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ABSTRACT: In this work, the properties of microcellular ABS were studied. Foamed samples exhibited a solid skin/foamed core struc-

ture, with some elongated cells in the flow direction, while spherical cells were mostly observed in the transversal direction. The flex-

ural modulus, flexural strength, and fracture toughness KIc decreased with the density. However, the crack tip opening displacement

(CTOD) was found to increase with the foaming ratio. The evolution of the mechanical properties and fracture toughness was well

described by prediction models considering the skin/core morphology of these microcellular materials. Foaming increased the aniso-

tropic behavior of the material, due to the cell elongation caused by the fountain flow during injection. VC 2015 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2016, 133, 43010.
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INTRODUCTION

Improving fuel efficiency and decreasing greenhouse gasses

emissions are the main objectives of the automotive industry. In

this regard, researches focus on replacing conventional materials

with lighter alternatives, such as polymer/metal hybrid systems,

polymer sandwich panels, high performance polymers, rein-

forced polymer composites, and foamed plastics.

Among the different existing foaming technologies, the micro-

cellular injection molding MuCell
VR

process, developed by the

Massachusetts Institute Technology (MIT) in the 1980s, is one

of the most promising methods. It consists of dissolving a gas

at supercritical pressure and temperature in the melted polymer,

forming a single-phase solution. When the mix fills the mold

cavity, the pressure drop induces the nucleation of cells, creating

a cellular structure in the polymer matrix. Cells sizes are usually

lower than 100 mm and cell densities vary from 106 to 109 cells

cm23. The amount of material is reduced, as well as the cycle

time and the requirements of clamping force and processing

temperatures. Hence, car parts with reduced weight, cost and

carbon footprint can be obtained.1,2

Several works have been conducted in order to determine the

effect of processing conditions on the morphology and properties

in a wide range of materials, such as PP, PE, PC, PS, PET, and

reinforced polymers.3,4 Even biodegradable polymers like PLA5

and recycled materials such as PET6 have been investigated in this

area. Gibson and Ashby7 provided an extensive description of the

relationship between the cell structure and the governing parame-

ters of the mechanical, thermal, electric, and acoustic behavior.

Polymer foams modeling and finite element computations have

also been investigated by different authors in the recent years.8,9

Nevertheless, fracture behavior of cellular plastics has not been

studied in depth yet. Most works have been carried out with

rigid plastic foams such as PUR10 and PVC,11 whose fracture

properties can be determined by the linear elastic fracture

mechanics (LEFM) theories. When these theories cannot be

applied, that is, the material exhibit a ductile behavior and the

size of the plastic zone is significant compared to the crack

length [elastic plastic fracture mechanics (EPFM)], the fracture

properties are usually assessed by the J-integral and the crack

tip opening displacement (CTOD) parameters. For highly duc-

tile polymers [post yielding fracture mechanics (PYFM)], the

Essential Work of Fracture (EWF) concept is the most common

fracture characterization technique.12,13 However, there are a

limited number of researches determining these parameters for

cellular materials, such as PP foams.14

VC 2015 Wiley Periodicals, Inc.
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In this work, acrylonitrile-butadiene-styrene (ABS) polymer was

employed. Because of its good mechanical properties, dimen-

sional stability, chemical resistance, good surface appearance,

and easy processing and recycling characteristics, it is widely

used in engineering applications, such as automotive interior

components. As a ductile material, the fracture properties of

ABS have been determined mostly by the EWF concept. Accord-

ing to Mazidi et al.15 as the rubbery phase content in the ABS

material increases, the specific essential work of fracture we

increases at first, but decreases after passing through a maxi-

mum. The plastic work wp, however, increases with the amount

of rubbery phase. They also showed that we values can be pre-

dicted via the CTOD parameter. Many investigations on ABS

foaming by batch processes have been made.16,17 Nevertheless,

the fracture behavior of ABS foams has not been extensively

investigated yet.

The effect of foaming on the morphology, flexural properties,

and fracture behavior was analyzed on plates made of ABS

obtained by MuCell
VR

microcellular injection molding. It was

found that the reduction of mechanical properties and fracture

toughness with the foaming ratio can be accurately predicted by

models based on the apparent density and the skin/core struc-

ture created in the microcellular samples. Foamed specimens

presented higher values of the crack tip opening displacement

(CTOD) parameter than the solid ones, due to the contribution

of the cell structure to the crack tip blunting.

EXPERIMENTAL

Material

A commercial grade of ABS (MagnumTM 8434), supplied

by Styron Netherlands B.V., was employed. The material is

widely used in automotive interior trims, and has a density of

1.05 g cm23 (ISO 1183/B) and a melt flow index of 13 g/10

min (ISO 1133).

Injection Molding

The ABS was dried at 808C for a minimum of 4 h in a

DSN560HE dehumidifier (PIOVAN) with a dew point of

2408C, before the injection molding experiments.

Square plates of 100 3 100 3 5 mm3 were produced in a Vic-

tory 110 injection molding machine (Engel GmbH), with a

clamping force of 1100 kN and equipped with the MuCell
VR

supercritical fluid (SCF) supply system. A constant melt temper-

ature profile from hopper to nozzle of 160–220–230–245–2508C

was employed, and the mold temperature was kept at 608C.

Solid and foamed plates with 10 and 17% of weight reduction

were obtained by varying the shot volume from 70.0 to 50.1

and 46.2 cm3, respectively. Gas N2 was used as physical blowing

agent, with a gas content of 0.53 and 0.58% for the two ratios

of weight reduction. The selected injection speed for the solid

plates was 50 cm3 s21, whereas it was 80 cm3 s21 for the

foamed samples.

Characterization

Morphology and Apparent Density. The morphology was ana-

lyzed in 10 mm width cross sections of the plates taken at dif-

ferent distances from the injection gate (15, 50, and 85 mm)

both in a parallel (MD) and transversal direction (TD) to the

injection flow. Prior to observation, the specimens were cryo-

genically fractured. The resulting fracture surfaces were exam-

ined by scanning electron microscopy (SEM) with a JEOL JSM-

560 microscope. Quantitative parameters such as cell size, cell

density, and skin thickness were determined with the help of

Igor Pro
VR

(Wavemetrics) and Matlab
VR

(The MathWorks) soft-

ware, after adjusting the micrographs for appropriate level of

contrast. Cell density (N) is referred as the number of cells per

volume (cells cm23), and it is calculated as follows:

N5
n

A

� �3
2 qs

qf

 !
(1)

Where n is the number of cells in the micrograph, A is the ana-

lyzed area (cm2), and qs and qf are the density of solid and

foamed material.

The apparent density of the plates and different sections of the

morphological analysis was calculated by weighing and meas-

uring the dimensions with a digital caliper.

Flexural Properties. Flexural tests were carried out in 100 3

10 3 5 mm3 specimens machined out of the square plates. To

relate the flexural properties with the cell structure determined

by morphology analysis, the same distances from the injection

gate and orientations were employed. Experiments were done

following the ISO 178 standard, in a Galdabini Sun 2500 testing

machine with a span length of 80 mm, at a crosshead speed of

10 mm min21 and at room temperature. At least five samples

of solid and foamed plates were tested for each material, posi-

tion and direction.

Fracture Behavior. The fracture behavior of the solid and

foamed plates was characterized at low loading speed by the

crack tip opening displacement (CTOD), as well as at high test-

ing rate by the fracture toughness (KIc).

SENT (single edge notched tension) specimens were employed

to determine the CTOD parameter, whose size and dimensions

are plotted in Figure F11. The notch length/width ratio (a/W) was

kept as 0.6, in order to avoid triaxial stress states at the crack

tip.18 The low speed tests were performed using a Zwick/Roell

universal testing machine, Amsler HC25/2008 model, at a cross-

head rate of 16 mm min21. The tests were recorded by two dig-

ital cameras at a frame rate of 10 pictures per second (Xenoplan

1.4/23-0.902, Schneider Kreuznach) coupled to a GOM/ARAMIS

digital image correlation system. The CTOD parameter was cal-

culated by measuring the displacement of the notch faces at the

crack propagation onset.

The fracture toughness of the solid and foamed ABS was

assessed through SENB (Single Edge Notched Bending) speci-

mens, as shown in Figure 1. According to the testing protocol,19

the a/W ratio was in the range of 0.45� a/W� 0.55. The impact

tests were carried out using an instrumented CEAST Resil

impactor, 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 308. The fracture toughness was calcu-

lated as follows:
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KIc5f
Pq

B
ffiffiffiffiffi
W
p (2)

Where Pq is the calculation force (N), B and W are the part

thickness and width (mm) respectively, and f is a geometric

function depending on the a/W ratio and determined according

to the aforementioned protocol.19

All fracture tests were performed at room temperature and the

notch was sharpened by sliding a razor blade. The specimens

were extracted from the injected plates, ensuring the correspon-

dence between the crack propagation sections and the morphol-

ogy analyzed in the middle of the plates. At least five specimens

were tested for each material, orientation and loading speed.

RESULTS AND DISCUSSION

Morphology and Apparent Density

FiguresF2 2 and 3 show SEM micrographs taken from different sec-

tions andF3 directions of both foamed plates groups. According to

these pictures, the material structure consisted of two solid skins

and a foamed core, typical of cellular polymers obtained by injec-

tion molding. Near the injection point (MD-A), cells were spher-

ical and uniformly distributed through the foamed core.

However, cells became distorted as the distance away from the

injection gate became larger (MD-C). Dong et al.20 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 pres-

sure 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.

The morphological parameters (solid skin, cell density and cell size

range) determined from details of Figures 2 and 3 are displayed in

Table T1I. In general, there are no significant variances in the mor-

phology 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.,21 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.

The cell density is kept in an order of magnitude of 107 cells

cm23 in all cases. Tsuchiya et al.22 stated that the butadiene rub-

ber in ABS acts as foaming nucleus, which justifies the high cell

density and the homogeneous cell distribution observed. The cell

size is contained in a range of 6–47 mm, which is in the same

order as the average diameter (50 mm) obtained in ABS foams

produced by combining chemical and physical foaming processes

at the same time.23 As a general trend, foamed plates with 17%

of weight reduction present slightly higher cell densities and nar-

rower cell size ranges. The ability of cell nucleation increases with

the content of supercritical fluid agent, as has been found in

PEI24 and PS foams.25 Nevertheless, the morphology examination

at a macroscopic scale revealed a greater presence of bigger cells

(150–250 mm) in this group of foamed plates, due to a higher

gas content and cell coalescence. As a consequence, the overall

apparent density decreases from 1.03 g cm23 of the solid samples

to 0.93 g cm23 (10% of weight reduction) and 0.86 g cm23

(17% of weight reduction). Positions far from the injection gate

Figure 1. Scheme of SENT and SENB specimens machined out from the injected plates. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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are slightly denser than those close to the beginning areas

(TableT2 II), which could be explained because of the higher skin/

core ratio. A similar trend has been observed in Ethylene-

Propylene Block Copolymer (EPBC) foams.26

Flexural Properties

The results obtained from the flexural tests of solid and foamed

specimens are illustrated in FigureF4 4(a–d). All the specimens

reached a maximum stress but did not break before the conven-

tional deflection given by the ISO 178 standard.

As a consequence of the density reduction, the flexural modulus

was diminished by around 12 and 23% (10 and 17% of weight

reduction) in samples extracted in MD direction, whereas it was

decreased by 13 and 20% in the opposite orientation. Flexural

strength, however, experimented a greater reduction ratio, with

reductions of 22 and 32% in case of specimens tested in MD

direction, and 19 and 25% in TD samples. In all cases, the gap

between properties of solid and foamed specimens was strongly

reduced when the specific values were calculated [solid line in

Figure 4(a–d)]. 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 MD 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

Figure 2. SEM micrographs of foamed ABS plates taken in MD direction. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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trend, with higher flexural modulus and strength at the end

areas, as also reported by Rezavand et al.27 This tendency could

be due to the thicker skin layers. When samples are taken in

TD direction, no great differences are detected in the three

tested sections, because of the more homogeneous morphology

generated in the center of the plate.

The two levels of foamed samples present differences in flexural

strength of 7 and 12%, respectively, when MD and TD direc-

tions are compared. This variation cannot be only attributed to

the material orientation, but also to the influence of the elonga-

tion 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.28

developed the Square-Power law model, simplifying the struc-

tural foam as a three-layer sandwich. Hence, the normalized

modulus is given as:

Eff

Efs

5 1- 1-
qf

qs

� �2
 !

1-
t11t2

h

� �3
" #

(3)

Where Eff, Efs, qf, and qs are the flexural modulus and apparent

density of foamed and solid material, respectively. The variables

t1 and t2 are the skin thickness of both surface layers, and h is

the overall part thickness. Taking average values of skin thickness,

apparent density and flexural properties of the solid material, the

predicted flexural modulus was 1913 MPa (10% of weight

Figure 3. SEM micrographs of foamed ABS plates taken in TD direction. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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reduction) and 1780 MPa (17% of weight reduction), with a

maximum deviation from the experimental results of 8%.

On the other hand, Xu and Kishbaugh29 proposed a model to

estimate the flexural strength of microcellular plastics consider-

ing the skin/core complex structure:

rff

rfs

5
2t3

h3
1

6t h-tð Þ3

h3
1 1-Rð Þ2 h-2t

h

� �3

(4)

In eq. (4), t 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):

R5
h 1-Rwð Þ

h-2t
(5)

In this case, the estimated flexural strengths obtained were 61.7

and 57.2 MPa for 10 and 17% levels of weight reduction

(Rw 5 0.10 and 0.17). The maximum deviation with regard to

the experimental results in MD direction is around 21%, and

8% in TD specimens. This difference in the accuracy of the

model is due to the anisotropy induced by the addition of gas,

which is not considered in the model. Cell density and size also

influence the mechanical properties of the foam. According to

Li et al.,30 low cell sizes have a positive effect on the flexural

modulus and strength. In the present study, the achieved fine

cell structures pointed out toward maximum values of flexural

properties.

Fracture Behavior

Crack Tip Opening Displacement CTOD. Figure F55(a) shows

the force versus displacement plots obtained with SENT solid

and foamed specimens tested in TD direction. In all materials,

crack propagation initiates before reaching the maximum force,

and before undergoing full ligament yielding. 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 prop-

agation. Therefore, the application of the essential work of frac-

ture (EWF) method is not fully accurate for characterizing the

fracture behavior of these solid and foamed ABS samples. On

this basis, the Crack Tip Opening Displacement (CTOD) con-

cept was used in the current work in order to evaluate the frac-

ture behavior of these materials.

Table T3III summarizes the results determined from the low load-

ing 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 act as crack arrestors by

blunting the crack tip. Thus, the crack propagation onset is

delayed and a higher CTOD value is obtained. The strain field

ahead of the crack tip was determined at the crack propagation

onset using digital image correlation technique. As shown in

Figure 5(a), the size of the plastic zone cannot be neglected as

compared to the ligament length, due to the ductile behavior of

Table I. Morphological Parameters of Foamed Samples

Material Section
Skin thickness
(mm)

Cell density
(cells cm23)

Cell size
range (mm)

Average
cell size (mm)

Foamed 1 (10% wt. red.) MD-A 0.36 1.1 3 107 17-47 26

MD-B 0.52 6.7 3 107 8-22 15

MD-C 0.66 7.3 3 107 9-25 13

TD-A 0.65 6.2 3 107 7-16 12

TD-B 0.63 1.8 3 107 12-33 17

TD-C 0.58 6.7 3 107 7-18 12

Foamed 2 (17% wt. red.) MD-A 0.38 1.9 3 107 15-34 20

MD-B 0.46 4.2 3 107 9-30 18

MD-C 0.52 9.9 3 107 6-24 15

TD-A 0.49 7.0 3 107 5-20 12

TD-B 0.50 2.0 3 107 5-29 17

TD-C 0.49 3.8 3 107 6-25 16

Table II. Apparent Densities Measured in Different Sections of the Plates

Density (g cm23)

Material MD-A MD-B MD-C TD-A TD-B TD-C

Solid 0.98 6 0.02 0.99 6 0.03 0.96 6 0.03 1.01 6 0.03 1.01 6 0.02 1.01 6 0.02

Foamed 1 (10% wt. red.) 0.80 6 0.04 0.81 6 0.03 0.91 6 0.03 0.83 6 0.04 0.84 6 0.03 0.85 6 0.03

Foamed 2 (17% wt. red.) 0.75 6 0.01 0.78 6 0.01 0.76 6 0.05 0.78 6 0.02 0.78 6 0.01 0.79 6 0.03
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the ABS material. In the foamed samples, the higher CTOD val-

ues 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 deter-

mined in TD direction was slightly higher than in MD, due to

the increased anisotropy caused by the gas introduction.

Regarding the 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 5(c,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

tends to surround the cells prior to propagation. Therefore

the crack path is certainly not a straight line. In addition,

once the crack starts to propagate, secondary cracks arise

ahead of the main crack front which grow and coalesce, trig-

gering a faster crack propagation process [Figure 5(f–i)]. The

same phenomenon has been reported in PVC and PES foams

although under fatigue cycle load conditions.31 All of the

above justifies the quasi-stable character of the crack propaga-

tion in different planes observed in the foamed specimens.

The maximum extension of this quasi-stable crack propaga-

tion before unstable failure is similar to that of the solid

material (10 mm).

Fracture Toughness KIc. The fracture toughness KIc results of

the high speed tests are outlined in Table III. The values

obtained in the solid material are consistent with those pro-

vided by the European Structural Integrity Society (ESIS) for

ABS19 and slightly lower than the obtained at slow loading

speed on 10-mm thick samples.32

According to Bureau and Kumar,33 cells act as stress concentra-

tors at the crack tip due to stress triaxiality, thus a reduction in

the fracture toughness is expected in foamed materials. Table III

points out a decrease in the fracture toughness with the weight

reduction ratio, as a consequence of lower density, resistance,

and energy absorption capability. The same trend has been

reported for PVC and PES foams.34

Figure 4. (a) Flexural modulus of samples tested in MD direction; (b) Flexural modulus of samples tested in TD direction; (c) Flexural strength of sam-

ples tested in MD direction; (d) Flexural strength of samples tested in TD direction. Solid line in graphs represents specific flexural properties.
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As observed in the CTOD parameter, foaming promotes a higher

anisotropic material behavior, with higher fracture toughness

when the crack propagates in TD direction. To get a better

insight into the different behavior of the foams according to the

crack propagation orientation, the fracture surfaces were exam-

ined 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 FigureF6 6. It can be seen

that there was no significant differences between the fracture

surfaces of solid specimens. In case of the cellular material, the

surfaces shown in Figure 6 presented similar solid thicknesses

and a smooth surface, which evidenced a brittle failure. More-

over, the notches spread over the whole part thickness. However,

in the surface obtained when the crack propagated in MD direc-

tion, cells were elongated and distorted as discussed in the mor-

phology analysis, while fracture surfaces corresponding to TD

direction exhibited more spherical cells. This difference in the cell

shape could explain the differences in the fracture behavior

according to the crack propagation direction.

Figure 5. (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 min21; (b, e, h) Micrographs taken at the crack propagation onset with the corresponding CTOD value; (c) Stable crack propa-

gation 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 propa-

gation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Finally, two estimation models for predicting the KIc parameter

were applied. The Model 1 is used by Kabir et al.,35 and relates

the relative fracture toughness to the relative foam density

through a power law as described in eq. (6):

KIc;f

KIc;s
5C

qf

qs

� �n

(6)

Taking the values of C 5 1 and n 5 2, the resulting model is

analog to the equations to predict the tensile and flexural prop-

erties of the cellular materials. The estimated KIc values are

shown in Table III. As can be seen, the model fits well to the

experimental KIc obtained in TD direction of crack propagation,

but the error is around 15–20% compared to that of MD

direction.

The Model 2 was suggested by Maiti et al.,36 and it considers

additional parameters such as the strength of the cell walls in

bending rfs and the average cell size d:

KIc;f

KIc;s
5Crfs

ffiffiffiffiffiffi
pd
p qf

qs

� �m

(7)

In this case, the best fitting value for the C constant was 2, the

average flexural strength of the solid ABS rfs was 70 MPa, and

the average cell size d was 16 mm. The exponent m took a value

of 2, as proposed by the authors for closed cell structures. Table

III shows the predicted fracture toughness obtained applying

this second model. It is quite accurate for the experimental val-

ues in TD direction, but the error when the MD results are

considered is similar to that of the Model 1. In conclusion,

Table III. CTOD and Experimental and Predicted KIc

Experimental Prediction model 1 Prediction model 2

Material

Crack
propagation
direction CTOD (mm) KIc (MPa m21/2)

KIc

(MPa m21/2)
Error
(%)

KIc

(MPa m21/2)
Error
(%)

Solid MD 0.434 6 0.014 3.34 6 0.30 – – – –

TD 0.444 6 0.015 3.36 6 0.16 – –

Foamed 1
(10% wt. red.)

MD 0.481 6 0.032 1.94 6 0.18 2.24 15.3 2.22 15.6

TD 0.497 6 0.028 2.23 6 0.19 0.5 0.1

Foamed 2
(17% wt. red.)

MD 0.504 6 0.021 1.68 6 0.14 1.99 19.0 1.98 18.3

TD 0.564 6 0.030 1.95 6 0.16 2.4 1.8

Figure 6. Fracture surfaces of solid and foamed samples in MD and TD direction.
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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.

CONCLUSIONS

In this work, ABS was used to inject solid and foamed square

plates with two levels of weight reduction (10 and 17%). Foamed

specimens presented a solid skin/foamed core structure. The

morphology examined in parallel direction to the melt flow

exhibited some distorted and elongated cells, while most cells in

the cross section had a spherical shape. Regarding the mechanical

properties, both flexural modulus and strength decreased with

the density of the foamed samples. Prediction models employed

to estimate the evolution of the relative flexural modulus with

the relative density fitted accurately to the experimental data.

The fracture behavior was characterized by the crack tip open-

ing displacement parameter at low loading speed tests, as well

as by fracture toughness KIc at high loading rates. The CTOD

parameter increased with the foaming ratio because cells acted

as crack arrestors by blunting the crack tip. However, the frac-

ture toughness KIc decreased with the density of the samples.

The fracture toughness KIc was well described by a simple

power law equation as well as by a more complex model con-

sidering flexural properties and cell size.

Foaming increased the anisotropic behavior of the material,

obtaining higher flexural properties, CTOD, and fracture tough-

ness KIc in the cross direction to the melt flow. The cell elonga-

tion due to the fountain flow in the injection direction seemed

to be the most likely reason for this different performance.
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