm) 

Density 

(g cm-3) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

C4 (10%) A 4 0.92 ± 0.03 0.30 6.9·106 6 - 177 2.12 

  5 0.89 ± 0.01 0.36 4.2·106 8 - 188 2.04 

  8 0.92 ± 0.02 0.49 4.4·104 13 - 388 1.50 

 C 4 0.87 ± 0.01 0.31 5.9·106 6 - 216 2.15 

  5 0.86 ± 0.02 0.39 3.8·106 8 - 194 1.93 

  8 0.88 ± 0.01 0.49 5.8·104 13 - 382 1.44 

 D 4 0.93 ± 0.02 0.35 8.5·106 6 - 197 2.06 

  5 0.91 ± 0.03 0.33 3.2·106 8 - 210 2.42 

  8 0.93 ± 0.01 0.55 6.6·104 13 - 402 1.78 

C8 (17%) A 4 0.84 ± 0.02 0.29 9.0·106 6 - 201 1.91 

  5 0.82 ± 0.01 0.31 6.0·106 8 - 163 1.69 

  8 0.84 ± 0.01 0.45 6.9·105 13 - 344 2.04 

 C 4 0.80 ± 0.01 0.23 1.0·107 6 - 184 1.96 

  5 0.76 ± 0.02 0.29 6.9·106 8 - 189 1.57 

  8 0.79 ± 0.02 0.45 6.8·105 13 - 260 1.73 

 D 4 0.84 ± 0.02 0.27 1.2·107 6 - 204 1.72 

  5 0.82 ± 0.03 0.25 5.9·106 8 - 240 1.70 

  8 0.85 ± 0.02 0.47 5.6·105 13 - 314 1.90 

 

Generally, there were no great differences in morphology between cavity positions (bars 

A, C and D). Trends of morphology characteristics due to gas content variation in foamed 

bars with 10% and 17% of weight reduction have been discussed in the section above. 

Regarding the effect of cross-section diameter, Ø = 4 mm and Ø = 8 mm were slightly denser 

than Ø = 5 mm, because of higher packing of material in these sections nearer the injection 

point. The solid skin increased as the bar got thicker, although in all cases it represents around 
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15% of the overall diameter. The maximum cell density was obtained in the thinner section 

(Ø = 4 mm). It slightly decreased by increasing the diameter up to 5 mm, but it remained at 

the level of 106 cells cm-3. However, it was drastically reduced by one or two orders of 

magnitude in the section of Ø = 8 mm. The opposite tendency was obtained in cell size. As 

depicted in Figure 4.13 and Table 4.6, cell size ranged from 6 to 200 μm in sections of 4 and 5 

mm in diameter, but around 95% of cells were smaller than 50 μm, and the cell size 

distribution was centered in 20 μm. In both foamed series the CDI parameter was also similar, 

with slightly lower CDI values in case of specimens with 17% of weight reduction. In the 

middle section of the bar, with a thickness of 8 mm, the cell size reached a maximum value of 

400 μm, with a more irregular cell distribution. However, the CDI parameter was similar to 

that obtained in the other thicknesses. The high temperature in this section enabled higher cell 

growth and expansion, as well as bubble coalescence. Shrinkage of the part during cooling 

could also contribute to higher cell sizes, resulting in bigger cells and lower cell densities. 

 

Figure 4.13. Cell size distribution in 4, 5 and 8 mm cross-sections of a) C4 (10% weight reduction); b) C8 (17% 

weight reduction) injection molding conditions. 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 92 - 

 

Figure 4.14. Cell size and cell density results of of ABS foamed bars simulated with Moldex 3D® software. 

Simulation of injection process by means of Moldex 3D® software provided the results 

illustrated in Figure 4.14. Comparing these values with data from the experimental analysis, a 

reasonable agreement can be observed in 4 and 5 mm sections, while numerical simulation 

overestimates the cell size and cell density resulted in Ø = 8 mm. A reduction in clamping 

force and viscosity of the material during injection, and an improvement of the dimensional 

stability in the final part by foaming, are other features that can also be estimated with the aid 

of the simulation software. 

4.1.3. Tensile behavior 

Figure 4.15 compares tensile stress-strain curves corresponding to solid and foamed 

cylindrical bars tested in Ø = 4 mm and Ø = 5 mm sections. Absolute and specific values of 

elastic modulus and yield strength are displayed in Table 4.7. These properties were slightly 

lower in the inner bar (C) as compared to the outer ones (A and D), because of the reduced 

density reported in Table 4.5. By decreasing the cross-sectional diameter to 4 mm, the elastic 

modulus was increased by around 25% and the yield strength up to 16%, although samples 

broke at lower elongation. 
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Figure 4.15. Tensile stress-strain curves of 4 and 5 mm diameter sections of ABS solid and foamed bars (C4 and 

C8 conditions). 

The dependence of the tensile characteristics with the density of the samples has been 

referred before. Young’s modulus was hardly affected in section of Ø = 4 mm and 10% of 

weight reduction (C4), whereas it was decreased by 20% in 5 mm cross-section and by 15% 

and 22% in samples with 17% of weight reduction (Ø = 4 mm and 5 mm, respectively). On 

the other hand, tensile strength was reduced by approximately 20% and 26% according to the 

two levels of weight reduction, for both 4 and 5 mm diameter sections. This higher decrease 

ratio in the yield stress could be due to the negative effect of the bigger voids located in the 

nucleus on the tensile strength [127]. The same trend has been reported by Lin et al. [122]. 

Regarding specific values, the gap between properties of solid and foamed specimens was 

strongly reduced. In all cases, the yield strain was contained in the range of εy = 2.35 ± 0.15 

%, and the elongation at break in approximately σu = 33.4 ± 5.2 MPa. 

Current theories of conventional foams established a linear dependency of the relative 

modulus with the relative density (Single Blend model [51, 222]): 

𝐸𝑡𝑓

𝐸𝑡𝑠
=  

𝜌𝑓

𝜌𝑠
 (4.1) 

Where Etf, Ets, ρf and ρs are the elastic modulus and apparent density of foamed and 

solid material, respectively. 

 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 94 - 

Table 4.7. Tensile properties in different sections of ABS bars. 

Condition 

No. 

Bar Section Ø 

(mm) 

Et 

(MPa) 

σy 

(MPa) 

Et/ρ 

(MPa/g cm-3) 

σy/ρ 

(MPa/g cm-3) 

Solid A 4 3086 ± 40 54.0 ± 0.9 3028 ± 43 52.9 ± 1.0 

  5 2375 ± 43 46.2 ± 1.1 2331 ± 44 45.3 ± 1.1 

 C 4 2938 ± 55 55.4 ± 1.2 2884 ± 56 54.3 ± 1.2 

  5 2340 ± 42 45.9 ± 0.9 2297 ± 43 45.0 ± 0.9 

 D 4 3130 ± 68 54.9 ± 0.7 3072 ± 69 53.8 ± 0.8 

  5 2383 ± 48 46.3 ± 1.6 2338 ± 49 45.4 ± 1.7 

C4 (10%) A 4 3188 ± 75 45.3 ± 0.8 3519 ± 150 50.0 ± 1.7 

  5 1933 ± 78 37.9 ± 0.6 2134 ± 157 41.8 ± 2.0 

 C 4 2640 ± 89 42.0 ± 0.9 3018 ± 116 48.0 ± 2.2 

  5 1839 ± 34 36.0 ± 0.6 2102 ± 65 41.1 ± 1.7 

 D 4 3135 ± 65 45.3 ± 0.7 3461 ± 130 50.0 ± 1.5 

  5 1964 ± 36 37.9 ± 0.5 2168 ± 72 41.8 ± 1.6 

C8 (17%) A 4 2686 ± 72 40.6 ± 0.7 3252 ± 172 49.1 ± 1.8 

  5 1871 ± 64 34.5 ± 1.3 2265 ± 171 41.7 ± 3.3 

 C 4 2526 ± 86 38.4 ± 0.4 3205 ± 193 48.7 ± 1.1 

  5 1835 ± 70 34.2 ± 1.1 2329 ± 181 43.4 ± 2.7 

 D 4 2535 ± 45 40.6 ± 0.8 2969 ± 120 47.5 ± 1.9 

  5 1893 ± 13 34.9 ± 0.5 2216 ± 35 40.9 ± 1.3 

 

Taking average values, the elastic modulus given by Equation (4.1) for foamed bars 

with 10% and 17% of weight reduction was 2722 MPa and 2473 MPa, for Ø = 4 mm, and 

2110 MPa and 1918 MPa for Ø = 5 mm. The predicted values are similar to that of obtained 

by tensile tests, being the maximum deviation from the experimental results 14%. 
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On the other hand, Xu and Kishbaugh [223] developed estimation models of the tensile 

strength ratio for plane specimens based on the solid skin and foamed area structure. Adapting 

the model to a circular section, the following equations was employed: 

𝜎𝑡𝑓

𝜎𝑡𝑠
=  

𝜋𝑟2 − 𝜋(𝑟 − 𝑡𝑠)2 + (1 − 𝑅)2𝜋(𝑟 − 𝑡𝑠)2

𝜋𝑟2
 (4.2) 

Where σtf and σts are the tensile strength of solid and foamed material, r is the radius of 

the part, ts is the solid skin thickness and R is the ratio of weight reduction for foamed core, 

determined by means of the weight reduction ratio of the whole microcellular part Rw (0.9 and 

0.83 in this study): 

𝑅 =  
𝜋𝑟2(1 − 𝑅𝑤)

𝜋(𝑟 − 𝑡𝑠)2
 (4.3) 

The calculated yield strength for both foamed series (10% and 17% of weight reduction) 

was 44.9 MPa and 37.9 MPa for Ø = 4 mm section, and 38.0 MPa and 32.0 MPa for samples 

with 5 mm in diameter. These values are accurately close to the experimental data, having a 

maximum error of 8%. 

Some works have been carried out relating the mechanical properties to the cell 

morphology, obtaining an improvement of the elastic modulus and tensile strength with 

higher cell densities and smaller cell sizes [136, 181]. Nevertheless, in this study, specimens 

with higher cell densities and smaller cells (or lower CDI parameter) corresponded to bars 

injected at the higher level of weight reduction (17%) and, therefore, lower density and 

mechanical properties were determined. Due to similar thicknesses of the solid skin in all 

specimens, its effect on the tensile performance could not be determined, although a build-up 

in the modulus and yield strength as the surface layer gets thicker is expected [143]. 

4.2. Square plates 

4.2.1. Morphology and apparent density 

Figure 4.16 and Figure 4.17 show SEM micrographs taken from different sections and 

directions of both foamed plates groups. The skin/core structure is observed again. Near the 

injection point (MD-A), cells were spherical and uniformly distributed through the foamed 

core. However, cells became distorted as the distance away from the injection gate became 

larger (Figure 4.16 MD-C). 
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Figure 4.16. SEM micrographs of ABS foamed plates taken in MD direction. 

Dong et al. [210] explained this phenomenon as the result of the two mechanisms 

involved in the cell forming process: foaming during filling and foaming after filling. At the 

beginning of the filling stage, the fast pressure drop leads to the nucleation of a large number 

of cells. Cells near the melt front are distorted by the fountain-flow behavior of the melt. This 

cell forming process is called foaming during filling. As the mold cavity gets filled, the 

pressure increases up to a critical point at which the polymer melt is just not supersaturated of 

gas, and foaming does not take place. Finally, once the filling stage is finished, the melt 

pressure drops again during cooling and spherical cells are formed at the beginning of the 

part. This second mechanism is known as foaming after filling. In TD direction, however, 

cells presented a mainly spherical shape along the whole foamed core. 
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Figure 4.17. SEM micrographs of ABS foamed plates taken in TD direction. 

The morphological parameters (solid skin, cell density and cell size range) determined 

from details of Figure 4.16 and Figure 4.17 are displayed in Table 4.8. In general, there were 

no significant variances in the morphology parameters between the two levels of weight 

reduction and between the different analyzed sections, either in parallel (MD) or transversal 

(TD) direction to the melt front. However, an increase in the solid skin along the flow 

direction can be noticed. As explained by Dong et al. [93], the solid surface layers formation 

is also submitted to the different mechanisms during filling and after filling, and it is expected 

a thinner solid skin near the gate and an increase in thickness with the distance to the injection 

gate, with a maximum value in the center of the part. 
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Table 4.8. Morphological parameters in different sections of ABS foamed plates. 

Condition 

No. 

Section Skin thickness 

(mm) 

Cell density 

(cells cm-3) 

Cell size range 

(µm) 

CDI 

Foamed 10% 

wt. red. 

MD-A 0.36 1.1·107 17-47 1.22 

MD-B 0.52 6.7·107 8-22 1.23 

MD-C 0.66 7.3·107 9-25 1.34 

TD-A 0.65 6.2·107 7-16 1.19 

TD-B 0.63 1.8·107 12-33 1.26 

TD-C 0.58 6.7·107 7-18 1.22 

Foamed 17% 

wt. red. 

MD-A 0.38 1.9·107 15-34 1.16 

MD-B 0.46 4.2·107 9-30 1.28 

MD-C 0.52 9.9·107 6-24 1.39 

TD-A 0.49 7.0·107 5-20 1.40 

TD-B 0.50 2.0·107 5-29 1.47 

TD-C 0.49 3.8·107 6-25 1.40 

 

The cell density was kept in an order of magnitude of 107 cells·cm-3 in all cases. 

Tsuchiya et al. [224] stated that the butadiene rubber in ABS acts as foaming nucleus, which 

justifies the high cell density and the homogeneous cell distribution observed. The cell size 

was contained in the range of 6-47 µm (Figure 4.18), which is in the same order as the 

average diameter (50 µm) obtained in ABS foams produced by combining chemical and 

physical foaming processes at the same time [147]. As a general trend, foamed plates with 

17% of weight reduction presented slightly higher cell densities and narrower cell size ranges. 

The ability of cell nucleation increases with the content of supercritical fluid agent, as has 

been found in Polyetherimide (PEI) [125] and Polystyrene (PS) foams [225]. Nevertheless, 

the morphology examination at a macroscopic scale revealed a greater presence of bigger 

cells (150 – 250 µm) in this group of foamed plates, due to a higher gas content and cell 

coalescence. As a consequence, the overall apparent density decreased from 1.03 g·cm-3 of 

the solid samples to 0.93 g·cm-3 (10% of weight reduction) and g·cm-3 (17% of weight 

reduction). 
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Figure 4.18. Cell size distribution of different sections of ABS foamed samples with a) 10% weight reduction; 

b) 17% weight reduction. 

Table 4.9. Apparent density measured in different sections of the ABS square plates. 

 Condition 

No. 

Apparent density (g cm-3) 

A B C D E 

Solid 0.98 ± 0.02 1.01 ± 0.03 1.00 ± 0.03 1.01 ± 0.02 0.96 ± 0.03 

Foamed 10% 0.80 ± 0.04 0.83 ± 0.04 0.83 ± 0.03 0.85 ± 0.03 0.91 ± 0.03 

Foamed 17% 0.75 ± 0.01 0.78 ± 0.02 0.78 ± 0.01 0.79 ± 0.03 0.76 ± 0.05 

 

Table 4.9 shows the apparent density measured in different sections of the plates. 

Positions far from the injection gate (E) of foamed samples were slightly denser than those 

close to the beginning areas (A), which could be explained because of the higher skin/core 

ratio. A similar trend has been observed in Ethylene-Propylene Block Copolymer (EPBC) 

foams [138]. 

As compared to the morphological parameters previously reported in cylindrical bars, 

narrower cell size distributions (6-47 µm) and higher cell densities (107 cells·cm-3) have been 

obtained in 5 mm-thick plates with similar levels of weight reduction. The influence of the 

part geometry on the cell structure is then evidenced considering the cellular characteristics of 

both foamed samples made of the same material. Regarding the simulation results obtained by 

Moldex 3D®, Figure 4.19 indicates values provided by the software, with slightly higher cell 

sizes and one order of magnitude lower cell densities than those found experimentally (Table 

4.8). 
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Figure 4.19. Cell size and cell density results of ABS foamed plates simulated with Moldex 3D® software. 

4.2.2. Flexural behavior 

The stress-strain curves obtained from the flexural tests of solid and foamed specimens 

are illustrated in Figure 4.20. All the specimens reached a maximum stress but did not break 

before the conventional deflection given by the ISO 178 standard [198]. 

 

Figure 4.20. Flexural stress-strain curves of ABS solid and foamed samples tested in a) MD; b) TD directions. 
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Table 4.10. Flexural properties in different sections of ABS square plates. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Ef/ρ 

(MPa/g cm-3) 

σf/ρ 

(MPa/g cm-3) 

Solid MD-A 2378 ± 117 71.0 ± 2.7 2306 ± 149 68.9 ± 3.7 

 MD-B 2392 ± 78 71.5 ± 2.1 2298 ± 150 68.7 ± 3.3 

 MD-C 2345 ± 61 70.5 ± 1.2 2288 ± 91 68.8 ± 2.1 

 TD-A 2398 ± 151 71.0 ± 1.7 2342 ± 179 69.3 ± 2.6 

 TD-B 2212 ± 103 68.4 ± 1.4 2181 ± 127 67.5 ± 2.2 

 TD-C 2206 ± 58 68.3 ± 0.8 2182 ± 72 67.6 ± 1.3 

Foamed 10% 

wt. red. 

MD-A 2049 ± 179 56.8 ± 3.7 2388 ± 232 66.2 ± 5.7 

MD-B 2066 ± 152 57.0 ± 2.8 2492 ± 216 68.8 ± 4.0 

MD-C 2087 ± 81 58.1 ± 1.2 2396 ± 140 66.7 ± 2.7 

TD-A 1925 ± 62 52.3 ± 2.7 2297 ± 222 62.4 ± 3.8 

TD-B 2070 ± 34 54.1 ± 2.7 2424 ± 170 63.3 ± 4.5 

TD-C 1986 ± 93 54.4 ± 2.6 2259 ± 219 61.9 ± 3.1 

Foamed 17% 

wt. red. 

MD-A 1925 ± 53 53.7 ± 0.9 2333 ± 84 65.1 ± 1.6 

MD-B 1883 ± 44 52.4 ± 1.1 2345 ± 96 65.3 ± 2.5 

MD-C 1896 ± 62 53.3 ± 1.4 2315 ± 90 65.1 ± 2.1 

TD-A 1653 ± 97 44.7 ± 2.8 2108 ± 107 57.0 ± 3.8 

TD-B 1740 ± 27 47.7 ± 1.2 2109 ± 58 57.8 ± 2.2 

TD-C 1826 ± 91 48.1 ± 2.9 2169 ± 124 57.1 ± 3.9 

 

The results of flexural strength and flexural modulus are summarized in Table 4.10. As 

a consequence of the density reduction, the flexural modulus was diminished by around 13% 

and 20% (10% and 17% of weight reduction) in samples extracted in MD direction, whereas 

it was decreased by 12% and 23% in the opposite orientation. Flexural strength, however, 

experimented a greater reduction ratio, with reductions of 19% and 25% in case of specimens 

tested in MD direction, and 22% and 32% in TD samples. In all cases, the gap between 
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properties of solid and foamed specimens was strongly reduced when the specific values were 

calculated. The specific flexural modulus of the 10% of weight reduction foamed specimens 

even exceeded the specific modulus of the unfoamed plates. 

A slight reduction in the flexural modulus and strength of solid samples can be observed 

in TD direction, which might be due to a slight decrease in the packing pressure at the end of 

the cavity. Nevertheless, foamed samples presented the opposite trend, with higher flexural 

modulus and strength at the end areas, as also reported by Rezavand et al. [226]. This 

tendency could be due to the thicker skin layers. When samples were taken in MD direction, 

no great differences were detected in the three tested sections, because of the more 

homogeneous morphology generated at medium distance from the injection point. 

The two levels of foamed samples presented differences in flexural strength of 7% and 

12%, respectively, when MD and TD directions were compared. This variation cannot be only 

attributed to the material orientation, but also to the influence of the elongation of the cells 

observed in the morphology analysis. 

When load is applied in a bending test, the upper side of the specimen is compressed, 

while the lower surface is in tension. Therefore, the solid skins play an important role on the 

flexural performance of foams, as well as the density. Zhang et al. [227] developed the 

Square-Power law model, simplifying the structural foam as a three-layer sandwich. Hence, 

the normalized modulus is given as: 

𝐸𝑓𝑓

𝐸𝑓𝑠
=  [1 − (1 − (

𝜌𝑓

𝜌𝑠
)

2

) (1 −
2𝑡𝑠

ℎ
)

3

] (4.4) 

Where Eff, Efs, ρf and ρs are the flexural modulus and apparent density of foamed and 

solid material, respectively. The variable ts is the skin thickness of the surface layer, and h is 

the overall part thickness. Taking average values of skin layer, apparent density and flexural 

properties of the solid material, the predicted flexural modulus was 1913 MPa (10% of weight 

reduction) and 1780 MPa (17% of weight reduction), with a maximum deviation from the 

experimental results of 8%. 

For the flexural strength, Xu and Kishbaugh [223] proposed a model to estimate the 

flexural strength of microcellular plastics considering the skin/core complex structure: 

𝜎𝑓𝑓

𝜎𝑓𝑠
=  

2𝑡𝑠
3

ℎ3
+

6𝑡(ℎ − 𝑡𝑠)3

ℎ3
+ (1 − 𝑅)2 (

ℎ − 2𝑡𝑠

ℎ
)

3

 (4.5) 
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In Equation (4.5), ts is the solid skin thickness, h is the overall part thickness, and R is 

the real weight reduction ratio in the foamed core, calculated as a function of t and h 

thicknesses and the weight reduction ratio of the whole part Rw (0.9 and 0.83): 

𝑅 =  
ℎ(1 − 𝑅𝑤)

ℎ − 2𝑡𝑠
 (4.6) 

In this case, the estimated flexural strengths obtained were 61.7 MPa and 57.2 MPa for 

10% and 17% levels of weight reduction (Rw = 0.10 and 0.17). The maximum deviation with 

regard the experimental results in MD direction is around 8%, and 21% in TD specimens. 

This difference in the accuracy of the model is due to the anisotropy induced by the addition 

of gas, which was not considered in the model. Cell density and size also influence the 

mechanical properties of the foam. According to Li et al. [181], low cell sizes have a positive 

effect on the flexural modulus and strength. In the present study, the achieved fine cell 

structures pointed out towards maximum values of flexural properties. 

4.2.3. Impact behavior 

Load-displacement curves in Figure 4.21 and impact resistance in Table 4.11 show a 

significant reduction in the impact properties of the foamed samples. Indeed, the impact 

resistance of the specimens with 10% and 17% of weight reduction was around 50% and 58% 

lower than the solid samples in MD, and 63% and 73% when TD direction was considered. 

This is in concordance to the impact properties under falling dart tests of ABS foams reported 

by Avalle and Scattina [228], as well as other studies found in the literature with 

Polyetherimide (PEI) and their composites [181]. 

 

Figure 4.21. Impact force-displacement curves of ABS samples tested in a) MD; b) TD directions. 
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Table 4.11. Impact resistance determined in different sections of ABS square plates. 

Condition 

No. 

Section acU 

(kJ m-2) 

acU/ρ 

(kJ m-2/g cm-3) 

Solid MD-A 28.1 ± 1.0 27.4 ± 1.2 

 MD-B 27.9 ± 0.9 27.5 ± 1.2 

 MD-C 28.3 ± 0.3 27.8 ± 0.5 

 TD-A 26.7 ± 2.2 26.6 ± 2.8 

 TD-B 30.7 ± 2.1 31.1 ± 2.6 

 TD-C 28.2 ± 1.6 27.9 ± 1.8 

Foamed 10% 

wt. red. 

MD-A 13.9 ± 1.2 16.1 ± 1.7 

MD-B 13.5 ± 1.0 16.0 ± 1.5 

MD-C 15.0 ± 1.4 17.7 ± 1.9 

TD-A 10.1 ± 0.5 12.2 ± 0.9 

TD-B 9.6 ± 0.4 11.6 ± 0.8 

TD-C 11.4 ± 1.0 12.8 ± 1.3 

Foamed 17% 

wt. red. 

MD-A 11.4 ± 1.1 14.0 ± 1.5 

MD-B 12.5 ± 1.1 16.0 ± 1.6 

MD-C 11.6 ± 1.1 14.3 ± 1.5 

TD-A 7.9 ± 0.2 10.1 ± 0.5 

TD-B 7.0 ± 0.3 9.0 ± 0.5 

TD-C 7.6 ± 0.6 9.1 ± 0.9 

 

However, it is in disagreement with the increase in the energy absorbed by the 

microcellular materials as compared to the neat polymer obtained in Polycarbonate (PC) [127, 

129]. According to Li et al. [229], the impact resistance of microcellular foams depends on 

the material toughness itself and on the effect of foaming. And this effect results from the 

combination of two opposite mechanisms that exist simultaneously. On one hand, cells can 

passivate the stress of crack tips, dissipate impact energy and then increase impact strength. 
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On the other hand, the reduction of the effective sectional area and cells collapse decrease the 

impact resistance. The presence of butadiene phase makes ABS a tough material. However, 

the predominant mechanism of foaming effect seems to be the reduction in resistant area and 

cells collapse acting as intern defects, thus decreasing the impact resistance. 

Specific properties provided still lower values than the calculated in the solid specimens 

(Table 4.11), which leads to the conclusion that impact behavior is much more sensitive to the 

apparent density than tensile and flexural properties [143]. The lower content in butadiene 

particles due to the less amount of material injected during foaming could also contribute to 

the reduction in ductility and energy absorption of the foamed samples. The dependency of 

the impact resistance with the solid skin, cell size and cell density has been also studied [130]. 

Some authors showed the convenience of higher solid skin [132, 230] and fine cell structures 

(higher cell density and lower cell sizes) in order to improve the impact performance of the 

foamed part [132, 136, 142, 231]. However, opposite results were obtained in further 

investigations. Hwang et al. [126] reported better impact properties of Polycarbonate (PC) 

foams with higher cell sizes, a bi-modal cellular structure of Polystyrene (PS) consisting of 

two main different cell sizes was found more favorable to impact energy absorption by Bao et 

al. [232], and Chen et al. [133] obtained higher impact resistance with thinner solid skins in 

Polystyrene (PS). 

As observed in the flexural tests results, the impact resistance in foamed samples 

slightly increased at the end areas of the injected plates, and kept similar in the three 

specimens tooled in MD direction. It can be explained in the same terms of density and 

morphology as mentioned before. Some solid samples tooled in MD direction exhibited 

yielding followed by plastic deformation before breaking. The effect of molecular orientation 

in this case is evidenced. However, in order to reduce the scatter in the impact resistance and 

be compared to the foamed specimens, only the energy absorbed until reaching the maximum 

load was considered. This is the reason why no differences between impact resistance in MD 

and TD directions of solid samples are observed in Table 4.11. In case of foamed materials, a 

clear effect of orientation and cell elongation was detected comparing the impact resistance 

obtained in both directions (differences of 26% and 36% for 10% and 17% foamed specimens 

respectively). The same anisotropy phenomenon was reported in microcellular ABS panels 

[122]and PS [233]. 
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4.2.4. Fracture behavior 

4.2.4.1. Crack Tip Opening Displacement CTOD 

Figure 4.22a) shows the force versus displacement plots obtained with SENT solid and 

foamed specimens tested in TD direction. In all materials, crack propagation initiated before 

reaching the maximum force, and before undergoing full ligament yielding. 

 

Figure 4.22. a) Strain field ahead of the crack tip at the crack propagation onset and force-displacement curves 

for solid and foamed samples tested in TD direction at 16 mm min-1; b), e), h) Micrographs taken at the crack 

propagation onset with the corresponding CTOD value; c) Stable crack propagation of solid samples; f), i) quasi-

stable crack propagation of foamed samples with secondary cracks ahead of the main crack front, indicated into 

the white dashed circles; The stable crack propagation length is indicated in figures d), g), j) for each material 

investigated before the catastrophic crack propagation. 
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Additionally, crack propagation was not stable along the whole ligament. This behavior 

suggests that the stress state ahead of the crack tip was possibly not pure plane stress due to 

the relative large sample thickness (i.e. 5 mm); probably leading to unstable crack 

propagation. Therefore, the application of the Essential Work of Fracture (EWF) method was 

not fully accurate for characterizing the fracture behavior of these solid and foamed ABS 

samples. On this basis, the Crack Tip Opening Displacement (CTOD) concept was used in the 

current work in order to evaluate the fracture behavior of these materials. 

Table 4.12 summarizes the results determined from the low loading speed tests. The 

CTOD value of both foamed samples was higher than the solid ones and increased with the 

gas content (i.e. 12% and 30% in case of 10% and 17% of weight reduction levels, 

respectively). As expected, cells acted as crack arrestors by blunting the crack tip. Thus, the 

crack propagation onset was delayed and a higher CTOD value was obtained. The strain field 

ahead of the crack tip was determined at the crack propagation onset using Digital Image 

Correlation (DIC) technique. As shown in Figure 4.22a), the size of the plastic zone cannot 

be neglected as compared to the ligament length, due to the ductile behavior of the ABS 

material. In the foamed samples, the higher CTOD values gave rise to an increase in the 

maximum strain levels. In case of the solid samples, no significant differences between the 

CTOD values obtained in MD and TD directions were detected. However, in the foamed 

specimens the CTOD determined in TD direction was slightly higher than in MD, due to the 

increased anisotropy caused by the gas introduction. 

 

Table 4.12. CTOD and experimental and predicted KIc of ABS plates. 

Condition 

No. 

Direction 

(mm) 

CTOD 

(mm) 

KIc 

(MPa m-1/2) 

Solid MD 0.434 ± 0.014 3.34 ± 0.30 

 TD 0.444 ± 0.015 3.36 ± 0.16 

Foamed 

10% wt. red. 

MD 0.481 ± 0.032 1.94 ± 0.18 

TD 0.497 ± 0.028 2.23 ± 0.19 

Foamed 

17% wt. red. 

MD 0.504 ± 0.021 1.68 ± 0.14 

TD 0.564 ± 0.030 1.95 ± 0.16 
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Regarding crack propagation process, in solid specimens the crack tended to propagate 

in a stable manner along a straight line up to a ligament length of around 10 mm, when 

catastrophic failure took place (Figure 4.22c)-d)). In the foamed samples, however, the crack 

propagation can be considered quasi-stable, due to the subsequent processes of deformation, 

rupture and cell coalescence. In the foam structure, the crack tended to surround the cells prior 

to propagation. Therefore the crack path was certainly not a straight line. In addition, once the 

crack started to propagate, secondary cracks arose ahead of the main crack front which grow 

and coalesce, triggering a faster crack propagation process (Figure 4.22f)-i)). The same 

phenomenon has been reported in Polyvinyl Chloride (PVC) and Polyethersulfone (PES) 

foams although under fatigue cycle load conditions [234]. All of the above justifies the quasi-

stable character of the crack propagation in different planes observed in the foamed 

specimens. The maximum extension of this quasi-stable crack propagation before unstable 

failure was similar to that of the solid material (10 mm). 

4.2.4.2. Fracture toughness KIc 

The fracture toughness KIc results of the high speed tests are outlined in Table 4.12. The 

values obtained in the solid material are consistent with those provided by the European 

Structural Integrity Society (ESIS) for ABS [201] and slightly lower than the obtained at slow 

loading speed on 10 mm thick samples [235] According to Bureau and Kumar [236], cells act 

as stress concentrators at the crack tip due to stress triaxiality, thus a reduction in the fracture 

toughness is expected in foamed materials. Table 4.12 points out a decrease in the fracture 

toughness of 42% and 50% in MD direction with the weight reduction ratio, as a consequence 

of lower density, resistance and energy absorption capability. In the transverse direction (TD), 

fracture toughness was reduced by 33% and 42%, respectively. The same trend has been 

reported for Polyvinyl Chloride (PVC) and Polyethersulfone (PES) foams [237]. 

As observed in the CTOD parameter, foaming promoted a higher anisotropic material 

behavior, with higher fracture toughness when the crack propagated in TD direction. In order 

to get a better insight into the different behavior of the foams according to the crack 

propagation orientation, the fracture surfaces were examined using Scanning Electron 

Microscopy (SEM). It is well known that ABS failure is governed by rubber particles 

cavitation and shear-yielding. However, in the presence of a sharpened notch, the notch itself 

dominates the crack propagation and the fracture process. The fracture surfaces of the solid 

samples and 10% weight reduction foams are illustrated in Figure 4.23. 
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Figure 4.23. Fracture surfaces of solid and foamed samples in MD and TD direction. 

It can be seen that there is not significant differences between the fracture surfaces of 

solid specimens. In case of the cellular material, the surfaces shown in Figure 4.23 present 

similar solid thicknesses and a smooth surface, which evidences a brittle failure. Moreover, 

the notches spread over the whole part thickness. However, in the surface obtained when the 

crack propagated in MD direction, cells are elongated and distorted as discussed in the 

morphology analysis, while fracture surfaces corresponding to TD direction exhibit more 

spherical cells. This difference in the cell shape could explain the differences in the fracture 

behavior according to the crack propagation direction. 

Finally, two estimation models for predicting the KIc parameter were applied. The 

Model 1 was used by Kabir et al. [238], and relates the relative fracture toughness to the 

relative foam density through a power law as described in Equation (4.7): 

𝐾𝐼𝑐,𝑓

𝐾𝐼𝑐,𝑠
=  𝐶𝑓 (

𝜌𝑓

𝜌𝑠
)

𝑛𝑓

 (4.7) 

Taking the values of Cf = 1 and nf = 2, the resulting model is analog to the equations to 

predict the tensile and flexural properties of the cellular materials reported by Gibson and 
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Ashby [51]. The estimated KIc values were 2.24 MPa m-1/2 and 1.99 MPa m-1/2 for foamed 

series with 10% and 17% of weight reduction. Thus, the model fitted well to the experimental 

KIc obtained in TD direction of crack propagation, but the error was around 15%-20% 

compared to that of MD direction. 

The Model 2 was suggested by Maiti et al. [239], and it considers additional parameters 

such as the strength of the cell walls in bending σfs and the average cell size d: 

𝐾𝐼𝑐,𝑓

𝐾𝐼𝑐,𝑠
=  𝐾𝑓𝜎𝑓𝑠√𝜋𝑑 (

𝜌𝑓

𝜌𝑠
)

𝑚𝑓

 (4.8) 

In this case, the best fitting value for the Kf constant was 2, the average flexural strength 

of the solid ABS σfs was 70 MPa, and the average cell size d was 16 µm. The exponent mf 

took a value of 2, as proposed by the authors for closed cell structures. The predicted fracture 

toughness obtained applying this second model was 2.22 MPa m-1/2 for 10% of weight 

reduction, and 1.98 MPa m-1/2 for 17%. Again, the model was quite accurate for the 

experimental values in TD direction, but the error when the MD results were considered was 

similar to that of the Model 1. In conclusion, these two models are well adjusted with foams 

having perfect spherical cell shapes, but they deviate from the experimental results when cells 

are elongated and distorted. 

4.2.5. Heat Deflection Temperature 

Heat Deflection Temperature tests were conducted on samples extracted from the 

middle of the injected plates (MD-B position). As summarized in Table 4.13, the temperature 

at which the specimen reached a deflection of 0.24 mm decreased from 92.4 ± 3.1 ºC of solid 

samples to 88.2 ± 2.6 ºC and 84.8 ± 1.2 ºC (10% and 17% foamed materials). Weal [240] 

related the HDT temperature to the glass-transition temperature (Tg) of amorphous polymers. 

If this statement is accurate, it can be assumed that the Tg of the foamed ABS must be around 

85-90 ºC. 

Table 4.13. Heat Deflection Temperature (HDT) of ABS square plates. 

Condition No. Section HDT (ºC) 

Solid TD-B 92.4 ± 3.1 

Foamed 10% wt. red. TD-B 88.2 ± 2.6 

Foamed 17% wt. red. TD-B 84.8 ± 1.2 
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Some authors, such as Krause et al. [241], Ma et al. [242] or Li et al. [243], stated a 

decrease in HDT and Tg temperatures due to foaming. By dissolving gas into the polymer, the 

attraction between molecules gets weakened and the entanglement changes, promoting 

molecular movements more active and causing a drop in Tg [89]. Nevertheless, other 

materials like Polyethylene Therephtalate Glicol (PETG) [134] and Poly(Lactic Acid) (PLA) 

[149] keep the Tg invariant while foaming, because the low gas saturation levels were not 

enough to produce changes in polymer chains. The HDT temperatures resulted in this research 

with both series of ABS foams diminished by 5% and 8% as compared to that of the solid 

counterpart. As discussed above, the flexural modulus decreased around 12% and 23% when 

foaming. Therefore, the lower HDT values obtained in the ABS foamed specimens seems to 

be due to a lower stiffness of these materials, rather than changes in the chemical structure 

because of the gas. 

4.3. Conclusions 

The solid skin/foamed core structure of ABS cylindrical bars and square plates has been 

analyzed, and their mechanical properties have been tested. From the results presented above, 

the following conclusions can be drawn: 

 The most influencing parameter on cell structure and mechanical properties was the 

shot volume and, indirectly, the SCF content. As the shot size decreased and the gas 

content increased, finer and more uniform cell structures were created, with higher 

cell densities and narrower cell size ranges. However, enhanced mechanical 

properties were obtained by increasing the shot volume. 

 The effect of mold temperature and injection speed was secondary. They are related 

to the cooling rate and pressure drop induced inside the mold cavity and, in general 

terms, higher levels of both parameters contributed to improve the morphology of the 

foamed parts. Nevertheless, they were not statistically relevant to the mechanical 

properties. Interactions between processing parameters were found and in some cases 

had a greater effect than each factor independently. 

 Thicker parts (Ø = 8 mm of cylindrical bars) gave rise to high cell size, low cell 

densities and irregular cell distributions. The morphology was significantly improved 

by reducing the diameter to 4 and 5 mm and with the square plate geometry. 

Traditionally, physical injection molding foaming processes has been recommended 

to parts thinner than 4 mm [58]. 
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 The different foam morphologies obtained in this study do not seem to have a 

determinant influence on the mechanical properties, which were mainly dependent 

on the apparent density. Tensile and flexural characteristics decreased gradually with 

the apparent density, whereas impact resistance was greatly impaired by foaming, 

with reductions up to 70% with ratios of 17% of weight reduction. Prediction models 

available in the literature to estimate the evolution of the relative tensile and flexural 

properties fitted accurately to the experimental data. 

 Moldex 3D® can be employed successfully for simulations of microcellular injection 

molding process as reasonable approach to foaming behavior and resulting cell 

density and size in the material. 

 Cells act as crack arrestors by blunting the crack tip and, thus, increasing the Crack 

Tip Opening Displacement CTOD value as compared to the solid counterpart. 

However, the fracture toughness KIc decreased with the density of the samples. The 

fracture toughness KIc has been well described by a simple power law equation as 

well as by a more complex model considering flexural properties and cell size. 

 Foaming increased the anisotropic behavior of the material, obtaining higher flexural 

properties, CTOD and fracture toughness KIc in the cross direction to the melt flow. 

The cell elongation due to the fountain flow in the injection direction seems to be the 

most likely reason for this different performance. 

 The introduction of gas during the foaming process did not change the thermal 

behavior significantly. The slight decrease in HDT temperature determined in ABS 

foamed samples can be due to the starting lower stiffness as compared to the solid 

injection molded specimens. 
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Chapter 5: 

PP 20GF – MuCell® foams 

 

The relative low material density and cost, easy processing and good mechanical 

properties of Polypropylene (PP) make it suitable for a wide range of applications. Therefore, 

PP foams are potentially interesting for products like food packages, cosmetic or electric 

devices, and are strongly suggested to replace polystyrene and polyethylene in industry [244]. 

Foamability of PP has been extensively studied by the way of batch methods [245-250], 

extrusion [68, 251-254] and injection molding processes [135, 144, 157, 171, 255, 256]. 

Unfortunately, the low melt strength of PP and its crystalline nature results in poor cell 

structure [257]. Low solubility and diffusivity of blowing agents in PP have been determined 

[258, 259], leading to inhomogeneous morphology along the part. On the other hand, the 

weak melt strength promotes cell walls breakage under elongational forces while processing, 

causing cell coalescence and open-cell structures and decreasing mechanical properties [260]. 

Different methods have been conducted aimed to improve cell nucleation behavior and 

melt strength of PP, such as long-chain branching [261, 262], ramified molecular structures 

[157, 260] and blending with other polymer [125, 263-266]. Furthermore, it has been reported 

that inorganic fillers dramatically enhance cell structure of foamed polymers acting as 

nucleating agents. Leung et al. [84] showed that additives with many crevices of small 

semiconical angles lead to higher quality polymer foams, with a high cell density, a smaller 

cell size and narrower cell size distribution. Some of the most common fillers, namely talc, 

calcium carbonate, mica and carbon fibers have been successfully employed to the formation 

of fine and uniform cell morphologies [179, 180, 182, 267-271], as well as wood fibers, clay 

and rubber particles [162, 163, 165, 178, 182, 184, 272-274]. Glass fibers (GF) have been 

traditionally utilized in many industrial applications due to the increase in stiffness and 

strength of reinforced thermoplastics, creep resistance and service temperature [275]. 

Regarding foaming experiments with PP/GF composites, Xi et al. [159] determined an 

optimum fiber content of 11.8% for improving cell morphology and mechanical properties. 
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Few other works have focused on physical foaming of PP/GF through injection molding [141, 

171, 172]. 

This Chapter outlines the results obtained from characterizing PP 20GF foams 

processed by MuCell® technology. First, the analysis of morphology and tensile properties of 

cylindrical bars is discussed. Unlike the approach followed in Chapter 4, the experiments 

carried out to determine the effect of injection molding parameters on the cell structure and 

mechanical properties of PP 20GF foams were made on the square plates. Once selected those 

conditions optimizing the flexural properties, a more extensive study on morphology and 

other mechanical and thermal properties was developed. 

5.1. Cylindrical bars 

5.1.1. Morphology and apparent density 

The apparent density obtained in the solid and foamed cylindrical bars is summarized in 

Table 5.1. Although in PP 20GF all four cavities were completely filled, differences in 

density between outer and inner bars were still found, as has also been reported with ABS in 

the previous section. While the apparent density of solid bars remained constant for all four 

cavities, in case of foamed samples the outer bars were slightly denser than the inner bars, 

being bar B the lightest one, and bar D the heaviest. Different cooling rates between the four 

cavities seems to be the most likely cause for the diverse apparent densities obtained in ABS 

as well as in PP 20GF. As illustrated in Figure 5.1, the parabolic fountain flow generated 

under the injection molding conditions selected for foaming these samples was less prominent 

than that of reported with ABS in the previous Chapter (Figure 4.11) That is, the molten flow 

moved forward practically at once on the surfaces and the core leading to the complete filling 

of the PP 20GF bars. 

Table 5.1. Apparent density of PP 20GF cylindrical bars. 

Condition No. Bar A 

(g cm-3) 

Bar B 

(g cm-3) 

Bar C 

(g cm-3) 

Bar D 

(g cm-3) 

Solid 1.04 ± 0.01 1.04 ± 0.01 1.04 ± 0.01 1.04 ± 0.01 

Foamed 10% wt. red. 0.94 ± 0.01 0.92 ± 0.02 0.94 ± 0.01 0.95 ± 0.01 

Foamed 20% wt. red. 0.84 ± 0.01 0.82 ± 0.01 0.84 ± 0.02 0.85 ± 0.01 
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Figure 5.1. Melt front time of PP 20GF foamed bars (10% wt. red.) simulated with Moldex 3D® software. 

Figure 5.2 illustrates the morphology obtained in different diameter sections (Ø = 4, 5 

and 8 mm) of the two series of foamed bars. All SEM pictures show a solid skin/foamed core 

structure, with cell shape mainly spherical. Transition regions throughout the thickness of the 

part due to shear stress and temperature gradients wre not observed in this case. Small circular 

holes correspond to fiber pullout while breaking the specimen criogenically for examination. 

The morphological parameters are displayed in Table 5.2. As can be observed, the skin 

thickness was in the range of 0.3 - 0.4 mm, with a slight increase as the diameter rises. Only 

the Ø = 8 mm cross-section exceeded the 0.5 mm of skin thickness. In all cases, there was a 

very slight decrease in solid skin with the weight reduction ratio. As obtained with ABS, the 

solid skin depicts around the 15% - 17% of the overall thickness for all diameter sections and 

both levels of weight reduction. Regarding cell size and cell density, it can be noted in Figure 

5.2 that morphologies formed with 10% of weight reduction were characterized by few cells 

with bigger diameters, while bars with 20% of weight reduction exhibited a higher number of 

smaller cells. The relationship between shot volume (or gas content), cell size and cell density 

was discussed in the previous section with ABS results and are confirmed with PP 20GF. The 

increase in gas content led to high cell nucleation and cell density. Thus, creating more cells 

resulted in a faster depletion of the gas and less time for them to grow through gas diffusion. 

With 20% of weight reduction, the cell density reached the value of 107 cells cm-3, one order 

of magnitude higher than that of 10% of weight reduction, but the effect on cell size was not 

so evident. It can be concluded from Figure 5.3 that in all diameter sections and foamed 

series, around 95% of cells were smaller than 60 µm. The CDI values close to unity 

demonstrate the uniformity in the morphology obtained with PP 20GF. 
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Figure 5.2. SEM micrographs taken from different sections of bar A PP 20GF foamed cylindrical bars. 

It has been reported that foaming PP is very difficult because of its low melt strength 

and crystalline regions [276]. According to Jiang et al. [277], cells nucleate at the centers, 

boundaries and interlamellar amorphous regions of spherulites of pure PP, resulting in 

inhomogeneous cell distribution. However, SEM pictures shown in Figure 5.2 exhibit uniform 

cell structure and parameters given in Table 5.2 provide cell densities and sizes comparable to 

those obtained with ABS in the previous Chapter, and even better in case of Ø = 8 mm. 

Hence, it is clear that the governing mechanism for cell nucleation was heterogeneous 

nucleation induced by glass fiber. According to the classical nucleation theory explained in 

Chapter 2 [83], undissolved gas trapped at the filled/polymer interface promotes the 

occurrence of multitude of sites for cell formation requiring much lower activation energy for 

bubble nucleation, accelerating cell nucleation and the development of a large number of cells 

with small cell size. Moreover, the added fillers increase melt strength of the material [267], 

contributing to prevent cell coalescence and improving its foaming behavior. 
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Table 5.2. Apparent density and morphological parameters in different sections of PP 20GF foamed bars. 

Condition 

No. 

Bar Section 

Ø 

(mm) 

Density 

(g cm-3) 

Fiber 

content 

(%) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

Foamed 

10% wt. 

red. 

A 4 0.93 ± 0.01 23.2 0.35 4.4·106 7 - 214 2.45 

 5 0.93 ± 0.01 21.5 0.43 1.7·106 7 - 197 2.43 

 8 0.93 ± 0.01 20.3 0.64 1.3·105 7 - 290 3.21 

B 4 0.92 ± 0.02 22.5 0.34 4.4·106 7 - 174 1.84 

 5 0.92 ± 0.01 21.7 0.32 3.1·106 7 - 198 2.46 

 8 0.92 ± 0.02 20.3 0.65 1.9·105 7 - 325 2.07 

C 4 0.93 ± 0.01 22.7 0.36 1.7·106 7 - 187 1.84 

 5 0.92 ± 0.01 21.6 0.48 1.0·106 7 - 206 2.35 

 8 0.93 ± 0.01 20.3 0.62 1.2·105 33 - 336 1.56 

D 4 0.94 ± 0.01 22.9 0.34 4.2·106 7 - 185 2.04 

 5 0.93 ± 0.01 21.7 0.42 2.1·106 7 - 173 2.27 

 8 0.94 ± 0.01 20.4 0.58 2.9·105 11 - 322 1.99 

Foamed 

20% wt. 

red. 

A 4 0.83 ± 0.01 20.7 0.31 1.2·107 7 - 216 1.68 

 5 0.83 ± 0.01 20.4 0.39 1.2·107 7 - 218 1.69 

 8 0.83 ± 0.01 20.7 0.55 4.8·106 13 - 152 1.36 

B 4 0.82 ± 0.01 20.9 0.29 1.4·107 7 - 209 1.58 

 5 0.82 ± 0.01 20.0 0.35 1.1·107 7 - 234 1.55 

 8 0.82 ± 0.01 20.5 0.52 5.0·106 13 - 138 1.27 

C 4 0.83 ± 0.02 20.6 0.34 1.1·107 7 - 224 1.58 

 5 0.83 ± 0.01 20.5 0.42 1.2·107 7 - 168 1.49 

 8 0.83 ± 0.01 20.5 0.54 5.3·106 8 - 163 1.39 

D 4 0.85 ± 0.01 20.7 0.32 1.2·107 7 - 160 1.50 

 5 0.84 ± 0.01 20.3 0.44 1.2·107 7 - 197 1.55 

 8 0.85 ± 0.01 20.6 0.53 8.2·106 12 - 146 1.24 
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Table 5.2 shows the fiber content determined in the different diameter sections. As a 

reference, the fiber content was previously measured in the raw material in pellet form, 

obtaining an average of 20.5 ± 0.1%. Similar results were found in the 8 mm diameter section 

located in the middle of the solid and foamed injection-molded bars. However, at the ends of 

the cavity and in thinner diameters the fiber content slightly increased, especially in solid and 

10% foamed bars (mean values of around 21% of fiber content). Gas expansion during 

foaming pushed fibers toward polymeric matrix and the surface layers. As seen before, the 

skin layer represents between 15% (for Ø = 8 mm) and 17% (Ø = 4 and 5 mm) of the overall 

cross-section thickness. Thereby, this slightly higher relative solid skin area contributed to a 

higher confinement of the fiber content in the thinner sections. Finally, as the shot volume 

decreased, the cell structure became more uniform (20% of weight reduction), with smaller 

cell sizes and homogeneous cell distribution (and indeed, uniform gas expansion through the 

whole cross-section), the differences in fiber content were less pronounced either negligible. 

 

Figure 5.3. Cell size distribution in 4, 5 and 8 mm cross-sections of PP 20GF foamed bars with a) 10% weight 

reduction; b) 20% weight reduction. 
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Figure 5.4. Cell size and cell density results of of PP 20GF foamed bars simulated with Moldex 3D® software. 

Results obtained from Moldex 3D® simulation experiments are summarized in Figure 

5.4. As previously stated with ABS cylindrical bars, numerical simulation provided 

comparable results of cell density and cell size to the experimental analysis for all studied 

sections, in this case also for Ø = 8 mm. 

5.1.2. Tensile behavior 

Stress-strain curves of solid and foamed bars tested in Ø = 4 mm and Ø = 5 mm are 

shown in Figure 5.5. All specimens experimented brittle fracture, before reaching the yielding 

point and without necking. This behavior is usual in PP polymer reinforced with glass fiber 

due to two main reasons: on one hand, fibers restrict matrix movement and deformation [278, 

279] and, on the other hand, stress concentrates at the fiber ends and the matrix cannot 

support the increased local load [280]. It is worth to notice in this section that most samples 

broke at areas near the ends of the cylindrical bars, which may be caused due to lower 

material packing in this zones and, in case of foamed bars, due to higher or distorted cells 

formed at the thickness transition region. 
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Figure 5.5. Tensile stress-strain curves of 4 and 5 mm diameter sections of PP 20GF solid and foamed bars. 

From the stress-strain curve, it is clearly observed that foamed samples showed a lower 

modulus and stress values than the solid counterparts, because cells in the center effectively 

led to a decrease in density and effective cross-sectional area. The reduction in solid skin with 

increasing gas content also contributed to diminish these properties [160]. The same lowering 

effect of tensile properties with the foaming ratio has been found with neat PP [281] and 

reinforced with other kind of fillers, such as talc [158] and nanoclay [166]. The elastic 

modulus, ultimate strength and elongation at break values are summarized in Table 5.3. 

Tension load was applied in the direction of filling, where preferential fiber orientation is 

expected, mainly in the surface layers [282]. Thus, the morphology created in the injection 

molded bars of this work pointed toward maximum values of tensile properties. The elastic 

modulus decreased by 13% and 24% (10% and 20% weight reduction, respectively) in 

samples with Ø = 4 mm and Ø = 5 mm. The ultimate strength was reduced by 11% and 29% 

in thinner specimens, and by 19% and 30% in the thicker ones. As reported in ABS 

previously, the tensile strength experimented a greater reduction with foaming ratio than the 

elastic modulus. In case of PP 20GF foamed samples, glass fibers enhanced the mechanical 

properties because of their reinforcing effect but also by optimizing cell structure. The 

specific properties of elastic modulus and ultimate strength show constant values between 

solid and foamed samples. Considering the standard deviation obtained in yield strain, it can 

be assumed that the variations of this parameter at solid and foamed materials lie within the 

experimental accuracy for each specimen diameter (around 2.2% for Ø = 4 mm, and 3.0% for 

Ø = 5 mm). 
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Table 5.3. Tensile properties in different sections of PP 20GF bars. 

Condition 

No. 

Bar Section Ø 

(mm) 

Et 

(MPa) 

σu 

(MPa) 

Et/ρ 

(MPa/g cm-3) 

σu/ρ 

(MPa/g cm-3) 

εu 

(%) 

Solid A 4 5049 ± 97 91.5 ± 2.8 4885 ± 121 88.5 ± 3.2 2.24 ± 0.19 

  5 4717 ± 77 91.3 ± 0.5 4661 ± 104 90.2 ± 1.0 3.23 ± 0.09 

 B 4 4956 ± 74 92.9 ± 2.9 4809 ± 111 90.1 ± 3.6 2.27 ± 0.17 

  5 4878 ± 95 91.7 ± 1.8 4793 ± 136 90.1 ± 2.6 3.08 ± 0.21 

 C 4 5020 ± 89 91.5 ± 2.7 4839 ± 124 88.2 ± 3.3 2.21 ± 0.16 

  5 4943 ± 89 92.3 ± 1.8 4855 ± 134 90.7 ± 2.6 3.13 ± 0.17 

 D 4 5100 ± 98 92.5 ± 2.7 4871 ± 126 88.4 ± 3.2 2.22 ± 0.16 

  5 4822 ± 92 91.9 ± 2.8 4725 ± 116 90.0 ± 3.2 3.26 ± 0.15 

Foamed 

10% wt. 

red. 

A 4 4384 ± 99 81.3 ± 2.9 4718 ± 146 87.5 ± 3.8 2.34 ± 0.15 

 5 4196 ± 99 74.4 ± 1.8 4527 ± 118 80.3 ± 2.1 3.00 ± 0.16 

B 4 4422 ± 94 82.0 ± 2.3 4792 ± 183 88.8 ± 4.0 2.52 ± 0.17 

 5 4179 ± 78 73.5 ± 0.8 4559 ± 102 80.2 ± 1.2 3.09 ± 0.15 

C 4 4280 ± 94 81.2 ± 2.6 4611± 144 87.5 ± 3.6 2.42 ± 0.19 

 5 4222 ± 83 73.0 ± 0.9 4584 ± 116 79.3 ± 1.4 2.97 ± 0.09 

D 4 4318 ± 98 81.2 ± 1.2 4613 ± 144 86.7 ± 2.0 2.59 ± 0.18 

 5 4240 ± 82 73.8 ± 0.2 4558 ± 121 79.4 ± 0.8 2.90 ± 0.12 

Foamed 

20% wt. 

red. 

A 4 3815 ± 70 64.8 ± 2.6 4617 ± 134 78.4 ± 4.0 2.09 ± 0.12 

 5 3609 ± 85 62.6 ± 1.9 4352 ± 141 75.5 ± 2.9 2.83 ± 0.14 

B 4 3734 ± 50 65.1 ± 2.1 4529 ± 109 78.9 ± 3.4 2.22 ± 0.17 

 5 3627 ± 99 63.9 ± 1.0 4422 ± 173 77.9 ± 2.2 3.06 ± 0.09 

C 4 3834 ± 83 65.5 ± 2.4 4625 ± 170 79.0 ± 4.0 2.09 ± 0.10 

 5 3627 ± 73 62.9 ± 1.7 4399 ± 118 76.0 ± 2.5 2.92 ± 0.09 

D 4 3830 ± 94 64.9 ± 2.1 4507 ± 142 76.4 ± 3.1 2.10 ± 0.11 

 5 3643 ± 95 64.1 ± 1.3 4330 ± 160 76.2 ± 2.4 3.06 ± 0.12 
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The elastic modulus, as well as the ultimate strength, was higher in samples with Ø = 4 

mm than specimens with Ø = 5 mm. In the morphology results section it has been pointed out 

the slightly higher fiber content in the smaller diameter section. Moreover, it was 

demonstrated that thinner sections promote a higher alignment of the fibers in the longitudinal 

direction [283]. Both effects could lead to the better modulus and stress properties but lower 

elongation at break obtained in the 4 mm diameter section. 

Applying the Single Blend model of Equation (4.1) [51, 222] with average values of 

density and tensile properties, the estimated elastic modulus of foamed samples with 10% and 

20% for Ø = 4 mm were 4547 MPa and 4063 MPa, respectively. Although both values 

overestimate the ones obtained from experimental tests, the maximum deviation was lower 

than 7%. In case of Ø = 5 mm, the elastic modulus values provided by the model were 4374 

MPa and 3909 MPa for both levels of weight reduction, which are equally accurate with 

regard to the experimental data. 

Concerning tensile strength, Xu and Kishbaugh [223] modified the model presented in 

Equations (4.2) and (4.3) for filled polymers. The tensile strength of foamed PP 20GF can be 

estimated through the addition of a new variable, the real weight reduction ratio of the core 

material without fillers Rgf, calculated as follows: 

𝑅𝑔𝑓 =  
𝜌𝑠 − (1 − 𝑅)𝜌𝑠𝑓(1 − 𝑊𝑔𝑓𝑅𝑤)

𝜌𝑠
 (5.1) 

Where ρs and ρsf are the apparent density of neat and filled solid material, respectively, 

R is the ratio of weight reduction for foamed core given by Equation (4.3), Wgf is the fiber 

content ratio (0.2) and Rw weight reduction ratio of the whole microcellular part (0.9 and 0.8 

in this study). Then, Equation (4.2) is derived to determine the tensile strength of foamed 

filled polymers (σtf) from the tensile strength of the solid one (σts): 

𝜎𝑡𝑓

𝜎𝑡𝑠
=  

𝜋𝑟2 − 𝜋(𝑟 − 𝑡𝑠)2 + (1 − 𝑅𝑔𝑓)
1.2

𝜋(𝑟 − 𝑡𝑠)2

𝜋𝑟2
 (5.2) 

Taking average values of skin thickness (ts), the resulted tensile strength of foamed bars 

with 10% and 20% ratios of weight reduction and Ø = 4 mm was 67.7 MPa and 61.5 MPa, 

while it was 68.4 MPa and 62.4 MPa for Ø = 5 mm. These values are closer to experimental 

data for foamed series of 20% of weight reduction, but slightly less accurate in case of 10%, 

with a maximum error of 16%. In composite materials, the mechanical performance depends 
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on additional factors like fiber length and orientation distributions and stress transfer from 

material matrix to fillers, so implementation of estimation models for predicting mechanical 

properties is complex and is subject to certain margins of error. Therefore, equations 

employed before can be considered valid as an approach to assess the tensile strength of 

microcellular injection molded composites. 

5.2. Square plates 

5.2.1. Design of Experiments: Effect of processing conditions 

The effect of shot size, mold temperature and injection speed on PP 20GF foams was 

assessed by analyzing the morphology and flexural properties of the molded square plates, 

both in the parallel (MD) and transversal (TD) directions to the injection flow. 

5.2.1.1. Morphology 

Figure 5.6, Figure 5.7 and Figure 5.8, illustrate SEM pictures taken from the center 

position of the square plates in MD and TD directions for all injection molding series 

(sections MD-B and TD-B, respectively). All surfaces exhibit the solid skin/foamed core 

structure, which is inherent to the molding process. Fibers contained in the solid surface 

layers seemed to be highly aligned in the horizontal plane, while fibers in the foamed core 

appeared randomly oriented due to fountain flow and gas expansion [159]. On the other hand, 

cells near the skins in MD direction were slightly elongated because of shear stress induced 

by melt flow during the filling along the mold cavity, whereas they kept a mainly spherical 

shape in the opposite direction (TD), although C0, C5 and C7 conditions contained some 

bigger and distorted cells which might be caused by cell coalescence. 

In contrast to that previously reported with ABS, samples molded under high shot 

volume and low gas content seem to present finer cell size. The morphological parameters 

contained in Table 5.4 support this observation. While cell density remained in the same order 

for all foamed conditions (106 cells cm-3), maximum cell size was higher in those with 20% of 

weight reduction. Consequently, lower uniformities in cell distribution and higher CDI values 

were determined. Despite the fact that fibers increased melt strength and viscosity of the 

system [284], it could be not enough to bear extensional forces promoted by gas expansion, 

restrict cell growth and prevent cell coalescence with the increase in gas content levels. 

Nonetheless, the presence of larger cells was occasional because cell size distributions show 

very similar curves for all foamed series, as depicted in Figure 5.9. 
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Figure 5.6. SEM micrographs of C1-C4 conditions. Shot volume: 51.2 cm3 (10% weight reduction). 
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Figure 5.7. SEM micrographs of C5-C8 conditions. Shot volume: 45.3 cm3 (20% weight reduction). 
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Table 5.4. Weight reduction ratio, apparent density and morphological parameters of PP 20GF foamed samples. 

Condition 

No. 

Section Weight 

reduction 

(%) 

Density 

(g cm-3) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

C1 MD-B 10.16 ± 0.23 0.88 ± 0.01 0.71 3.1·106 8-188 1.63 

 TD-B   0.76 3.5·106 6-135 1.36 

C2 MD-B 10.49 ± 0.24 0.88 ± 0.01 0.64 8.1·106 5 - 132 1.39 

 TD-B   0.66 4.4·106 10 - 138 1.25 

C3 MD-B 10.34 ± 0.38 0.88 ± 0.01 0.73 3.4·106 7 - 155 1.49 

 TD-B   0.72 2.9·106 10 - 171 1.34 

C4 MD-B 10.42 ± 0.25 0.88 ± 0.01 0.57 1.3·107 5 - 84 1.41 

 TD-B   0.58 3.7·106 8 - 118 1.29 

C5 MD-B 19.70 ± 0.27 0.79 ± 0.01 0.59 3.4·106 4-240 1.89 

 TD-B   0.58 1.6·106 2-248 1.80 

C6 MD-B 19.99 ± 0.34 0.78 ± 0.01 0.50 4.9·106 7-161 1.65 

 TD-B   0.51 3.8·106 9-200 1.57 

C7 MD-B 19.69 ± 0.19 0.79 ± 0.01 0.55 4.8·106 7 - 175 1.65 

 TD-B   0.56 4.8·106 7 - 254 1.56 

C8 MD-B 20.25 ± 0.41 0.78 ± 0.01 0.53 5.0·106 7 - 152 1.54 

 TD-B   0.52 2.8·106 8 - 178 1.53 

C0 MD-B 14.99 ± 0.26 0.83 ± 0.01 0.59 5.5·106 7 - 216 1.77 

 TD-B   0.56 4.4·106 7 - 251 1.64 

 

Here, narrower curves are observed in MD direction and wider distributions in TD, 

although 90% of cells were contained in the microcellular range in all cases (cells smaller 

than 100 µm). Skin thickness decreased with decreasing shot volume and increasing 

supercritical fluid concentrations (Table 5.4), as was observed with ABS. 

Additional differences in morphology due to injection molding parameters are discussed 

below. It must be noticed that quantitative morphological parameters have been calculated 
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from the examination of “good” local regions of the samples with uniform cell structures at 

x50 magnification. Moreover, fibers might hide cells and difficult image analysis to measure 

number and area of bubbles. Therefore, they should be handled with care for comparison 

purposes. 

 

Figure 5.8. SEM micrographs of C0 condition. Shot volume: 48.3 cm3 (15% weight reduction). 

 

Figure 5.9. Cell size distribution of a) C1-C4 conditions in MD-B; b) C1-C4 conditions in TD; c) C5-C8 

conditions in MD; d) C5-C8 conditions in TD-B. 
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5.2.1.2. Flexural behavior 

Figure 5.10 outlines flexural stress-strain curves of solid and foamed samples in MD 

and TD directions. All samples broke after reaching the maximum load. Table 5.5 shows the 

flexural modulus and strength obtained from testing specimens in different positions and 

orientations of the square plates. As expected, the highest flexural properties were achieved at 

the highest shot size corresponding to less weight reduction. From these values it can be seen 

that samples tooled in MD direction and from the extreme positions of the plates (MD-A and 

MD-C) were the stiffest and strongest, while the specimen of the middle sections (MD-B) 

indicated a flexural modulus and strength closer to the ones determined in the transversal 

orientation (TD-A, TD-B and TD-C). This statement could be related to the fiber orientation 

pattern reported in early studies [285], which attributes a preferential alignment of fibers in 

the filling direction at side positions and in the transverse direction in the middle location. 

Further study on fiber orientation is developed in the extended morphology analysis of the 

next sections. 

Fiber filled composites are characterized by a remarked anisotropy in the mechanical 

properties [172]. The average values of flexural modulus and strength in the extreme positions 

(MD-A and MD-C) of solid samples differed from that of the opposite orientation (average 

results of TD-A, TD-B and TD-C specimens) in around 20%. In case of foamed samples, 

these differences were increased up to 30%. Therefore, microcellular square plates processed 

in this study presented a slightly increase in the anisotropic behavior. It is also related to fiber 

orientation due to the injection process, so differences in flexural properties according to 

sample position and orientation will be discussed in detail later on in this work. 

 

Figure 5.10. Flexural stress-strain curves of PP 20GF solid and foamed samples (C1, C0 and C5 conditions) in 

a) MD; b) TD directions. 
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Table 5.5. Flexural properties of PP 20GF solid and foamed samples. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Solid MD-A 3851 ± 41 87.0 ± 2.4 C0 MD-A 3340 ± 61 79.2 ± 1.4 

MD-B 3267 ± 52 86.6 ± 1.0 MD-B 2595 ± 54 60.7 ± 1.1 

MD-C 3903 ± 61 91.6 ± 2.2 MD-C 3314 ± 80 78.6 ± 1.8 

TD-A 3138 ± 88 102.0 ± 1.6 TD-A 2256 ± 74 57.5 ± 1.1 

TD-B 3002 ± 76 79.4 ± 2.4 TD-B 2307 ± 96 55.3 ± 1.5 

TD-C 3196 ± 90 102.8 ± 2.0 TD-C 2357 ± 92 59.1 ± 2.4 

C1 MD-A 3702 ± 59 88.8 ± 1.0 C2 MD-A 3482 ± 86 83.2 ± 1.6 

MD-B 2888 ± 68 66.6 ± 0.6 MD-B 2553 ± 39 60.7 ± 1.1 

MD-C 3614 ± 91 87.8 ± 2.6 MD-C 3347 ± 54 81.3 ± 1.9 

TD-A 2500 ± 81 65.5 ± 0.4 TD-A 2437 ± 34 65.4 ± 0.7 

TD-B 2333 ± 85 60.9 ± 0.9 TD-B 2364 ± 35 61.8 ± 1.2 

TD-C 2595 ± 83 66.3 ± 1.1 TD-C 2567 ± 29 65.5 ± 0.9 

C3 MD-A 3550 ± 94 85.3 ± 2.9 C4 MD-A 3507 ± 30 84.3 ± 1.3 

MD-B 2732 ± 40 64.1 ± 1.0 MD-B 2583 ± 58 61.4 ± 0.7 

MD-C 3450 ± 92 82.0 ± 1.0 MD-C 3430 ± 53 82.9 ± 1.4 

TD-A 2382 ± 38 61.5 ± 0.7 TD-A 2480 ± 54 65.9 ± 0.6 

TD-B 2306 ± 60 58.1 ± 2.5 TD-B 2432 ± 61 63.6 ± 1.4 

TD-C 2556 ± 53 63.7 ± 2.2 TD-C 2627 ± 64 65.6 ± 1.4 

C5 MD-A 3287 ± 56 78.8 ± 1.0 C6 MD-A 3207 ± 65 74.8 ± 2.7 

MD-B 2530 ± 47 59.0 ± 0.7 MD-B 2365 ± 58 55.0 ± 0.9 

MD-C 3205 ± 33 76.8 ± 1.1 MD-C 3231 ± 66 75.9 ± 0.3 

TD-A 2062 ± 41 52.2 ± 0.9 TD-A 2037 ± 28 48.7 ± 1.5 

TD-B 2038 ± 88 50.6 ± 2.3 TD-B 2049 ± 67 52.3 ± 0.9 

TD-C 2266 ± 49 55.6 ± 2.4 TD-C 2180 ± 62 55.4 ± 2.2 
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Table 5.5. Continued. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

C7 MD-A 3156 ± 91 76.4 ± 1.0 C8 MD-A 3190 ± 20 76.5 ± 1.1 

MD-B 2524 ± 45 59.9 ± 0.8 MD-B 2375 ± 44 55.5 ± 0.9 

MD-C 3082 ± 99 75.9 ± 2.9 MD-C 3152 ± 13 75.2 ± 1.1 

TD-A 1984 ± 44 49.1 ± 1.6 TD-A 1981 ± 34 51.2 ± 0.5 

TD-B 2034 ± 27 51.0 ± 1.1 TD-B 2015 ± 23 51.3 ± 1.8 

TD-C 2181 ± 53 52.6 ± 1.1 TD-C 2089 ± 89 52.5 ± 3.0 

 

5.2.1.3. Factorial analysis 

Data collected from morphological analysis and flexural tests was analyzed with 

Minitab® software according to the design of experiments. This method allows the 

identification of the effect of several factors on different responses simultaneously. As 

conducted with ABS previously, regression models, ANOVA tables, main effects and 

interactions between factors were determined and analyzed. First, the Backward method of 

regression stepwise technique was applied so as to release degrees of freedom from the 

models, with a significance level of α = 0.05. Table 5.6 display the regression models derived 

from testing microcellular square plates. Factors with the smallest contribution of each 

response were removed. 

Variance analysis was carried out through the ANOVA statistical tool. By comparing F-

value and p-value parameters it is possible to analyze how much the factors influence the 

responses. Table 5.7 shows the ANOVA results for cell density in MD direction. There, high 

value of F-value of injection speed indicates large influence of it on cell density, and a p-

value lower than the confidence level points out a significant interaction between shot volume 

and injection speed. The irrelevance of curvature effect of the factors could be also confirmed 

by ANOVA analysis. The ANOVA tables obtained for the rest of response variables can be 

found in Appendix B. 
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Table 5.6. Regression models derived from factorial design analysis of PP 20GF square plates. 

Response Regression model 

(A: Shot volume; B: Mold temperature; C: Injection speed) 

Weight reduction Weight reduction (%) = 15.1144 - 4.7775 A + 0.1575 C 

Skin thickness Skin thickness MD-B (mm) = 0.6025 + 0.0604 A - 0.0424 C 

Skin thickness TD-B (mm) = 0.6037 + 0.0667 A - 0.0444 C 

Cell density Cell density MD-B (cells·cm-3) = 5691430 + 1191342 A +2026106 C + 

                                                      1608256 A·C 

Cell density TD-B (cells·cm-3) = 5540518 + 130596 A + 233494 C - 

                                                     1327201 A·C 

Max. cell size Max. cell size MD-B (µm) = 160.82 - 20.97 A – 19.44 B - 28.66 C 

Max. cell size TD-B (µm) = 180.45 - 39.81 A + 0.01 B - 21.92 C 

CDI CDI MD-B = 1.58 - 0.10 A - 0.06 B - 0.082 B + 0.028 A·B + 0.036 B·C 

CDI TD-B = 1.4826 - 0.1538 A 

Ef Ef MD-A (MPa) = 3380.1 + 175.1 A 

Ef MD-B (MPa) = 2571.1 + 120.3 A - 99.7 C 

Ef MD-C (MPa) = 3313.8 + 146 A 

Ef TD-A (MPa) = 2235.4 + 216.9 A 

Ef TD-B (MPa) = 2208.7 + 162.4 A 

Ef TD-C (MPa) = 2379.8 + 203.6 A 

σf σf MD-A (MPa) = 80.811 + 4.388 A - 0.387 B - 1.313 B + 1.087 B·C 

σf MD-B (MPa) = 60.322 + 2.825 A - 2.125 C 

σf MD-C (MPa) = 79.600 + 3.775 A 

σf TD-A (MPa) = 57.444 + 7.138 A - 0.513 B 

σf TD-B (MPa) = 56.100 + 4.900 A 

σf TD-C (MPa) = 59.589 + 5.625 A - 1.050 B 

 

As with ABS, a predominant effect of shot volume on the morphology and mechanical 

properties of PP 20GF injection molded samples was determined. Figure 5.11 and Figure 5.12 

illustrate the main effect of mold temperature and injection speed on cell structure parameters 

and flexural modulus and strength separately for each level of weight reduction. 
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Table 5.7. Analysis of variance for cell density MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 3 6.49·1013 2.16·1013 8.14 0.023 

Shot volume 1 1.14·1013 1.14·1013 4.28 0.094 

Injection speed 1 3.29·1013 3.29·1013 12.37 0.017 

Shot volume*Injection speed 1 2.07·1013 2.07·1013 7.79 0.038 

Residual 5 1.33·1013 2.66·1012   

Curvature 1 4.76·1010 4.76·1010 0.01 0.910 

Lack of Fit 4 1.32·1013 3.31·1012   

Total 8 7.82·1013    

 

5.2.1.4. Effect of shot volume 

As resulted in ABS material, the shot volume was the most influencing factor on the 

final weight, morphology and mechanical properties of the injected plates. In case of the 

weight, all conditions presented values very close to the theoretical ones set as targets (10%, 

15% and 20%), according to the different levels of shot volume employed. 

In the previous Chapter was pointed out that the study of the shot volume in this work is 

analogue to analyze the effect of different SCF contents (0.76% for the highest shot size and 

0.86% for the lowest). This variation in blowing agent content also affected the cellular 

structure of PP 20GF foams. First, the higher amount of SCF gas injected into the melt 

polymer to get a 20% of weight reduction led to higher expansion of the foamed core and 

thinner surface layers [158, 160]. Nevertheless, the effect on cell density and size w contrary 

to that observed in cylindrical bars previously. Theoretically, the increase in blowing agent 

content should promote a higher nucleation of cells, which result in lower size [157, 185]. 

However, from Table 5.4 no variation in cell density and bigger cells with higher amounts of 

gas is determined. The reduction in weight involved a smaller metered amount of plastic but 

higher space for foaming, that is, gas expansion. 
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Figure 5.11. Effect of processing parameters on morphology of PP 20GF foamed plates. 
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Figure 5.12. Effect of processing parameters on flexural of PP 20GF foamed plates. 

Hence, cell walls were thinner and higher proliferation of coarsening and/or coalescence 

phenomena could easily take place [179] under the stretching force imposed onto the cell wall 

during the bubble growth. Moreover, the increased amount of gas migrated preferentially to 

the already existing bubbles rather than nucleating new cells [178], resulting in bigger and 

irregular bubbles. According Zhu et al. [286], coalescence of small cells interacting with 
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bigger ones is inevitably. Consequently, foamed series with 20% of weight reduction 

presented bigger cells but keeping the cell density similar to that of microcellular plates with 

10% of weight reduction, in contrast to that found with ABS in the previous Chapter. Thus, 

the maximum cell sizes as well as CDI increased with decreasing shot volume. Due to this 

coalescence phenomenon, cell density was not well controlled and clear trends of the 

variation with shot volume cannot be determined. The same effect has been also reported in 

PP reinforced with wood fiber [287] and waste ground rubber tire powder [274]. 

Concerning the flexural properties, the decrease in shot volume involved a reduction in 

the flexural modulus and strength in all foamed series and different sections studied, which 

can be explained by the decrease in density and solid skin with the foaming ratio [153, 288]. 

Differences in flexural properties between MD and TD directions were about 30% in all 

foamed series, which suggests that shot volume and gas content have small effect on fiber 

orientation and anisotropy behavior. 

5.2.1.5. Effect of mold temperature 

The similar weight of the plates injected with the same levels of shot volume highlights 

that mold temperature was not influential on it. Regarding the morphology, variations in mold 

temperature promoted a slight decrease in the surface layer thickness, as expected because of 

a longer cooling stage and more time for gas expansion [93]. Little effect was also determined 

on cell density. In this case, cell density leaned towards increasing with raising the 

temperature of the mold wall, although at high shot size the opposite trend was observed in 

TD direction. The reason of this discrepancy might lie in fibers hindering cells and altering 

bubble counting, as well as in the selection of magnification area for morphology analysis in 

C1 and C3 conditions. In general, the main effect of mold temperature seems to be increasing 

cell density, which is contrary to that expected and reported by other authors [289]. It could 

be explained in terms of crystallization kinetics of the PP matrix. It is well-known that high 

mold temperatures enlarge cooling times and allows higher degree of crystallinity [290]. 

According to Wang et al. [144], crystallization can promote cell nucleation by, on one hand, 

releasing dissolved gas out of the crystalline regions and, on the other, crystals acting as 

nucleating agents. Conversely, the maximum cell diameter got smaller and the uniformity of 

the cell size distribution, represented by the CDI parameter, was slightly enhanced. 

The influence of mold temperature on the flexural properties seems to be statistically 

insignificant, as found by Edwards et al. [141]. A slight decrease with increasing the mold 
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temperature could be distinguished, but these variations are in the range of the experimental 

error and it could be due to the decrease in skin thickness. Regarding the anisotropy of the 

material, the mold temperature did not contribute to increase nor decrease the difference in 

flexural properties between samples tested in the parallel or transversal direction to the 

injection flow (MD or TD), since no effect on fiber orientation has been found [275]. 

5.2.1.6. Effect of injection speed 

As discussed before with mold temperature, no significant effect of injection rate on the 

weight of samples can be concluded. 

The main effect of injection speed on the morphology of the foamed plates illustrated in 

Figure 5.11 follows the same trends as reported by other authors and explained in Chapter 4. 

The fast filling of the mold cavity implies higher temperatures and expansion of the foamed 

core, resulting in thinner solid skins by increasing the injection rate [291]. This effect was 

more evidenced at higher shot volumes (conditions C1 and C2). Additionally, the higher 

pressure drop caused by the increase in injection speed promotes the nucleation of a higher 

amount of cells [169]. As a consequence, at same levels of SCF contents, the gas was 

distributed into smaller cells, with lower cell diameter and more uniform cell size distribution, 

that is, lower values of CDI. However, it should be noted that the improvement effect of 

injection speed on cell density was higher at large shot volume and limited at low filling ratio. 

On the basis of the low melt strength of PP above aforementioned, maintaining nucleated 

cells in cell growth stage is much more critical than achieving high cell nucleation ratios 

[144]. Despite increasing cell nucleation sites by rising injection speed, the increased shear 

field favors cell stretching and coalescence. If cell coalescence induced by increasing 

injection velocity is dominant than the cell nucleation enhancement, the final cell density will 

be barely improved by the increase in the injection rate. 

Another effect of injection speed on the cell structure can be noted. Among the SEM 

pictures illustrated in Figures 6.6 and Figure 6.7, it can be observed that those taking in MD 

direction corresponding to high injection speeds (C2, C4, C7 and C8 conditions) exhibited 

lower levels of cells elongated than that of fabricated at low injection rates (C1, C3, C5 and 

C7 series). This is because different nucleation mechanisms of foaming governed by the 

injection pressure [120]. At low levels of injection speed, pressure during filling is also low 

and cells nucleate at the gate, which get elongated and coalesce due to shear stresses. 
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However, faster injection molding implies higher pressure in the cavity and the pressure drop 

that origin cells takes place after filling, remaining a main spherical shape. 

The flexural modulus and strength depended very little on the speed at which the plates 

were injected. It has been reported that higher injection speed causes a preferential orientation 

of fibers transverse to the flow direction [292]. Hence, the increase in injection speed tends to 

improve the flexural properties in TD direction, whereas they are deteriorated in the opposite 

one (MD). That is, the injection speed contributes to equalize the flexural parameters of 

specimens tested in MD and TD direction, and thus, to a more isotropic behavior of the 

foamed materials. However, the reduced slope of the lines represented in Figure 5.12 points 

out a limited effect of injection speed on the flexural properties. 

5.2.1.7. Interaction between factors 

As occurred with ABS in the last Chapter, interactions between processing parameters 

have been found. In this case, rather than triggering opposite effects of the factors accordingly 

to the levels of the other parameters, the consequence of the interactions determined with PP 

20GF samples are related to changes in the magnitude of the influence of factors on the 

responses. For instance, the effect of the injection speed on cell density was higher at high 

shot sizes and it was diminished while reducing the shot size, as can be clearly observed in 

Figure 5.11. Statistically, the presence of this interaction is evident in the regression model of 

Table 5.6 and in Figure 5.13, showing the standardized effects on cell density in MD with a 

confidence level of 95% (α = 0.05). 

 

Figure 5.13. Pareto charts of standardized effect of processing parameters on cell density in MD direction. 
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From the above discussion, it can be concluded that shot size dominated cell 

morphology and flexural properties. Despite high levels of mold temperature and injection 

speed gave rise to finer cell characteristics, their lower values led to increase the overall 

flexural modulus and strength and reduce differences between testing directions. Hence, 

foamed series molded under low mold temperature and injection speed of each level of weight 

reduction (C1 and C5 conditions) were selected for extended analysis. 

5.2.2. Morphology and apparent density 

SEM micrographs showing solid skin/foamed core taken from different sections and 

directions of the selected conditions are outlined in Figure 5.14 and Figure 5.15. 

 

Figure 5.14. SEM micrographs of PP 20GF foamed plates taken in MD direction. 
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Figure 5.15. SEM micrographs of PP 20GF foamed plates taken in TD direction. 

Fibers in surface layers seem to be contained in a parallel plane to the main surface of 

the plates, whereas in the foamed core follow the pattern of the fountain flow [293]. Cells 

near the skin are elliptical and oriented in the filling direction and circular in TD direction, as 

previously stated, indicating that they were nucleated during the filling stage and deformed by 

shear flow. 

Once again, bubbles distributed around glass fibers indicate that heterogeneous 

nucleation was the predominant mechanism of PP 20GF foaming. The morphological 

parameters are summarized in Table 5.8. As seen with ABS before, the solid skin became 

thicker as the distance from the injection gate increased (MD-A, MD-B and MD-C), because 

molten polymer reached the cavity ends at lower temperatures and solidified faster. Due to 
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this build-up in the solid skin thickness, sections at the end of the cavity were denser than 

those near the injection gate (Table 5.9). In TD direction, however, the solid skin thickness 

remained practically constant in all different studied sections (TD-A, TD-B and TD-C) for 

each condition. Furthermore, this surface layer was thicker in foamed samples with 10% of 

weight reduction, as compared to that of 20%-reduced weight foams, because of higher 

expansion of the foamed core with higher contents of blowing agent. 

Cell density was kept in an order of magnitude of 106 cells cm-3 in all cases. Previously, 

it has been already discussed that, the higher gas content introduced to get a 20% of weight 

reduction would increase cell nucleation. However, if growing force of cells is larger than the 

strength of cell walls, cell coalescence occurs and results in larger bubbles but similar cell 

density to that of foamed samples with 10% of weight reduction. As a consequence, CDI 

parameter increased in the lighter foamed series. However, Figure 5.16 points out analogous 

cell size distributions in every analyzed sample with 90% of them smaller than 100 µm, 

despite C5 foamed series contained some bigger cells. 

Table 5.8. Morphological parameters in different sections of PP 20GF foamed plates. 

Condition 

No. 

Section Skin thickness 

(mm) 

Cell density 

(cells cm-3) 

Cell size range 

(µm) 

CDI 

C1 (10%) MD-A 0.52 4.8·106 2-100 1.28 

MD-B 0.71 3.1·106 8-188 1.63 

MD-C 0.81 2.5·106 6-180 1.94 

TD-A 0.77 1.0·106 9-147 1.39 

TD-B 0.76 3.5·106 6-135 1.36 

TD-C 0.77 1.8·106 3-145 1.57 

C5 (20%) MD-A 0.42 2.9·106 7-252 2.08 

MD-B 0.59 3.4·106 4-240 1.89 

MD-C 0.71 5.5·106 7-203 1.82 

TD-A 0.59 4.7·106 7-243 1.96 

TD-B 0.58 1.6·106 2-248 1.80 

TD-C 0.59 7.0·106 6-215 1.79 
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Figure 5.16. Cell size distribution of different sections of PP 20GF foamed samples with a) 10% weight 

reduction; b) 20% weight reduction. 

 

Figure 5.17. Cell size and cell density results of PP 20GF foamed plates simulated with Moldex 3D® software. 

Figure 5.17 collects the results of cell size and cell density obtained with Moldex 3D® 

simulation software. Although the increase in the amount of blowing agent for foaming with 

20% of weight reduction, the software predicted no changes in cell density and slightly lower 

cell sizes, concurring with the range of bubble diameter that contains around 85% of cells. 
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Table 5.9. Apparent density and fiber content measured in different sections of the PP 20GF square plates. 

 Condition 

No. 

Apparent density (g cm-3) 

A B C D E 

Solid 1.03 ± 0.01 1.03 ± 0.01 1.03 ± 0.01 1.03 ± 0.01 1.02 ± 0.01 

C1 (10%) 0.79 ± 0.01 0.86 ± 0.01 0.82 ± 0.01 0.86 ± 0.01 0.88 ± 0.01 

C5 (20%) 0.67 ± 0.01 0.78 ± 0.01 0.73 ± 0.01 0.78 ± 0.01 0.80 ± 0.01 

Condition 

No. 

Fiber content (%) 

A B C D E 

Solid 20.5 ± 0.1 20.4 ± 0.1 20.3 ± 0.2 20.3 ± 0.1 20.1 ± 0.3 

C1 (10%) 20.3 ± 0.2 20.6 ± 0.1 20.6 ± 0.1 20.4 ± 0.1 20.6 ± 0.1 

C5 (20%) 20.5 ± 0.3 20.2 ± 0.4 20.3 ± 0.3 20.2 ± 0.2 20.5 ± 0.1 

 

On the other hand, Table 5.9 points out that fiber content is in the range of 20.4 ± 0.2%, 

being the fiber concentration in solid plates of 20.3 ± 0.2% and 20.5 ± 0.1% in the polymer in 

pellets form, as previously aforementioned. That is, the filler content remained invariant 

despite the decrease in apparent density from 1.03 ± 0.03 g cm-3 (solid plates) to 0.88 ± 0.01 g 

cm-3 and 0.79 ± 0.01 g cm-3 (10% and 20% of weight reduction, respectively) due to foaming 

process. 

Another important morphological feature of fiber-filled composites is the orientation 

and distribution of the fibers. In these materials, the orientation of the fibers has more effect 

on the mechanical response than the molecular orientation [294]. Additionally, it can 

influence shrinkage and warpage of the part and compromise its dimensional stability. Fiber 

orientation is mainly dependent on the processing conditions [275]. Pictures of fiber 

orientation in the surface and in the middle plane of molded samples taken from Computed 

Tomography technique are illustrated in Figure 5.18, Figure 5.19 and Figure 5.20. To better 

understand this phenomenon, the flow pattern obtained from simulation is included. In the 

center plane of the plates, flow was diverging and induced transverse alignment of fibers to 

filling direction [295] as can be observed in section C-Core of Figure 5.18. Only near the 

walls, at surfaces and sides of the samples, shear stress caused a higher orientation in the flow 

direction or, as in this case, no obvious preferential alignment in the surface layers. 
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Figure 5.18. Filling flow pattern and Computed Tomography pictures of PP 20GF solid plates. 

 

Figure 5.19. Filling flow pattern and Computed Tomography pictures of PP 20GF foamed plates (10% wt. red.). 
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Figure 5.20. Filling flow pattern and Computed Tomography pictures of PP 20GF foamed plates (20% wt. red.). 

These fiber orientation and distribution patterns work are in agreement to the first 

researches carried out by several authors [296-299]. According to the type of load and ratios 

of skin/core of the different positions in the molded plates, the mechanical response will be 

higher or lower in magnitude. Gong et al. [300] discussed about a minimum length of the 

glass fiber in order to effectively bear stress in foamed PP. From the CT analysis carried out 

in this work, an average length of 740 ± 150 µm of the glass fibers for all solid and foamed 

samples was calculated. Since the maximum cell size was about 250 µm, these fibers were 

long enough to pass through the cells and reinforce the polymer matrix. 

5.2.3. Flexural behavior 

The stress-strain curves and flexural properties obtained in solid and all foamed samples 

are plotted on Figure 5.21 and Table 5.10. Flexural strength and modulus decreased 

accordingly with the increase in microvoid content and reduction in density, as reported in PP 

with flax and wood fibers [301]. By reducing 10% the weight of the injected plates, the 

flexural modulus and strength was reduced by around 6% and 14% in MD, respectively, 

whereas it was diminished by 20% and 27% in the opposite orientation. 
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Figure 5.21. Flexural stress-strain curves of PP 20GF solid and foamed samples tested in a) MD; b) TD 

directions. 

In case of series with 20% of weight reduction, flexural modulus and strength decreased 

by 16% and 24% in MD, and by 32% and 40% in TD direction. Notwithstanding a 

preferential fiber orientation in the surface layers could not be clearly determined from the CT 

pictures of Figure 5.18, Figure 5.19 and Figure 5.20, the values of Table 5.10 evidence a 

reinforcing effect of fibers favored in the direction of flow at the extreme locations of the 

plates in the direction of filling (MD-A and MD-C). This allowed keeping enough stiffness to 

response mechanical requirements and overcome the loss in flexural properties due to density 

reduction. Other works also reported a better response of PP foams under bending loads than 

in tension configurations [302]. The inexistence of open cells also contributed to enhance the 

flexural properties of foamed samples. In the transversal direction (TD), the highest elastic 

modulus and strength were determined at the furthest location from the injection gate (TD-C), 

which could be explained by the thicker solid skin and apparent density obtained at the end of 

the cavity. The dependency of the flexural properties with the apparent density can be 

observed in the specific values summarized in Table 5.10, where results of solid and foamed 

specimens were equated or even exceeded. 

Regarding anisotropy, in the analysis of the effect of processing parameters on flexural 

properties it has been reported that differences in modulus and strength of solid samples 

between MD and TD directions were about 20%, whereas they were about 30% in foamed 

specimens. However, it must be noticed that solid square plates were injection molded at 

higher speed and mold temperature than the studied foamed series. It is known that higher 

fiber orientation in filling direction is resulted when injecting at lower speed [275]. Therefore, 

direct conclusions about anisotropy changes due to foaming cannot be drawn from this study. 
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Table 5.10. Flexural properties in different sections of PP 20GF square plates. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Ef/ρ 

(MPa/g cm-3) 

σf/ρ 

(MPa/g cm-3) 

Solid MD-A 3851 ± 41 102.0 ± 1.6 3739 ± 52 99.1 ± 1.0 

 MD-B 3267 ± 52 79.4 ± 2.4 3194 ± 50 77.6 ± 1.5 

 MD-C 3903 ± 61 102.8 ± 2.0 3834 ± 99 100.9 ± 1.2 

 TD-A 3138 ± 88 87.0 ± 2.4 3049 ± 54 84.5 ± 1.9 

 TD-B 3002 ± 76 86.6 ± 1.0 2870 ± 88 82.9 ± 1.3 

 TD-C 3196 ± 90 91.6 ± 2.2 3084 ± 62 88.4 ± 1.3 

C1 (10%) MD-A 3702 ± 59 88.8 ± 1.0 4181 ± 59 100.3 ± 1.3 

MD-B 2888 ± 68 66.6 ± 0.6 3469 ± 50 80.0 ± 0.5 

MD-C 3614 ± 91 87.8 ± 2.6 4062 ± 68 98.6 ± 2.2 

TD-A 2500 ± 81 65.5 ± 0.4 3002 ± 100 78.7 ± 1.1 

TD-B 2333 ± 85 60.9 ± 0.9 2699 ± 90 70.5 ± 0.8 

TD-C 2595 ± 83 66.3 ± 1.1 2806 ± 75 71.7 ± 0.4 

C5 (20%) MD-A 3287 ± 56 78.8 ± 1.0 4151 ± 70 99.5 ± 1.7 

MD-B 2530 ± 47 59.0 ± 0.7 3441 ± 58 80.2 ± 0.9 

MD-C 3205 ± 33 76.8 ± 1.1 4030 ± 55 96.6 ± 1.5 

TD-A 2062 ± 41 52.2 ± 0.9 2810 ± 58 71.1 ± 1.2 

TD-B 2038 ± 88 50.6 ± 2.3 2572 ± 99 63.8 ± 2.5 

TD-C 2266 ± 49 55.6 ± 2.4 2762 ± 65 67.8 ± 2.9 

 

A higher isotropic behavior was found in the middle of the injected plates, where 

flexural properties of both directions (MD-B and TD-B) were closer. Therefore, a more 

random fiber orientation in this region is suggested. 

Concerning theoretical models for predicting flexural properties of foams, the Square 

Power law model [227] given by Equation (4.4) was employed to estimate the flexural 

modulus of the microcellular samples. The anisotropy of the foamed materials was also 
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considered, so predicted properties were determined with average values of main fiber 

orientation locations on one hand (MD-A and MD-C), and with the transverse direction (TD-

A, TD-B and TD-C), on the other hand. In the former case, theoretical values of flexural 

values were 3488 MPa and 3140 MPa for 10% and 20% levels of weight reduction, 

respectively, with less than 5% of difference from the experimental data. In the second case, 

taking average results of TD direction, the determined flexural modulus was 2797 MPa and 

2545 MPa, which deviated from the experimental values in around 13%-19%. 

The prediction model of flexural strength modified by Xu and Kishbaugh [223] for 

filled polymers was also used for the materials of this work. On the basis of Equation (4.5), 

the modified model determines the flexural strength of the foam σff by employing the flexural 

strength of the solid counterpart σfs, the solid skin thickness ts, the overall sample thickness h 

and the real weight reduction ratio of the core material without fillers Rgf (Equation (5.1)) as 

follows: 

𝜎𝑓𝑓

𝜎𝑓𝑠
=  

2𝑡𝑠
3

ℎ3
+

6𝑡(ℎ − 𝑡𝑠)3

ℎ3
+ (1 − 𝑅𝑔𝑓) (

ℎ − 2𝑡𝑠

ℎ
)

3

 (5.3) 

Taking average values in both testing directions, the predicted flexural strength in TD 

direction was 84.2 MPa and 74.8 MPa for both levels of both reduction and a maximum error 

of 4%, whereas it resulted in 69.3 MPa and 63.1 MPa in MD direction, whose deviation from 

the experimental data is up to 20%. In this case, this theoretical approach of the mechanical 

properties of foamed polymers was highly accurate in the direction of filling, where 

maximum fiber orientation is expected. Nevertheless, the models lost precision in the 

transverse direction due to more random fiber orientation, which cannot be easily measured. 

5.2.4. Impact behavior 

Force-displacement curves of solid and foamed specimens are illustrated in Figure 5.22. 

It has been reported in the literature that PP becomes brittle with the addition of glass fibers 

[303]. Thus, the capability of energy absorption becomes lower. According to Thomason 

[304], the effect of fiber on PP matrix is contradictory. On one hand, regions from fiber-

matrix debonding act as critical flaw and reduce the energy required to initiate a crack. On the 

other, reinforced material is both stiffer and stronger than unfilled material, so the resistance 

to crack propagation is significantly increased. 
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Figure 5.22. Impact force-displacement curves of PP 20GF samples tested in a) MD; b) TD directions. 

Impact resistance values are summarized in Table 5.11. In case of solid samples, this 

parameter was very similar in all specimens tested through the whole plate, so fiber 

orientation seems not to be greatly influent on the impact resistance, as it has been found in 

other studies [305]. A slight decrease in impact resistance as the distance from the injection 

gate rises was observed (samples TD-A, TD-B, TD-C), which might be attributed to a lower 

material packing at the end of the cavity. However, it is noticeable the reduction in impact 

resistance in samples tested in TD direction in the middle of the plate (MD-B), which has 

been also observed in flexural properties and could be explained by an increased random fiber 

orientation in that location. 

Regarding foamed specimens, impact resistance was lowered with decreasing density 

and solid skin thickness [158, 166]. From results of Table 5.11, impact resistance decreased 

by 18% and 27% (10% and 20% of weight reduction) when samples were tested in MD 

direction, whereas it was reduced by 29% and 47% in the opposite direction. As reported in 

ABS previously, the main consequence of foaming here was also diminishing the resistant 

area which can withstand the impact load. Nevertheless, drop ratios in impact resistance were 

significantly lowered in PP 20GF as compared to ABS, due to the reinforcing effect of fibers. 

As said above, processing parameters could led to higher preferential fiber orientation 

parallel to filling direction in microcellular parts. That is the reason why higher anisotropic 

behavior was found in foamed specimens. The impact resistance kept almost constant or 

slightly increased at the end of the cavities (comparing TD-A, TD-B and TD-C), also due to 

the slight increase in skin thickness far away from the injection gate. 
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Table 5.11. Impact resistance determined in different sections of PP 20GF square plates. 

Condition 

No. 

Section acU 

(kJ m-2) 

acU/ρ 

(kJ m-2/g cm-3) 

Solid MD-A 31.0 ± 2.7 30.4 ± 2.8 

 MD-B 24.0 ± 2.2 23.5 ± 2.5 

 MD-C 29.9 ± 1.8 29.2 ± 2.0 

 TD-A 32.3 ± 1.9 31.8 ± 2.3 

 TD-B 30.6 ± 0.3 30.1 ± 0.6 

 TD-C 28.2 ± 1.8 27.8 ± 2.1 

C1 (10%) MD-A 25.9 ± 1.3 29.5 ± 1.7 

MD-B 18.5 ± 0.7 22.4 ± 1.1 

MD-C 25.4 ± 1.7 29.0 ± 2.1 

TD-A 21.1 ± 1.8 26.4 ± 2.5 

TD-B 20.9 ± 1.5 24.8 ± 2.0 

TD-C 21.9 ± 1.3 24.1 ± 1.7 

C5 (20%) MD-A 23.2 ± 0.8 29.7 ± 1.2 

MD-B 15.5 ± 1.0 21.3 ± 1.5 

MD-C 23.0 ± 1.2 28.9 ± 1.8 

TD-A 16.2 ± 1.2 21.4 ± 1.7 

TD-B 14.7 ± 0.3 21.1 ± 0.6 

TD-C 16.2 ± 1.4 20.2 ± 2.0 

 

However, higher impact resistance values were found in samples tested in MD direction 

located at the extreme positions (MD-A and MD-C).Once again, the more random fiber 

orientation at the middle of the part made the impact resistance obtained in MD-B specimen 

equal to the average values resulted in the transversal direction (TD-B). By controlling a 

proper solid skin thickness and fiber orientation, it would be possible to produce lightweight 

products without sacrificing largely the impact properties. 
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5.2.5. Thermal aging 

After completing the mechanical characterization with non-aged specimens, additional 

flexural and impact tests were carried out in order to assess the evolution of these properties 

after different periods of time of exposure at 150 ºC. As the anisotropic mechanical behavior 

due to cell structure and fiber orientation has been already analyzed and discussed, only 

samples tooled in the extreme positions in MD-A and MD-C of the plates were employed for 

the aging study. 

Several works have dealt with aging and degradation processes in polymers. At elevated 

temperatures, chemical and physical processes occur affecting the mechanical properties of 

the material. The most important degradation mechanism related to aging is oxidation [306]. 

It is initiated by free radicals on a polymer chain reacting with oxygen molecules.  

 

Figure 5.23. a) Flexural stress-strain curves of non-aged and aged foamed PP 20GF samples (10% weight 

reduction); Evolution of flexural properties after different periods of aging time b) Flexural modulus; c) Flexural 

strength; d) Flexural strain. 



Chapter 5: PP 20GF – MuCell® foams 

- 151 - 

Once formed the peroxide radicals, slower propagation reactions undergo and result in 

chain scissions. Consequences of thermal aging are usually reductions in molecular weight 

distribution, surface contractions and embrittlement [307]. In PP GF composites, phase 

separation between matrix and filler has been also observed after certain aging induction time 

[308]. 

No changes in density nor deformations and visible surface degradations were seen after 

the different periods of aging time. Figure 5.23 shows representative stress-strain curves 

obtained from flexural tests of non-aged and aged foamed samples with 10% of weight 

reduction, as well as the flexural parameters resulting after the different periods of aging time. 

From them it can be concluded that all solid and foamed specimens followed the same 

degradation pattern. The elastic modulus remained unaltered after aging. The force, and 

therefore the flexural stress were kept constant after 400 hours of high temperature exposure, 

when they dropped by around 22%, and remained equal for 100 more hours of aging. The 

flexural strain (and displacement) presented a more sensitive behavior to aging, with a 

decrease of around 25% after 200 hours and an additional loss of 25% in strain after 400 

hours. Wyzgoski [309] obtained a catastrophic drop in tensile elongation at break of PP after 

400 hours exposed at 90ºC in an oven, mainly caused by microcracks and crazes appeared in 

the surface and oxidative attack. However, in this work the temperature in the oven was 

higher (150ºC), which could accelerate the degradation process and anticipate the effect of 

aging on the flexural strain. 

Similar conclusions can be drawn from the impact tests (Figure 5.24). Solid and foamed 

materials presented the same evolution of impact resistance loss due to foaming. 

 

Figure 5.24. a) Impact force-displacement curves of non-aged and aged foamed PP 20GF samples (10% weight 

reduction); b) Evolution of impact resistance different periods of aging time. 
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The displacement at break decreased after 200 and 400 hours of aging. However, the 

maximum force did not change after 200 hours, but it decreased after 400 hours at high 

temperature exposure. Consequently, only a significant reduction of 40% in impact resistance 

was found after 400 hours. 

5.2.6. Fracture behavior 

5.2.6.1. Crack Tip Opening Displacement CTOD 

Force-displacement curves obtained with SENT specimens and tested in TD directions 

are shown in Figure 5.25. As occurred with ABS material, conditions of crack propagation 

onset after full ligament collapse, crack propagation stability and curves parallelism were not 

fulfilled and therefore the Essential Work of Fracture method could not be applied for 

fracture characterization. The size of the plastic zone in the strain fields plotted in Figure 5.25 

does not allow the application of the Linear Elastic Fracture Mechanics theories, either. 

Instead, the CTOD parameter was determined by Digital Image Correlation (DIC) technique, 

whose results are displayed in Table 5.12. Cells acting as crack arrestors by blunting the crack 

tip gave rise to an increase in CTOD values with the foaming ratio (up to 15% in foamed 

samples with 10% of weight reduction and 10% in 20% of weight reduction when crack 

propagated in MD direction, and about 10% in the opposite direction). 

In case of solid specimens, higher CTOD values were obtained in TD direction, which 

might be due to the preferential fiber orientation in the filling direction opposing crack 

propagation. However, the effect of fiber orientation became less influential while foaming, 

with more balanced CTOD values between MD and TD directions. In foamed SENT 

specimens with 20% of weight reduction, no great differences from both orientations were 

determined. As seen before, similar cell structure was examined in both directions, and more 

randomly fiber orientation is suggested in that region. Thus, the diminished solid skin 

thickness in this second series of foamed materials could have led to this more isotropic 

behavior, reaching similar CTOD values to that of foamed samples with 10% of weight 

reduction tested in TD direction. 

Failure mechanisms of fiber-filled polymers can be classified into matrix-related 

(crazing, voiding, fracture, shear yielding) and fiber-related (debonding, bridging, pull-out 

and fracture) (Figure 5.26) [310]. Stress is concentrated at the fiber ends within the damage 

zone, prompting the occurrence of crazing in PP matrix, and debonding along the fiber 

surfaces. Then, crack propagates by connection of the different craze planes due to fiber 
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debonding, pull-out and fracture together with matrix deformation (shear yielding and plastic 

deformation) [298]. Thus, fiber orientation has a remarked effect on crack propagation. Fiber 

aligned transversal to the crack path tends to restrict propagation and forces to follow a zig-

zag path, resulting in ductile failure, whereas fiber parallel to crack propagation direction 

enables brittle fracture. The occurrence of crazes degenerating in unstable crack propagation 

is the quasi-exclusive failure mechanisms for composites [311]. 

 

Figure 5.25. a) Strain field ahead of the crack tip at the crack propagation onset and force-displacement curves 

for solid and foamed samples tested in TD direction at 16 mm min-1; b), e), h) Micrographs taken at the crack 

propagation onset with the corresponding CTOD value; c) Stable crack propagation of solid samples; f), i) quasi-

stable crack propagation of foamed samples with secondary cracks ahead of the main crack front, indicated into 

the white dashed circles; The stable crack propagation length is indicated in figures d), g), j) for each material 

investigated before the catastrophic crack propagation. 



Characterization of microcellular plastics for weight reduction in automotive interior parts 

- 154 - 

 

 

Table 5.12. CTOD and KIc of PP 20GF square plates. 

Condition 

No. 

Section CTOD 

(mm) 

KIc 

(MPa m-1/2) 

Solid MD-A - 3.52 ± 0.14 

 MD-B 0.194 ± 0.011 3.95 ± 0.15 

 MD-C - 4.44 ± 0.13 

 TD-A - 4.02 ± 0.19 

 TD-B 0.226 ± 0.020 3.06 ± 0.14 

 TD-C - 3.47 ± 0.22 

C1 (10%) MD-A - 2.80 ± 0.16 

MD-B 0.229 ± 0.008 2.41 ± 0.18 

MD-C - 2.88 ± 0.13 

TD-A - 2.86 ± 0.15 

TD-B 0.249 ± 0.020 2.32 ± 0.18 

TD-C - 2.54 ± 0.16 

C5 (20%) MD-A - 1.84 ± 0.18 

MD-B 0.254 ± 0.014 1.84 ± 0.18 

MD-C - 1.92 ± 0.05 

TD-A - 2.84 ± 0.16 

TD-B 0.251 ± 0.020 1.59 ± 0.12 

TD-C - 2.41 ± 0.07 
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Figure 5.26. Failure mechanisms of discontinuous fiber-reinforced thermoplastics. Modified from [298]. 

Fiber “bridging” kept both crack faces fairly close to each other, so the analysis of the 

crack propagation was not an easy task with this material. As a matter of fact, values of 

CTOD of PP 20GF were half the ones measured with ABS previously. 

The same quasi-stable crack propagation feature and the occurrence of secondary cracks 

ahead of the main crack tip reported in ABS foamed specimens was obtained with PP 20GF. 

To get a better insight into the crack propagation phenomena, fracture surfaces were analyzed 

by Scanning Electron Microscopy (Figure 5.27). The areas near the notch with quasi-stable 

crack propagation showed typical ductile rough fracture surface, characterized by ridges and 

peaks due to material tearing. When unstable failure takes place, the corresponding areas 

exhibited smooth surfaces due to the brittle fracture. 

As highlighted in Figure 5.27, the ductile-brittle behavior transition was not performed 

uniformly along the whole thickness of the sample, but the ductile region was more extended 

in the foamed core than in the solid skin. That is, the crack in the core propagated ahead of the 

main crack tip in the compact surface layers and triggered the emergence of the secondary 

cracks highlighted in Figure 5.25f) and Figure 5.25i). In all cases, the ligament length of 

stable or quasi-stable crack propagation was around 8-9 mm. 
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Figure 5.27. a) General overview of fracture surface in different ligament regions of a foamed SENT sample 

with 10% of weight reduction tested in MD direction; b) Details of different crack propagation modes. 

5.2.6.2. Fracture toughness KIc 

The fracture toughness obtained in solid and foamed samples from high speed tests are 

summarized in Table 5.12. Early studies on the effect of glass fiber on the fracture behavior of 

polymers showed an increase in fracture toughness for brittle matrix materials, but a decrease 

for initially ductile ones [312]. For thick samples under high loading speed, the crack tips are 

under plane-strain condition and brittle fracture of cell walls around crack tip is promoted 

[313]. Examination of fracture surfaces revealed that brittle matrix failure and fiber bridging 

and pull-out were the main fracture mechanisms, although fiber breakage was expected at 

high loading rates, decreasing toughness [275]. 

Due to stress concentration on cell walls, lower density and energy absorption 

capability, the fracture toughness decreased by around 20% and 40% with the foaming ratio 

(10% and 20% of weight reduction, respectively). In TD direction, solid and foamed samples 

taken from the extreme areas (TD-A and TD-C) presented higher KIc than the central section 

(TD-B). From all the analysis above it was observed that the middle of the plate is a region 

with scarcely dependence on fiber orientation, where properties in both transversal directions 

were almost equal (TD-B and MD-B). Similar conclusions were found by [Hartl et al. [314]] 

with notched samples tooled from the center area of PP/GF plates under Charpy impact tests. 
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Fiber orientation plays a relevant role on fracture toughness at high impact loads. Table 

5.12 points out an increase in values of KIc in solid samples tested in MD direction as the 

distance from the injection gate increases, even higher than that obtained in TD direction. 

This might be due to the alignment of fibers in the transverse direction to filling in the core 

region, opposing to crack propagation. Differences in fracture toughness of foamed samples 

between extreme and central samples (TD-A, TD-B and TD-C) were small. In the opposite 

direction, lower and similar values of KIc were determined in all tested specimens (MD-A, 

MD-B and MD-C) for each foaming condition. 

In neat polymers, density arises as the main factor influencing the mechanical and 

fracture properties. Nevertheless, fillers play an important role on this mechanical and fracture 

behavior, and contribute to overcome the loss in properties due to foaming and density 

reduction. It can be observed in highly fiber oriented specimens (such as TD-A and TD-C), 

where similar fracture toughness was obtained for foamed samples with 10% and 20% of 

weight reduction levels. 

The same models presented in Chapter 4 were employed to assess their accuracy with 

foamed composite materials. Average values in TD-A and TD-C, and in MD-A, MD-B and 

MD-C were taken for the calculations in both directions. The simplest model presented by 

Kabir et al. [238] (Equation (4.7)) provided estimated fracture toughness values of 2.58 MPa 

m-1/2 and 1.99 MPa m-1/2 for both levels of weight reduction in MD direction, and 2.61 MPa 

m-1/2 and 2.15 MPa m-1/2 in the opposite orientation. Deviation of these results from 

experimental data was less than 10%, except for the case of 20% of weight reduction and 

crack propagation in TD direction, where the maximum error reached 24%. 

The second model used in this work was suggested by Maiti et al. [239] (Equation 

(4.8)) and involves additional features of the foamed material like cell walls strength in 

bending and the average cell size. Due to the wide range of cell size measured in the samples 

of this study, the cell diameter with most frequency (approximately 18 µm) was taken, instead 

of the average value. Thus, the predicted values from this model for MD direction were 3.15 

MPa m-1/2 and 2.43 MPa m-1/2 (10% and 20% of weight reduction) whereas they resulted in 

3.67 MPa m-1/2 and 3.02 MPa m-1/2 in the transverse direction. It can be seen that the fracture 

toughness estimated by this model were higher than that of the first one and they deviate from 

the experimental data in around 15%-20%. The less accuracy of these models for PP 20GF as 

compared to that determined with ABS might be explained by the wider cell size distribution, 

as well as the effect of fiber orientation, since they are not considered in the equations. 
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5.2.7. Differential Scanning Calorimetry 

Differential Scanning Calorimetry tests were performed on samples tooled from the 

center of the injected plates (section C, Figure 3.5). For semicrystalline polymers, such as PP, 

crystallization behavior is crucial on the final performance of the polymeric products. For 

instance, it has been demonstrated that plastic deformation is governed by the amorphous 

phase [315], while impact strength is contributed by crystalline regions [166]. Some studies 

also found that crystalline phase improves the mechanical properties of microcellular PP 

[316]. Therefore, knowing the degree of crystallinity and possible variations due to foaming is 

essential so as to predict changes in ductile/brittle behavior. 

Fillers, such as glass fibers, have been found to act as nucleating agents increasing 

crystallinity [317] and promoting molecular orientation [318]. Inside an injection molded part, 

Djoumaliisky et al. [319] determined a greater crystallinity in the surface layers than in the 

core, due to crystallization induced by shear stress. Therefore, while not being the main 

objective of this research the characterization of both areas separately, samples for DSC tests 

were taken from sections near the surface and in the middle plane of the plates, in order to 

determine possible differences in thermal properties between skin and core regions. The 

resulted thermograms are plotted in Figure 5.28. 

Despite heating from -20 ºC to 210 ºC, no changes in the curves corresponding to glass 

transition temperature (Tg) were observed. In the fusion region, two peaks were detected 

(Figure 5.28a)). The lower one occurred at around 122 ºC and corresponds to a small ethylene 

fraction [117] present in the copolymer with the aim of improving impact resistance of 

automotive parts. The ethylene content in copolymers used for industrial components usually 

ranges from 5% to 15% [320]. Since it was unknown for this commercial grade, crystallinity 

degree was calculated for both limits (Table 5.13). The larger peak corresponds to the PP, and 

it took place at around 163 ºC during the first heating cycle, similar to that reported in the 

literature [193]. 

Some authors observed plasticization effect of gases on polymer matrix reducing 

viscosity, crystallization rate, crystallization temperature, crystallinity, glass transition 

temperature and melting temperature [246, 321]. Contrarily, Pilla et al. [176] with Poly(Lactic 

Acid) (PLA) nanocomposites and Srithep and Turng [167] with recycled Poly(Ethylene 

Terephthalate Glycol) (PETG) reported higher degree of crystallinity of microcellular 

polymers as compared to the solid counterpart. 
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Figure 5.28. First and second heating thermograms of solid and foamed samples in a) Skin; b) Core; Cooling 

cycle thermograms of solid and foamed samples in c) Skin; d) Core layers. 

In contrast to all these studies, the samples tested in this work did not experience 

significant changes in the enthalpy, melting and crystallization temperature and crystallinity 

levels reported in Table 5.13. According to Edwards et al. [141], this results suggest that 

either the microcellular injection molding process did not influence crystallinity, because the 

low gas content introduced into the melt polymer and the short time of dissolution were not 

enough to penetrate into the space between polymer chains and alter the chain mobility and 
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free volume characteristics, or that cells were formed in amorphous regions of the matrix. 

During the first heating, melting was at 163 ºC and the exothermic enthalpy was measured as 

around 65 J/g. The crystallization peak of PP was observed at a temperature of around 126 ºC, 

with and endothermic enthalpy of 70 J/g. A second crystallization peak at 107 ºC was also 

detected, which corresponds to the phase of PE (Figure 5.28c)). After second heating scan, 

prior thermal history of the injection molded plates was deleted and direct comparison of the 

crystallization of solid and foamed materials can be conducted. A slight increase in melting 

enthalpy was obtained (around 69 J/g), which results in crystallinity levels between 40.7% 

and 38.6%. However, the fusion process of PP occurred at the same temperature of 163 ºC. In 

conclusion, the addition of gas while foaming had no remarkable effects on the thermal 

properties of PP 20GF. 

Table 5.13. DSC data of solid and foamed PP 20GF in the surface and core of the injected plates. 

Condition 

No. 

Section 1st heating Cooling 2nd heating Crystallinity* 

Tm1 

(ºC) 

ΔHm1 

(J/g) 

Tc 

(ºC) 

ΔHc 

(J/g) 

Tm2 

(ºC) 

ΔHm2 

(ºC) 

Xc5% 

(%) 

Xc15% 

(%) 

Solid Surface 163.9 64.8 125.9 69.1 162.8 68.6 40.5 38.9 

Core 162.1 62.2 126.1 69.9 162.4 68.9 40.7 39.1 

C1 (10%) Surface 165.3 67.8 128.1 70.5 162.7 70.1 41.4 39.8 

Core 161.6 67.3 126.1 70.4 162.7 70.3 41.5 39.9 

C5 (20%) Surface 163.5 67.9 128.2 70.3 162.5 69.4 41.0 39.4 

Core 162.3 64.4 126.1 68.7 162.6 68.0 40.2 38.6 

* Xc5% and Xc15% calculated from second heating melting enthalpy for 5% and 15% of ethylene weight fraction. 

 

5.2.8. Heat Deflection Temperature 

Heat Deflection Temperature tests were made on specimens tooled from the injected 

plates in MD direction. The obtained results are illustrated in Table 5.14. A deflection of 0.24 

mm was reached by solid samples of the extreme positions at about 152 ºC, similar to that 

obtained with PP reinforced with long glass fiber [322], while foamed samples did it at 

around 145 ºC, that is, 5% less of temperature. 
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Table 5.14. Heat Deflection Temperature (HDT) of PP 20GF square plates. 

Condition No. Section HDT (ºC) 

Solid MD-A 151.8 ± 0.4 

 MD-B 140.7 ± 1.6 

 MD-C 152.2 ± 1.1 

C1 (10%) MD-A 144.9 ± 3.0 

 MD-B 131.9 ± 1.9 

 MD-C 146.0 ± 0.4 

C5 (20%) MD-A 145.3 ± 0.8 

 MD-B 125.6 ± 2.3 

 MD-C 145.2 ± 2.1 

 

It is noticeable the same HDT values obtained in both foamed series in MD-A and MD-

C specimens, which came from locations with maximum fiber orientation. Due to a lower 

stiffness in the middle position (MD-B), solid samples reached that deflection at 140.7 ºC, and 

this temperature was reduced up to 131.9 ºC and 125.6 ºC with foamed specimens, which 

represents a decrease of 6% and 11%, respectively. As the flexural modulus of foamed 

samples diminished around 6% and 14% with the foaming ratio, and since no changes in 

crystallinity and melting temperature have been determined through DSC tests, the reduction 

in HDT values cannot be attributed to changes in the chemical structure of these plates, but to 

the lower stiffness of the foamed materials. 

5.3. Conclusions 

Glass fiber-reinforced Polypropylene was injection molded into cylindrical bars and 

square plates under solid and foaming conditions. Their morphology, mechanical and thermal 

characteristics were analyzed and related to processing parameters. The main conclusions 

obtained from this study can be summarized as follows: 

 Heterogeneous nucleation induced by glass fibers was the main cell forming 

mechanism of the studied material. Despite the weak melt strength and 

semicrystalline nature of PP, the incorporation of the filler decreases the energy 
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barrier leading to uniform cell distribution along the part and cell densities 

comparable to that reported with ABS in the previous Chapter. 

 Among the different analyzed processing parameters, shot volume and gas content 

level were found as the most influencing ones. However, their effect on morphology 

was contrary to that observed in ABS. Generally, the decrease in shot size and 

increase in the amount of blowing agent remained cell density unchanged but 

increased cell size. It could be due to the lower melt strength of PP as compared to 

ABS, which might lead to massive cell coalescence with increasing the gas content. 

By increasing shot volume, the higher effective sectional area enhanced the 

mechanical performance of the parts. 

 Although mold temperature and injection speed produced some variations in cell 

morphology, none of them seemed to effect significantly flexural modulus and 

strength of microcellular materials. 

 Together with apparent density, fiber orientation arose as a dominant factor on 

mechanical properties. From Computed Tomography analysis, a preferential 

alignment of fibers in the transverse direction to filling in the core was observed, as 

well as more random and oriented fibers in the filling direction in the surface layers 

and extreme positions. This led to an anisotropic behavior of the mechanical 

performance of the injection molded part depending on the location and testing 

direction, which was not hampered by foaming. 

 Those locations with preferential fiber orientation tended to increase mechanical 

properties in the concurrent loading direction overcoming partially the loss of 

properties due to foaming and density reduction. It has been observed in flexural, 

impact and HDT tests. In case of fracture, fibers oriented perpendicular to crack 

direction opposed to its propagation and increased fracture toughness. 

 Accelerated thermal aging tests showed the same degradation mechanisms and 

deterioration of flexural and impact properties between solid and foamed samples 

after different periods of time of exposure at high temperature. Likewise, the small 

amount of gas incorporated during foaming and the short time of dissolution 

prevented from changes in crystallinity levels, enthalpies and crystallization and 

melting temperatures due to foaming. 
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 As with ABS, Moldex 3D® provided valid data to well predict the distribution cell 

density and cell size during the microcellular injection molding process. Prediction 

models of tensile and flexural properties and fracture toughness of plastic foams 

were employed and fitted accurately with experimental data when values in locations 

with most fiber orientation were used for validation. In other instances estimated 

results further deviated from the ones obtained from experimental methods. None of 

these models considered fiber length and orientation as input parameter for 

predicting the different properties. 
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Chapter 6: 

MuCell® vs IQ Foam® 

 

In Chapter 4 and Chapter 5 microcellular ABS and PP 20GF samples have been 

characterized. From these analysis and literature review it can be concluded that the reduction 

in weight due to foaming is achieved with the detriment in some other properties of the 

material, such as surface quality and mechanical performance. 

In section 2.2.4 of Chapter 2 different tool technologies to overcome some of these 

drawbacks were described. Particularly, the Core Back expansion molding has been employed 

in this study. Different strategies lie behind this technology consisting of expanding the cavity 

volume after it is completely filled by the polymer/gas system. On one hand, increasing 

pressure at the beginning stages of injection and preventing foam generation until the 

complete filling and solidification of the skin layers, thus improving surface quality [114]. On 

the other hand, two approaches can be taken concerning mechanical properties. It is possible 

either to keep the weight but enhance stiffness by increasing the thickness, or maintaining 

stiffness while reducing the weight of the part [193]. 

Alternative techniques of foaming through injection molding in order to decrease 

economical investment and processing difficulties have been also presented in Chapter 2. In 

this study, MuCell® is compared to a new technology, IQ Foam®, developed by Volkswagen 

Konzernforschung. MuCell® introduces the gas at supercritical conditions into the molten 

polymer in the barrel of the injection machine, whereas IQ Foam® injects the gas at lower 

pressure with the polymer in pellets form in a chamber unit between the hopper and the feed 

zone of the machine. Hence, differences in the quality of the final products could occur due to 

the different operating principles of both foaming technologies. 

In the present Chapter the effect of mold cavity expansion through the Core Back tool 

technology on the foaming behavior of PP 20GF injection molded plates is studied. 

Moreover, a comparison between MuCell® and IQ Foam® technologies is presented, in terms 

of morphology and tensile, flexural and impact properties of microcellular PP 20GF resulted 

from both foaming processes. 
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6.1. Morphology and apparent density 

SEM micrographs taken from MuCell® and IQ Foam® microcellular samples are 

plotted on Figure 6.1, Figure 6.2, Figure 6.3 and Figure 6.4. For the investigation of the effect 

of Core Back technique as well as foaming technology, the cell structure was investigated at 

the beginning (A), the middle (B) and the end of the flow path (C), in both parallel (MD) and 

transversal (TD) directions. 

 

Figure 6.1. SEM micrographs of MuCell® foamed plates taken in MD direction. CB: Core Back. 
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Figure 6.2. SEM micrographs of MuCell® foamed plates taken in TD direction. CB: Core Back. 

In MD direction, mostly spherical cells can be observed at the starting thickness of 3 

mm without using Core Back expansion. By increasing the thickness up to 3.3 mm and 3.7 

mm, cells became distorted and elongated, and higher diameters were determined. In the Core 

Back method, the cavity was volumetrically filled with the polymer/gas system, then the 

thickness of the mold cavity was quickly increased to a predefined extent reducing the 

pressure and thus enhancing cell nucleation. According to experiments carried out by Heim 
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and Tromm [114], bubble nucleation occurred once the cavity is fully filled and the pressure 

drops due to the mold plate movement. Ahmadzai et al. [119] explained two opposite 

mechanisms governing the foaming behavior in the Core-Back technology. On one hand, the 

increased volume provides more space for foam expansion. On the other hand, the reduced 

pressure also induces the scape of a higher amount of gas from the polymer to the 

environment, lowering the portion of blowing agent for cell nucleation and growth. 

 

Figure 6.3. SEM micrographs of IQ Foam® foamed plates taken in MD direction. CB: Core Back. 
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Figure 6.4. SEM micrographs of IQ Foam® foamed plates taken in TD direction. CB: Core Back. 

According to the previous Figures, the former mechanism seems to be the predominant 

in the foamed plates of this work. Stretching forces caused by the mold opening could cause 

cell elongation, also accompanied by shrinkage of cell walls while polymer cooling [323, 

324]. That is why bigger and distorted cells can be observed, as have been also reported by 

Spörrer and Altstädt [142] and Heim and Tromm [325]. Ruiz et al. [326] also observed that 

cell growth continues after the Core Back movement, but most of the process is due to 
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depressurization and mold opening. Some research works also indicated a slightly increase in 

the solid skin thickness with increasing the pulling core distance [142, 325]. Nevertheless, 

qualitative and quantitative analysis in this study pointed out to unchanged or thinner layers 

while cavity expansion. As the thickness increased, the core region remained at the molten 

state for a longer time leading to thinner solid skin layers [119, 324]. 

Table 6.1. Morphological parameters in different sections of MuCell® foamed PP 20GF plates. 

Condition 

No. 

Section Density 

(g cm-3) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

MuCell® 3 mm MD-A 0.94 ± 0.01 0.37 9.5·105 9-162 1.26 

MD-B 0.94 ± 0.01 0.41 7.1·105 9-165 1.40 

MD-C 0.94 ± 0.02 0.51 8.5·105 6-158 1.31 

TD-A 0.94 ± 0.01 0.37 9.7·105 8-163 1.31 

TD-B 0.94 ± 0.01 0.42 8.5·105 9-125 1.28 

TD-C 0.94 ± 0.02 0.48 7.8·105 8-158 1.33 

MuCell® / Core 

Back 3.3 mm 

MD-A 0.90 ± 0.01 0.31 7.1·105 9-226 1.70 

MD-B 0.90 ± 0.01 0.46 8.4·105 9-263 1.99 

MD-C 0.90 ± 0.01 0.52 7.1·105 3-268 1.93 

TD-A 0.90 ± 0.01 0.23 7.5·105 7-273 1.91 

TD-B 0.90 ± 0.01 0.38 8.2·105 9-223 1.76 

TD-C 0.90 ± 0.01 0.39 7.4·105 7-268 2.04 

MuCell® / Core 

Back 3.7 mm 

MD-A 0.81 ± 0.01 0.25 7.5·105 6-292 1.80 

MD-B 0.82 ± 0.01 0.41 6.1·105 4-286 2.45 

MD-C 0.82 ± 0.01 0.52 7.2·105 4-250 2.22 

TD-A 0.81 ± 0.01 0.22 7.9·105 8-297 1.94 

TD-B 0.82 ± 0.01 0.31 6.8·105 3-280 2.09 

TD-C 0.82 ± 0.01 0.47 7.2·105 4-289 2.22 
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The morphological parameters and apparent density results are contained in Table 6.1 

and Table 6.2. The apparent density measured in different regions of the solid plates ranged 

around 1.04 ± 0.01 g cm-3. By foaming, it was decreased by 10% without using Core Back 

technology. As the final thickness and overall volume increased by mold opening, apparent 

density decreased up to 14% and 21% for the final thickness of 3.3 mm and 3.7 mm 

respectively. 

Table 6.2. Morphological parameters in different sections of IQ Foam® foamed PP 20GF plates. 

Condition 

No. 

Section Density 

(g cm-3) 

Skin 

thickness 

(mm) 

Cell 

density 

(cells cm-3) 

Cell size 

range 

(µm) 

CDI 

IQ Foam® 3 mm MD-A 0.94 ± 0.01 0.60 5.3·105 9-131 1.74 

MD-B 0.94 ± 0.01 0.70 4.4·105 6-195 1.76 

MD-C 0.94 ± 0.01 0.75 5.7·105 7-112 1.41 

TD-A 0.94 ± 0.01 0.54 6.9·105 6-101 1.33 

TD-B 0.94 ± 0.01 0.67 4.3·105 9-128 1.36 

TD-C 0.94 ± 0.01 0.77 5.8·105 7-243 1.57 

IQ Foam® / Core 

Back 3.3 mm 

MD-A 0.90 ± 0.01 0.29 4.6·105 6-239 2.06 

MD-B 0.90 ± 0.01 0.41 4.5·105 4-234 1.84 

MD-C 0.90 ± 0.01 0.59 4.8·105 7-240 2.54 

TD-A 0.90 ± 0.01 0.25 5.8·105 5-244 1.86 

TD-B 0.90 ± 0.01 0.42 5.8·105 7-222 1.92 

TD-C 0.90 ± 0.01 0.57 5.7·105 6-287 1.96 

IQ Foam® / Core 

Back 3.7 mm 

MD-A 0.81 ± 0.01 0.33 5.9·105 6-255 2.03 

MD-B 0.82 ± 0.01 0.40 5.5·105 3-276 2.14 

MD-C 0.82 ± 0.01 0.50 5.9·105 4-292 2.14 

TD-A 0.81 ± 0.01 0.26 6.5·105 3-278 2.43 

TD-B 0.81 ± 0.01 0.32 6.8·105 3-288 1.78 

TD-C 0.82 ± 0.01 0.43 6.6·105 4-280 2.30 
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Figure 6.5. Cell size distribution in MD-B position of PP 20GF foamed plates with a) MuCell®; b) IQ Foam®. 

Despite the fact that the optimum N2 concentration of 0.5% for mixing with crystalline 

materials suggested by Okamoto [104] was employed, cell density determined in these 

rectangular plates were one order of magnitude lower than that of presented in the previous 

Chapter with square plates and the same material, because of the reduced amount of blowing 

agent utilized in this case. The low mold temperature used for processing the rectangular 

plates (30ºC, Table 3.9) together with the thin wall thickness could have accelerated the 

cooling of the polymer and hampered the nucleation and growth of a higher number of cells. 

Regarding the comparison between MuCell® and IQ Foam® resulted parts, well 

defined and uniform cell structures can be observed from the micrographs of Figure 6.1, 

Figure 6.2, Figure 6.3 and Figure 6.4, which indicate that foam formation was governed by 

heterogeneous nucleation and that microcellular reinforced thermoplastics can be successfully 

developed by both foaming technologies. Slightly thicker solid skins of IQ Foam® without 

Core Back expansion can be determined from Table 6.1 and Table 6.2. Despite the cell 

density measured in all samples was in the order of 105 cells cm-3, those obtained by IQ 

Foam® process were slightly lower. Since the same injection molding parameters were 

employed for processing with both methods, differences in the amount of blowing agent used 

for each foaming process arises as the main reason for these morphological differences. 

Contrary to MuCell® technology, IQ Foam® consists of a two chambered unit 

assembled below the hopper where the gas is incorporated into the polymer in pellets form. 

The key parameter controlling the process is the gas pressure, so the gas content injected into 

the polymer was not measured, Nevertheless, a lower amount of blowing agent in the IQ 

Foam® molded parts is expected due to the low solubility of the gas in the solid pellets, 
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which would explain the increased solid layer determined in the 3mm-thick specimens, as 

well as the decrease in cell density. However, no differences in cell size between both 

processing technologies were reported, neither in Table 6.1 and Table 6.2 nor in Figure 6.5. 

From this chart it can be concluded that regardless the foaming method and combination with 

Core Back technology, around 90% of cells were concentrated in the range of 1 - 120 µm. 

Of particular interest could be the analysis of fiber length from the comparison between 

both foaming technologies. As described in Chapter 2, MuCell® equipment requires a special 

design of the screw for optimizing the polymer/gas mixture. Increased shear stresses in this 

zone could result in higher fiber breakage. Contrarily, the blowing agent in IQ Foam® 

process is introduced in the feeding region of a conventional injection machine, which means 

that fibers are no longer subject to additional shear efforts. Nevertheless, measurements of 

fiber length provided values contained in the range of 748 ± 174 µm for all solid, MuCell® 

and IQ Foam® derived samples, which suggests that special machinery designed for 

MuCell® does not affect fiber length in case of short fiber reinforced thermoplastics. Indeed, 

Zhang and Thompson [327] found that the presence of a dissolved gas into the molten 

polymer dramatically reduces the occurrence of fiber breakage during processing. Fiber 

content remained in all specimens in the range of 20.1 ± 0.2 %. 

From data reported in Table 6.1 and Table 6.2 the evolution of morphology along the 

part can be also analyzed. Generally, similar values were obtained in MD and TD direction 

for each sample location. Solid skin tended to increase with the distance from the injection 

gate, whereas cell density decreased. Tendency of cell size was inconclusive with the results 

obtained by analyzing SEM pictures. Hence, the molded plates were examined through X-Ray 

technique so as to get insight into variations through the whole parts (Figure 6.6). Both 

MuCell® and IQ Foam® plates showed similar morphologies. While 3 mm-thick plates 

evidenced no changes along the flow path, those with increased thickness exhibited larger 

cells at the end of the cavity, which became more evident with increasing the pulling core 

distance. 

The explanation for this observation could be as follows. Near the gate the pressure of 

this system is high and cell nucleation and growth is restricted. However, pressure drop is 

experienced at the flow front, creating a pressure gradient from this point to the gate [119]. At 

the end of the cavity, the lower pressure enables cell growth and coalescence. The higher 

degree in mold opening stroke provides even lower pressure and adds more space for cell 

growth [324]. 
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Figure 6.6. X-Ray scans of PP 20GF foamed plates with IQ Foam® and combined with Core Back technology. 

Mueller et al. [267] also observed bigger cells and wider cell size distribution at the end 

of the flow direction, because of the reduced fraction of the plastic core that can expand by 

foaming to the end of the flow path as the material solidifies at the cold cavity wall resulting 

in cell coalescence. 

From Figure 6.7 good agreement between experimental and simulated results with 

Moldex 3D® can be observed. Other authors also validated the capability of the simulation 

software to predict the microcellular injection molding of Polypropylene with supercritical N2 

[289, 328, 329]. Furthermore, the simulation of MuCell® technique has been also validated 

for combinations with Core Back technology [330, 331] and even with real large automotive 

parts [332]. 
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Figure 6.7. Cell size and cell density results of PP 20GF rectangular plates simulated with Moldex 3D®. 

6.2. Tensile behavior 

 

Figure 6.8. Tensile stress-strain curves of solid, MuCell® and IQ Foam® PP 20GF foamed plates (MD-B). 
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Table 6.3. Tensile properties of solid and MuCell® foamed PP 20GF plates. 

Condition 

No. 

Section Et 

(MPa) 

σu 

(MPa) 

Et/ρ 

(MPa/g cm-3) 

σu/ρ 

(MPa/g cm-3) 

Solid MD-A 3606 ± 99 60.9 ± 2.0 3461 ± 122 58.5 ± 2.4 

 MD-B 3870 ± 99 66.5 ± 1.6 3712 ± 138 63.8 ± 2.3 

 MD-C 3889 ± 84 66.7 ± 1.2 3828 ± 167 65.7 ± 2.7 

 TD-A 2908 ± 88 48.2 ± 1.7 2791 ± 107 46.3 ± 2.0 

 TD-B 2671 ± 24 44.1 ± 0.6 2562 ± 53 42.3 ± 1.0 

 TD-C 2655 ± 17 44.6 ± 0.2 2614 ± 75 43.9 ± 1.2 

MuCell® 3 

mm 

MD-A 2881 ± 89 51.2 ± 2.0 3063 ± 132 54.4 ± 2.8 

MD-B 3346 ± 70 56.1 ± 0.9 3545 ± 100 59.4 ± 1.4 

MD-C 3510 ± 81 59.5 ± 1.6 3740 ± 153 63.4 ± 2.8 

TD-A 2593 ± 53 43.6 ± 1.6 2757 ± 89 46.3 ± 2.3 

TD-B 2320 ± 40 37.6 ± 0.4 2459 ± 60 39.9 ± 0.7 

TD-C 2317 ± 97 36.3 ± 1.1 2470 ± 147 38.7 ± 1.8 

MuCell® / 

Core Back 

3.3 mm 

MD-A 2798 ± 44 46.4 ± 1.5 3125 ± 88 51.8 ± 2.4 

MD-B 3208 ± 35 53.2 ± 0.7 3568 ± 66 59.2 ± 1.3 

MD-C 3378 ± 63 56.4 ± 1.3 3746 ± 119 62.5 ± 2.2 

TD-A 2262 ± 78 38.3 ± 1.0 2526 ± 118 42.8 ± 1.6 

TD-B 2045 ± 96 34.1 ± 0.5 2274 ± 125 38.0 ± 0.8 

TD-C 2217 ± 94 34.4 ± 0.9 2459 ± 137 38.2 ± 1.5 

MuCell® / 

Core Back 

3.7 mm 

MD-A 2643 ± 43 42.3 ± 1.1 3247 ± 103 51.9 ± 2.1 

MD-B 3002 ± 52 48.7 ± 0.5 3661 ± 103 59.4 ± 1.3 

MD-C 3090 ± 65 50.1 ± 1.1 3752 ± 128 60.8 ± 2.1 

TD-A 1838 ± 56 31.7 ± 1.3 2258 ± 103 39.0 ± 2.2 

TD-B 1790 ± 23 28.1 ± 0.2 2183 ± 51 34.3 ± 0.6 

TD-C 1853 ± 94 29.7 ± 1.2 2250 ± 144 36.0 ± 1.9 
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Representative stress-strain curves obtained from tensile testing of MD-B samples at 

solid, MuCell® and IQ Foam® conditions are illustrated in Figure 6.8. Absolute and specific 

values of elastic modulus and tensile strength are summarized in Table 6.3 and Table 6.4. 

With increasing density reduction by foaming and Core Back expansion, the reduction of both 

tensile modulus and strength was nearly linear, as indicated by the closed specific values to 

those of solid specimens. As observed in Chapter 4 and Chapter 5, foamed samples tended to 

behave more brittle, so the strain at failure slightly decreased in the foamed samples. 

Table 6.4. Tensile properties of IQ Foam® foamed PP 20GF plates. 

Condition 

No. 

Section Et 

(MPa) 

σu 

(MPa) 

Et/ρ 

(MPa/g cm-3) 

σu/ρ 

(MPa/g cm-3) 

IQ Foam® 3 

mm 

MD-A 3264 ± 88 55.9 ± 1.8 3470 ± 118 59.4 ± 2.3 

MD-B 3682 ± 65 63.4 ± 1.8 3901 ± 101 67.2 ± 2.5 

MD-C 3818 ± 92 66.3 ± 1.9 4069 ± 137 70.7 ± 2.7 

TD-A 2779 ± 39 47.7 ± 2.1 2955 ± 62 50.7 ± 2.6 

TD-B 2511 ± 55 42.0 ± 1.3 2660 ± 80 44.5 ± 1.8 

TD-C 2528 ± 46 40.5 ± 0.9 2694 ± 75 43.2 ± 1.4 

IQ Foam® / 

Core Back 

3.3 mm 

MD-A 3026 ± 99 48.7 ± 2.1 3380 ± 144 54.4 ± 2.9 

MD-B 3436 ± 94 55.8 ± 1.6 3822 ± 127 62.1 ± 2.1 

MD-C 3541 ± 98 57.6 ± 2.2 3927 ± 140 63.9 ± 2.9 

TD-A 2405 ± 21 39.2 ± 0.8 2686 ± 51 43.8 ± 1.4 

TD-B 2161 ± 52 35.4 ± 1.1 2404 ± 72 39.3 ± 1.5 

TD-C 2164 ± 63 35.3 ± 1.5 2511 ± 89 39.1 ± 2.0 

IQ Foam® / 

Core Back 

3.7 mm 

MD-A 2755 ± 91 43.4 ± 1.5 3385 ± 138 53.3 ± 2.3 

MD-B 3057 ± 75 49.4 ± 2.3 3774 ± 131 60.9 ± 3.5 

MD-C 3217 ± 85 50.4 ± 1.9 3906 ± 137 61.2 ± 2.8 

TD-A 1946 ± 83 33.7 ± 2.0 2391 ± 121 41.4 ± 2.8 

TD-B 1904 ± 68 29.6 ± 1.1 2350 ± 108 36.5 ± 1.7 

TD-C 1878 ± 96 31.0 ± 1.5 2280 ± 137 37.6 ± 2.1 
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Concerning variations in tensile properties along the part, both tensile modulus and 

strength increased with the distance from the injection gate (MD-C > MD-B > MD-A), which 

could be due to the thicker solid skin formed at the end areas. The opposite trend was found in 

the transverse direction (TD-A > TD-B > TD-C). As results in samples taken in MD direction 

were higher than in TD direction, a preferential orientation of fibers in the filling direction is 

suggested. In all unfoamed and foamed samples through MuCell® and IQ Foam® 

technologies, differences of mean values obtained in MD and TD directions were in all cases 

about 30%, so no effect of foaming nor Core Back expansion in anisotropic behavior can be 

determined as compared to the conventional injection molded solid plates. 

Comparing tensile properties between samples manufactured by both foaming 

processes, those obtained by IQ Foam® technology without Core Back expansion were about 

10% higher than the ones corresponding to MuCell® technique. The thicker solid skins seems 

to be the most likely reason for this results. On the basis of the lower blowing agent 

incorporated in the IQ Foam® plates, the consequent reduction in cell density led to wider 

cell struts [333] and higher cross-sectional resistant area, which also contributed to withstand 

higher tensile loads. These differences in tensile properties between foamed samples through 

both processes were lowered when Core Back was applied and the volume cavity was 

increased, suggesting that, as the part gets thicker, tensile properties become more dependent 

on apparent density and the overall thickness than upon skin thickness or cell density. 

6.3. Flexural behavior 

 

Figure 6.9. Flexural stress-strain curves of solid, MuCell® and IQ Foam® PP 20GF foamed plates (MD-B). 
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Flexural stress-strain curves corresponding to MD-B solid, MuCell® and IQ Foam® 

foamed samples are depicted in Figure 6.9, and the experimental results are depicted in Table 

6.5 and Table 6.6. As stated in the previous analysis of tensile behavior, flexural properties 

decreased gradually with the density of foamed and enlarged samples. Nevertheless, specific 

values were practically equaled. Similarly, both flexural modulus and strength increased in 

positions far from the injection gate when samples were tested in the filling direction (MD), 

and decreased in the opposite orientation (TD). This tendency can be again attributed to the 

thicker skin thickness in that locations and preferential fiber orientation. Particularly in this 

case, flexural modulus as well as strength determined in MD direction of all solid and foamed 

samples were about 45% higher than that of in the transverse direction (TD). This value is 

higher than that reported with the tensile properties before, which remarks the more effective 

reinforcing effect of glass fiber under bending loads. 

In reference to the comparison between foaming technologies, flexural properties of 

samples obtained by IQ Foam® process were higher and differed from the corresponding 

ones of MuCell® in approximately 10%. The thicker compact skin layer and effective bearing 

area were crucial for improving the flexural performance of the foamed parts, as occurred 

with tensile properties. Once more, these differences were blurred while employing Core 

Back technology, because apparent density and overall thickness act as dominant factors of 

the mechanical performance. 

Most of the works dealing with Core Back expansion molding process focus on the 

flexural properties of the resulted foams [142, 172, 323, 333, 334]. This is due to, for 

engineering purposes, design criteria is based on the flexural stiffness rather than on the 

flexural modulus. This parameter involves the geometry of the part by means of the moment 

of inertia. For flat panel geometries, the flexural stiffness (Sf) is calculated as follows[335]: 

𝑆𝑓 =  𝐸𝑓𝐼 =  𝐸𝑓

𝑏ℎ3

12
 (6.1) 

Where I is the moment of inertia, Ef is the flexural modulus and b and h the part width 

and thickness, respectively. Thus, flexural stiffness is significantly increased by the third 

power of the thickness. Figure 6.10 illustrates the evolution of the relative, specific flexural 

strength by foaming and increasing the thickness with Core Back technology. It should be 

noted that despite the drop in flexural modulus, the stiffness can be improved up to 200% as 

compared to that of the solid counterpart by increasing the thickness to 3.7 mm. 
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Table 6.5. Flexural properties of solid and MuCell® foamed PP 20GF plates. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Ef/ρ 

(MPa/g cm-3) 

σf/ρ 

(MPa/g cm-3) 

Solid MD-A 7164 ± 82 118.9 ± 1.1 6878 ±133 114.2 ± 2.0 

 MD-B 7669 ± 76 127.6 ± 2.2 7355 ± 159 122.4 ± 3.5 

 MD-C 7463 ± 84 127.0 ± 1.8 7347 ± 246 125.1 ± 4.5 

 TD-A 4275 ± 44 80.4 ± 0.4 4104 ± 75 77.2 ± 1.0 

 TD-B 3823 ± 60 72.2 ± 0.8 3666 ± 100 69.3 ± 1.6 

 TD-C 3744 ± 91 70.3 ± 0.8 3686 ± 172 69.2 ± 2.3 

MuCell® 3 

mm 

MD-A 5948 ± 88 96.0 ± 1.2 6324 ± 170 102.1 ± 2.6 

MD-B 6515 ± 78 111.7 ± 0.6 6903 ± 133 118.4 ± 1.5 

MD-C 6702 ± 97 115.1 ± 1.8 7143 ± 231 122.7 ± 4.1 

TD-A 3506 ± 92 68.0 ± 2.0 3728 ± 143 72.3 ± 3.0 

TD-B 3181 ± 95 57.7 ± 1.2 3371 ± 125 61.1 ± 1.7 

TD-C 3150 ± 99 61.2 ± 2.9 3357 ± 165 65.2 ± 4.2 

MuCell® / 

Core Back 

3.3 mm 

MD-A 6108 ± 80 98.2 ± 1.0 6822 ± 174 109.7 ± 2.5 

MD-B 6510 ± 95 112.7 ± 1.6 7240 ± 161 125.3 ± 2.8 

MD-C 6634 ± 99 117.5 ± 1.9 7358 ± 208 130.3 ± 3.8 

TD-A 3387 ± 46 64.8 ± 0.5 3783 ± 99 72.7 ± 1.5 

TD-B 3273 ± 81 61.0 ± 2.9 3640 ± 118 67.9 ± 3.7 

TD-C 3582 ± 77 66.2 ± 1.9 3973 ± 138 73.4 ± 3.1 

MuCell® / 

Core Back 

3.7 mm 

MD-A 5744 ± 60 90.9 ± 0.6 7056 ± 183 111.7 ± 2.5 

MD-B 6420 ± 98 102.6 ± 1.6 7829 ± 203 125.1 ± 3.3 

MD-C 6630 ± 68 104.1 ± 2.0 8048 ± 187 126.3 ± 4.1 

TD-A 3193 ± 93 57.8 ± 1.1 3922 ± 174 71.0 ± 2.5 

TD-B 2997 ± 30 55.1 ± 0.3 3655 ± 76 67.2 ± 1.1 

TD-C 3203 ± 77 59.9 ± 1.8 3888 ± 144 72.7 ± 3.2 
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Table 6.6. Flexural properties of solid and IQ Foam® foamed PP 20GF plates. 

Condition 

No. 

Section Ef 

(MPa) 

σf 

(MPa) 

Ef/ρ 

(MPa/g cm-3) 

σf/ρ 

(MPa/g cm-3) 

IQ Foam® 3 

mm 

MD-A 6332 ± 94 106.9 ± 2.6 6732 ± 147 113.6 ± 3.6 

MD-B 6912 ± 94 119.2 ± 1.5 7323 ± 160 126.3 ± 2.6 

MD-C 7174 ± 68 129.7 ± 2.1 7646 ± 146 138.3 ± 3.5 

TD-A 3737 ± 50 73.6 ± 1.1 3974 ± 80 78.3 ± 1.7 

TD-B 3377 ± 11 64.7 ± 0.5 3578 ± 41 68.6 ± 1.1 

TD-C 3379 ± 67 64.4 ± 0.9 3601 ± 106 68.6 ± 1.6 

IQ Foam® / 

Core Back 

3.3 mm 

MD-A 6327 ± 93 101.2 ± 1.2 7066 ± 175 113.0 ± 2.5 

MD-B 6685 ± 95 116.1 ± 1.6 7435 ± 148 129.1 ± 2.5 

MD-C 6747± 92 120.8 ± 2.3 7484 ± 162 133.9 ± 3.6 

TD-A 3557 ± 88 68.9 ± 1.3 3972 ± 139 77.0 ± 2.2 

TD-B 3331 ± 97 62.8 ± 1.1 3705 ± 129 69.8 ± 1.6 

TD-C 3601 ± 93 69.2 ± 0.7 3994 ± 135 76.8 ± 1.4 

IQ Foam® / 

Core Back 

3.7 mm 

MD-A 5865 ± 30 94.3 ± 0.8 7205 ± 92 115.8 ± 1.8 

MD-B 6646 ± 51 108.9 ± 1.1 8204 ± 147 134.4 ± 2.7 

MD-C 6807 ± 86 113.6 ± 1.9 8263 ± 176 137.9 ± 3.5 

TD-A 3364 ± 98 58.4 ± 1.7 4133 ± 151 71.8 ± 2.6 

TD-B 3070 ± 81 58.2 ± 1.2 3790 ± 139 71.8 ± 2.3 

TD-C 3246 ± 79 62.4 ± 2.4 3941 ± 131 75.8 ± 3.6 

 

Figure 6.10. Relative, specific flexural stiffness (Sf) evolution with density reduction and thickness increase. 
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6.4. Impact behavior 

Curves force-deflection obtained from impact tests of solid and foamed samples are 

illustrated in Figure 6.11. The impact resistance calculated by the integral of the curves are 

shown in Table 6.7 and Table 6.8. As discussed in the previous Chapters, foamed material is 

more sensitive to impact loads and the impact resistance decreases in higher ratios than the 

reduction in density. Thus, it decreased by around 15% when foaming without core 

expansion, and by 22% and 35% while increasing the thickness to 3.3 mm and 3.7 mm. 

Since the testing method consists of an impact bending load, thickness of the solid skins 

plays a crucial role on the performance of the part [142, 172]. Indeed, the impact resistance 

increased with the distance from the injection point, due to the thicker skin layer. However, 

unlike the observed in tensile and flexural behavior analysis, this increase at the end areas of 

the cavity occurred for both testing directions (MD and TD), suggesting that there is a greater 

dependency on the surface layer than upon fiber orientation. Additionally, differences in MD 

and TD values of solid samples were around 28%, but they were significantly reduced by 

foaming and Core Back expansion molding, reaching a deviation between both directions of 

5% when the thickness was raised up to 3.7 mm. The impact resistance was also the property 

with less differences between both foaming technologies. Due to the higher skin thickness, 

the impact resistance of samples obtained through IQ Foam® was 7% higher than that of the 

MuCell® foamed specimens. As occurred with the other mechanical properties, these 

differences decreased with the thickness expansion of the Core Back process. 

 

Figure 6.11. Impact force-displacement curves of solid, MuCell® and IQ Foam® PP 20GF foamed plates. 
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Table 6.7. Impact resistance of solid and MuCell® foamed PP 20GF plates. 

Condition 

No. 

Section acU 

(kJ m-2) 

acU/ρ 

(kJ m-2/g cm-3) 

Solid MD-A 31.4 ± 1.6 30.2 ± 1.8 

MD-B 34.4 ± 1.2 33.0 ± 1.6 

MD-C 37.5 ± 2.2 36.9 ± 3.0 

TD-A 40.9 ± 1.9 39.3 ± 2.2 

TD-B 44.7 ± 3.0 42.9 ± 3.4 

TD-C 46.9 ± 1.8 46.2 ± 2.8 

MuCell® 3 

mm 

MD-A 26.1 ± 1.9 27.8 ± 2.3 

MD-B 28.5 ± 1.9 30.2 ± 2.2 

MD-C 30.9 ± 2.3 33.0 ± 3.1 

TD-A 31.0 ± 2.1 33.0 ± 2.6 

TD-B 35.2 ± 1.3 37.3 ± 1.7 

TD-C 35.8 ± 2.2 38.1 ± 3.0 

MuCell® / 

Core Back 

3.3 mm 

MD-A 25.6 ± 1.6 28.6 ± 2.1 

MD-B 27.2 ± 1.7 30.3 ± 2.1 

MD-C 28.1 ± 2.5 31.2 ± 3.1 

TD-A 27.5 ± 2.0 30.7 ± 2.6 

TD-B 28.2 ± 2.7 31.4 ± 3.2 

TD-C 29.9 ± 2.5 33.2 ± 3.2 

MuCell® / 

Core Back 

3.7 mm 

MD-A 23.8 ± 1.5 29.3 ± 2.3 

MD-B 26.6 ± 1.9 32.5 ± 2.7 

MD-C 28.8 ± 2.0 34.9 ± 2.9 

TD-A 25.3 ± 2.0 31.0 ± 2.9 

TD-B 28.1 ± 2.0 34.3 ± 2.9 

TD-C 29.6 ± 2.5 35.9 ± 3.5 
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Table 6.8. Impact resistance of solid and IQ Foam® foamed PP 20GF plates. 

Condition 

No. 

Section acU 

(kJ m-2) 

acU/ρ 

(kJ m-2/g cm-3) 

IQ Foam® 3 

mm 

MD-A 27.7 ± 2.4 29.5 ± 2.7 

MD-B 30.4 ± 2.6 32.2 ± 3.1 

MD-C 33.1 ± 1.4 35.3 ± 1.9 

TD-A 32.7 ± 2.4 34.7 ± 2.8 

TD-B 35.8 ± 1.6 37.9 ± 2.0 

TD-C 36.7 ± 1.9 39.1 ± 2.4 

IQ Foam® / 

Core Back 

3.3 mm 

MD-A 27.2 ± 1.0 30.4 ± 1.4 

MD-B 28.5 ± 1.5 31.7 ± 1.8 

MD-C 28.8 ± 1.7 31.9 ± 2.2 

TD-A 28.2 ± 1.2 31.5 ± 1.6 

TD-B 29.6 ± 1.9 33.0 ± 2.3 

TD-C 30.2 ± 1.9 33.5 ± 2.4 

IQ Foam® / 

Core Back 

3.7 mm 

MD-A 24.1 ± 1.7 26.9 ± 2.3 

MD-B 26.9 ± 1.1 33.2  ± 1.7 

MD-C 29.5 ± 1.5 35.8 ± 2.1 

TD-A 27.0 ± 0.8 33.1 ± 1.3 

TD-B 28.7 ± 1.6 35.4 ± 2.3 

TD-C 30.6 ± 1.1 37.2 ± 1.7 

 

6.5. Conclusions 

In this Chapter the complementary tool Core Back technology and a new foaming 

injection molding process named IQ Foam® have been evaluated and compared to the already 

known MuCell®. The analysis of the morphology and mechanical properties of injection 

molded plates through both technologies and with two expansion ratios of the thickness by the 

Core Back technique led to the following conclusions: 
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 The Core Back technology allowed greater reductions in density than with the 

conventional foaming process. Cells became bigger, elongated and distorted due to 

the cavity wall movement. This was particularly relevant at the end areas of the 

molded part, where lower pressure gave rise to higher expansion of the blowing 

agent. Additionally, thinner solid skin layers were formed because of longer time at 

the molten state of the core region. 

 The mechanical properties decreased with the density of the Core Back foamed 

samples. In case of properties assessed at low load speeds (tensile and flexural), the 

mechanical performance was mainly dependent on the density and fiber orientation. 

Parameters for design criteria, such as bending stiffness, increased greatly by 

increasing the thickness, despite the reduction in weight and density while foaming. 

For impact tests, the mechanical response was governed by the thickness of the solid 

skin layers. 

 IQ Foam® arises as an alternative foaming technology able to produce microcellular 

parts with comparable properties to those manufactured by MuCell® process (Figure 

6.12). By using a minimum content of blowing agent, the number of nucleated cells 

was reduced and a thicker solid skin was formed, which led to higher mechanical 

properties. Some other advantages are the possibility to be used in any conventional 

injection molding machine, easy operation and low economical investment required. 

 

Figure 6.12. Multivariable plot comparing morphological characteristics and mechanical properties of solid, 

MuCell® and IQ Foam® foamed specimens. 
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Chapter 7: 

Conclusions 

 

The research work carried out in this project deals with the characterization of 

microcellular plastics obtained by injection molding, as a response to the challenge in the 

automotive industry of achieving lightweight constructions and therefore reductions in fuel 

consumption as well as in greenhouse gas emissions. 

An amorphous polymer (ABS) and a semicrystalline one reinforced with glass fiber (PP 

20GF) were selected for this study and injection molded into different cavity geometries. In a 

first step, the effect of shot volume, mold temperature and injection speed of the MuCell® 

foaming process on the morphology and mechanical properties was analyzed. After choosing 

those that optimized their properties, an extended study of additional characteristics was 

performed. 

The morphological structure of these microcellular plastics consists of two compact 

surface layers and a foamed core. By decreasing shot volume and increasing the content of the 

blowing agent, a higher nucleation rate is promoted, so the gas is distributed into a high 

number of cells with smaller diameters. However, if the melt strength of the material is low 

(as in PP) and insufficient to bear the expansion forces of cells while growing, coalescence 

phenomena between cells occurs and the result is a lower cell density with bigger bubble size. 

The optimum content of blowing agent thus depends on the nature and rheological 

characteristics of each polymer. The main foaming mechanism in neat polymer is 

homogenous nucleation, while heterogeneous nucleation predominates in the presence of 

glass fibers. Similar uniform cell distributions are obtained through both mechanisms. The 

mold temperature and injection speed involve changes in the cooling rate and pressure drop 

and, in general, high levels of both parameters contribute to obtain finer morphologies (higher 

cell density and lower cell size). 

The mechanical performance is mainly dependent on the reduction in the apparent 

density. Therefore, the shot size is the most influential processing parameter. Differences in 

the morphology induced by variations in mold temperature and injection speed do not seem to 
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be enough to introduce statistically significant changes in the mechanical properties of the 

foamed parts. This means that there is no additional restrictions in the window process 

because of foaming, representing a benefit for structural purposes. 

Tensile and flexural properties decrease almost linearly with the apparent density as the 

foaming ratio increases, whereas impact resistance is strongly reduced because of the 

reduction in the effective sectional area and cells acting as stress concentrators. Glass fibers 

contribute to partially overcome the property loss due to density reduction, so reinforcing and 

redesigning strategies can be successfully conducted for parts subject to impact loads. Cell 

elongation as well as fiber orientation introduce a higher degree of anisotropy, although it has 

been observed how impact properties are more influenced by solid skin thickness than on 

fiber orientation. 

Concerning the fracture behavior of the foamed materials, cells blunt the crack tip and 

thus delay the onset of crack propagation. However, once the crack is propagating, cells 

acting as stress concentrators lead to a decrease in fracture toughness. Examination of the 

fracture surfaces revealed that crack in the core propagates ahead of the main crack tip on the 

solid surface layers, because of subsequent processes of deformation, rupture and cell 

coalescence. 

By comparing it with the experimental data, it has been demonstrated that Moldex 3D® 

simulation software can be employed to properly predict the foaming behavior of both 

materials economically. Despite the fact that cell structure could be more complex in the 

actual molded part, simulation results can be used as good approach. Likewise, different 

models employed to predict tensile and flexural properties, as well as fracture toughness of 

foamed samples based on the density and morphological characteristics, provide estimated 

values close to those obtained experimentally. Higher accuracy might be achieved if factors 

considering cell shape and size distribution and fiber orientation are included in the models. 

The low amount of gas introduced during the foaming process does not produce 

significant changes in the thermal properties of the foamed samples as compared to that of the 

solid counterpart. Indeed, melting and crystallization temperatures, as well as enthalpies, 

remain invariant while foaming, and the Heat Deflection Temperature slightly decreases 

because of a lower flexural modulus of the foamed specimens. 

Although thermoplastic foams have been used in different structural applications for a 

long time, their potential capabilities are still far from being exhausted. The increasing 
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demand for lightweight, optimized and economized automotive products calls for new 

solutions in the injection molding industry. On one hand, the complementary Core Back tool 

technology has been assessed in combination with the microcellular injection molding 

techniques for PP 20GF material. By pulling the core and increasing the final thickness of the 

part, the apparent density decreases, solid skins get thinner but cells become bigger and 

distorted. Absolute mechanical properties decrease with the apparent density, but specific 

ones remain close to that of the solid material, and design criteria parameters, such as the 

bending stiffness, are greatly enhanced due to the build-up in the overall thickness. 

On the other hand, a new foaming technology, called IQ Foam® and developed by 

Volkswagen AG, has been employed in this work. Unlike the MuCell® process, this new 

system mixes a blowing agent with polymer granulates in a two-chambered unit assembled 

between the hopper and the feeder of a conventional injection molding machine. Hence, no 

special design of the screw geometry is required. By using a minimum amount of blowing 

agent, foamed plastic parts obtained through this process exhibit thicker solid skins and lower 

cell densities, but consequently higher mechanical properties. Additional benefits such as 

cost-effectiveness, machine-independence and easy operation enable IQ Foam® to produce 

lightweight parts with comparable properties to that of the already known MuCell® 

technology, but also with a reduced economic investment and a simplified control. 

7.1. Future research works 

Aimed to extend the use of foamed materials through the injection molding process to a 

wider range of application, further research is needed. The following topics are suggested in 

order to obtain deeper knowledge on microcellular plastics: 

 Extension of the analysis of the effect of processing parameters to other variables, 

such as melt temperature, residence time in the barrel or melt plasticizing pressure 

(MPP). 

 Study on the strain field, stress state and triaxility degree in the crack tips through the 

Digital Image Correlation (DIC) technique. 

 Evaluation of alternative solutions to enhance the surface quality of the foamed parts, 

like painting, co-injection molding, Gas Counter Pressure or Rapid Heating Cycle 

Molding. 
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 Extension of the investigation of IQ Foam® technology with other polymers, as well 

as composites filled with long glass fibers, so as to determine differences in fiber 

breakage between MuCell® and IQ Foam® systems. 

 Due to the increased trend in the development of environmentally friendly materials 

to replace the petroleum-based polymers, study on the foamability of bio-based 

polymers, like PLA, is also proposed. 

 Application and validation of the findings obtained in this thesis to actual car parts, 

and completion of the materials characterization to introduce this kind of materials 

into numerical simulations. 
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Appendix A: 

ANOVA tables for ABS 

 

Table A.1. Analysis of variance for weight reduction. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 117.875 58.938 133.88 0.000 

Shot volume 1 115.444 115.444 262.24 0.000 

Injection speed 1 2.431 2.431 5.52 0.057 

Residual 6 2.641 0.440   

Curvature 1 0.726 0.726 1.90 0.227 

Lack of Fit 5 1.915 0.383   

Total 8 120.516    

 

Table A.2. Analysis of variance for skin thickness. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 3 0.007537 0.002513 4.68 0.065 

Mold temperature 1 0.000613 0.000613 1.14 0.334 

Injection speed 1 0.000313 0.000313 0.58 0.480 

Mold temperature*Injection speed 1 0.006613 0.006613 12.32 0.017 

Residual 5 0.002685 0.000537   

Curvature 1 0.000235 0.000235 0.38 0.569 

Lack of Fit 4 0.002450 0.000612   

Total 8 0.010222    
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Table A.3. Analysis of variance for cell density. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 1.14·1013 5.68·1012 47.95 0.000 

Shot volume 1 1.01·1013 1.01·1013 84.99 0.000 

Mold temperature 1 1.29·1012 1.29·1012 10.91 0.016 

Residual 6 7.11·1011 1.19·1011   

Curvature 1 2.96·1011 2.96·1011 3.57 0.117 

Lack of Fit 5 4.15·1011 8.29·1010   

Total 8 1.21·1013    

 

Table A.4. Analysis of variance for maximum cell size. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 4 12640.2 3160.1 3.48 0.127 

Shot volume 1 6951.4 6951.4 7.67 0.050 

Mold temperature 1 304.1 304.1 0.34 0.594 

Injection speed 1 907.4 907.4 1.00 0.374 

Mold temperature*Injection speed 1 4477.4 4477.4 4.94 0.090 

Residual 4 3627.4 906.8   

Curvature 1 528.7 528.7 0.51 0.526 

Lack of Fit 3 3098.7 1032.9   

Total 8 16267.6    
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Table A.5. Analysis of variance for CDI. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 0.276025 0.138013 15.51 0.004 

Shot volume 1 0.148513 0.148513 16.69 0.006 

Injection speed 1 0.127512 0.127512 14.33 0.009 

Residual 6 0.053397 0.008900   

Curvature 1 0.008235 0.008235 0.91 0.384 

Lack of Fit 5 0.045163 0.009033   

Total 8 0.329422    

 

Table A.6. Analysis of variance for elastic modulus. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 4656.13 4656.13 18.25 0.004 

Shot volume 1 4656.13 4656.13 18.25 0.004 

Residual 7 1786.10 255.16   

Curvature 1 33.35 33.35 0.11 0.747 

Lack of Fit 6 1752.75 292.13   

Total 8 6442.22    
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Table A.7. Analysis of variance for tensile strength. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 12.2512 12.2512 76.73 0.000 

Shot volume 1 12.2512 12.2512 76.73 0.000 

Residual 7 1.1176 0.1597   

Curvature 1 0.1901 0.1901 1.23 0.310 

Lack of Fit 6 0.9275 0.1546   

Total 8 13.3689    
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Appendix B: 

ANOVA tables for PP 20GF 

 

Table B.1. Analysis of variance for weight reduction. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 182.794 91.397 5826.29 0.000 

Shot volume 1 182.596 182.596 11639.9 0.000 

Injection speed 1 0.198 0.198 12.65 0.012 

Residual 6 0.094 0.016   

Curvature 1 0.017 0.017 1.14 0.335 

Lack of Fit 5 0.077 0.015   

Total 8 182.889    

 

Table B.2. Analysis of variance for skin thickness MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 0.043557 0.021779 22.40 0.002 

Shot volume 1 0.029201 0.029201 30.04 0.002 

Injection speed 1 0.014356 0.014356 14.77 0.009 

Residual 6 0.005832 0.000972   

Curvature 1 0.000072 0.000072 0.06 0.812 

Lack of Fit 5 0.005760 0.001152   

Total 8 0.049390    
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Table B.3. Analysis of variance for cell density MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 3 6.49·1013 2.16·1013 8.14 0.023 

Shot volume 1 1.14·1013 1.14·1013 4.28 0.094 

Injection speed 1 3.29·1013 3.29·1013 12.37 0.017 

Shot volume*Injection speed 1 2.07·1013 2.07·1013 7.79 0.038 

Residual 5 1.33·1013 2.66·1012   

Curvature 1 4.76·1010 4.76·1010 0.01 0.910 

Lack of Fit 4 1.32·1013 3.31·1012   

Total 8 7.82·1013    

 

Table B.4. Analysis of variance for maximum cell size MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 4 15855.4 3963.8 16.96 0.009 

Shot volume 1 3519.5 3519.5 15.06 0.018 

Mold temperature 1 3023.6 3023.6 12.94 0.023 

Injection speed 1 6569.8 6569.8 28.11 0.006 

Residual 4 934.9 233.7   

Curvature 1 2742.5 2742.5 11.73 0.027 

Total 8 16790.3    
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Table B.5. Analysis of variance for CDI MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 6 0.213548 0.035591 177.24 0.006 

Shot volume 1 0.083084 0.083084 413.74 0.002 

Mold temperature 1 0.027364 0.027364 136.26 0.007 

Injection speed 1 0.054451 0.054451 271.15 0.004 

Shot volume*Mold temperature 1 0.006218 0.006218 30.97 0.031 

Mold temperature*Injection speed 1 0.010355 0.010355 51.57 0.019 

Residual 2 0.000402 0.000201   

Curvature 1 0.032076 0.032076 159.73 0.006 

Total 8 0.213950    

 

Table B.6. Analysis of variance for skin thickness TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 0.051358 0.025679 18.09 0.003 

Shot volume 1 0.035556 0.035556 25.04 0.002 

Injection speed 1 0.015802 0.015802 11.13 0.016 

Residual 6 0.008519 0.001420   

Curvature 1 0.002608 0.002608 2.21 0.198 

Lack of Fit 5 0.005910 0.001182   

Total 8 0.059877    
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Table B.7. Analysis of variance for cell density TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 3 6.84·1013 2.48·1013 8.92 0.032 

Shot volume 1 1.36·1013 1.36·1013 4.13 0.093 

Injection speed 1 3.36·1013 3.36·1013 12.43 0.013 

Shot volume*Injection speed 1 2.27·1013 2.27·1013 7.21 0.037 

Residual 5 1.13·1013 2.03·1012   

Curvature 1 4.15·1010 4.15·1010 0.03 0.944 

Lack of Fit 4 1.21·1013 3.05·1012   

Total 8 7.97·1013    

 

Table B.8. Analysis of variance for maximum cell size TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 4 20961.7 5240.4 11.64 0.018 

Shot volume 1 12680.6 12680.6 28.17 0.006 

Mold temperature 1 0.0 0.0 0.00 0.999 

Injection speed 1 3845.5 3845.5 8.54 0.043 

Residual 4 1800.8 450.2   

Curvature 1 4435.7 4435.7 9.85 0.035 

Total 8 22762.5    

 

 

 

 

 

 



Appendix B 

- 229 - 

Table B.9. Analysis of variance for CDI TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 0.18922 0.189223 16.31 0.005 

Shot volume 1 0.18922 0.189223 16.31 0.005 

Residual 7 0.08121 0.011602   

Curvature 1 0.02935 0.029348 3.40 0.115 

Lack of Fit 6 0.05186 0.008644   

Total 8 0.27044    

 

Table B.10. Analysis of variance for flexural modulus MD-A. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 245350 245350 42.70 0.000 

Shot volume 1 245350 245350 42.70 0.000 

Residual 7 40221 5746   

Curvature 1 1810 1810 0.28 0.614 

Lack of Fit 6 38411 6402   

Total 8 285571    
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Table B.11. Analysis of variance for flexural modulus MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 195281 97640 34.64 0.001 

Shot volume 1 115681 115681 41.04 0.001 

Injection speed 1 79600 79600 28.24 0.002 

Residual 6 16911 2819   

Curvature 1 612 612 0.19 0.683 

Lack of Fit 5 16299 3260   

Total 8 212192    

 

Table B.12. Analysis of variance for flexural modulus MD-C. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 171405 171405 23.77 0.002 

Shot volume 1 171405 171405 23.77 0.002 

Residual 7 50474 7211   

Curvature 1 1 1 0.00 0.993 

Lack of Fit 6 50474 8412   

Total 8 221880    
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Table B.13. Analysis of variance for flexural strength MD-A. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 4 178.445 44.611 42.25 0.002 

Shot volume 1 154.001 154.001 145.84 0.000 

Mold temperature 1 1.201 1.201 1.14 0.346 

Injection speed 1 13.781 13.781 13.05 0.023 

Mold temperature*Injection speed 1 9.461 9.461 8.96 0.040 

Residual 4 4.224 1.056   

Curvature 1 2.920 2.920 6.72 0.081 

Lack of Fit 3 1.304 0.435   

Total 8 182.669    

 

Table B.14. Analysis of variance for flexural strength MD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 104.570 52.2850 77.16 0.000 

Shot volume 1 68.445 68.4450 101.01 0.000 

Injection speed 1 36.125 36.1250 53.31 0.000 

Residual 6 4.066 0.6776   

Curvature 1 0.161 0.1606 0.21 0.669 

Lack of Fit 5 3.905 0.7810   

Total 8 108.636    
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Table B.15. Analysis of variance for flexural strength MD-C. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 114.005 114.005 28.14 0.001 

Shot volume 1 114.005 114.005 28.14 0.001 

Residual 7 28.355 4.051   

Curvature 1 1.125 1.125 0.25 0.636 

Lack of Fit 6 27.230 4.538   

Total 8 142.360    

 

Table B.16. Analysis of variance for flexural modulus TD-A. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 376278 376278 195.48 0.000 

Shot volume 1 376278 376278 195.48 0.000 

Residual 7 13474 1925   

Curvature 1 475 475 0.22 0.656 

Lack of Fit 6 12999 2166   

Total 8 389752    
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Table B.17. Analysis of variance for flexural modulus TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 210925 210925 72.67 0.000 

Shot volume 1 210925 210925 72.67 0.000 

Residual 7 20319 2903   

Curvature 1 10878 10878 6.91 0.039 

Lack of Fit 6 9441 1573   

Total 8 231244    

 

Table B.18. Analysis of variance for flexural modulus TD-C. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 331705 331705 120.43 0.000 

Shot volume 1 331705 331705 120.43 0.000 

Residual 7 19280 2754   

Curvature 1 584 584 0.19 0.680 

Lack of Fit 6 18697 3116   

Total 8 350986    
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Table B.19. Analysis of variance for flexural strength TD-A. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 4 423.455 105.864 80.39 0.000 

Shot volume 1 407.551 407.551 309.50 0.000 

Mold temperature 1 2.101 2.101 1.60 0.275 

Injection speed 1 1.051 1.051 0.80 0.422 

Mold temperature*Injection speed 1 12.751 12.751 9.68 0.036 

Residual 4 5.267 1.317   

Curvature 1 0.003 0.003 0.00 0.967 

Lack of Fit 3 5.264 1.755   

Total 8 428.722    

 

Table B.20. Analysis of variance for flexural strength TD-B. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 1 192.080 192.080 74.37 0.000 

Shot volume 1 192.080 192.080 74.37 0.000 

Residual 7 18.080 2.583   

Curvature 1 0.720 0.720 0.25 0.636 

Lack of Fit 6 17.360 2.893   

Total 8 210.160    
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Table B.21. Analysis of variance for flexural strength TD-C. 

Source of variation Degrees of 

freedom 

Sum of 

Squares 

Mean 

Square 

F-value p-value 

Model 2 261.945 130.973 203.38 0.000 

Shot volume 1 253.125 253.125 393.06 0.000 

Mold temperature 1 8.820 8.820 13.70 0.010 

Residual 6 3.864 0.644   

Curvature 1 0.269 0.269 0.37 0.568 

Lack of Fit 5 3.595 0.719   

Total 8 265.809    
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