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ABSTRACT: In this article, we experimentally investigate the structure—property relationships of an acrylonitrile butadiene styrene
(ABS) copolymer for fatigue and use a microstructure-based multistage fatigue (MSF) model to predict material failure. The MSF
model comprises three stages of fatigue damage (crack incubation, small crack growth, and long crack growth) that was originally
used for metal alloys. This study shows for the first time that the MSF theory is general enough to apply to polymer systems like
ABS. The experimental study included monotonic testing (compression and tension) and fully reversed uniaxial cyclic tests at two fre-
quencies (1 Hz and 10 Hz) with a range of strain amplitudes of 0.006 to 0.04. Cyclical softening was observed in the ABS copolymer.
Fractography studies of failed specimens revealed that particles were responsible for crack incubation. Although polymeric materials
can be argued to be more complex in terms of failure modes and thermo-mechano-chemical sensitivity when compared with most
metal alloys, results showed that the MSF model could be extended successfully to capture microstructural effects to polymeric mate-

rials. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40882.
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INTRODUCTION

Energy efficient design, particularly for automotive components
using lightweight materials such as metal alloys and polymers,
has become of great interest in the last decade in order to reduce
emissions and increase gas mileage. This heightened interest has
encouraged further investigations into polymers within the mate-
rials science community for their ability to achieve targeted
strength and elongation properties, and maybe more importantly,
impact and fatigue resistance. The increase in the application of
polymeric materials for automotive structural and exterior com-
ponents continues to grow, correspondingly magnifying the need
for models capable of producing highly reliable fatigue predic-
tions. Furthermore, the long-term reliability of polymers in
fatigue is currently not well understood, and consequently, mod-
eling of polymer fatigue is lacking in literature.

The material subject of investigation in this work is a thermo-
plastic and a copolymer (acrylonitrile butadiene styrene (ABS))
which is classified also as a glassy polymer for temperature
below its glass transition temperature (T, = 105°C). Microstruc-
ture of polymer differs significantly from metals. While metals
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are crystallographic organized structure, most of polymers are
composed by long chains of atoms and a few of them have
semi-crystalline structure; however, the crystallographic planes
are not formed as in metals. Despite the noticeable differences,
polymers also fail due to fatigue damage much like metallic
materials fail, initiating at high stress concentrations within the
material due to microstructural heterogeneities. For glassy ther-
moplastics, these heterogeneities include impurities, additives,
and defects found within the material.

It has been widely established that the lifetime of metallic materi-
als can be determined by means of a stress-life (S-N), strain-life
(e-N), or fracture mechanics approaches. These approaches have
been also used for polymers by many researchers.” In the early
1970s, Rabinowitz et al." investigated the fatigue behavior of Poly-
styrene, a glassy polymer. The stress or strain range and mean
stress parameters were found to have a major influence on the
lifetime of polymers, similar to metals. Three regions were identi-
fied for the stress-life curve shown in Figure 1. Region (I) is a
quasi-plateau zone common to many thermoplastics at high
stress amplitudes. Region (II) is an intermediate zone of linear
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Figure 1.  Stress-life curve for Polysterene' illustrating the three regions

of a polymer fatigue process.

behavior. Finally, Region (III) is the long-life region similar to the
fatigue endurance observed for metals. In addition, the cyclic
stress response was discussed in terms of stress evolution."? In
the stress evolution curve (stress amplitude versus number of
cycles), they distinguished four regimes for the cyclic stress—strain
response of thermoplastics: incubation, transition, cyclic stability,
and crack propagation. After the monotonic response of the first
cycle, an incubation period followed featuring a cycling softening.
The incubation period or delay time is an early of deformation
process where localization of stresses is formed at compositional
defects, flaws, and inclusions. The transition region is character-
ized by a rapid change in the peak stress. In this region, thermal
contributions are not identified, and proceeding in symmetrically
manner implying that not crack propagation is involved. The
cyclic stability region constitutes most of the fatigue life of ther-
moplastic material and at the end of this stage the crack starts.
The last region was identified by a cyclical decrease in the peak
tensile stresses and an approximately constant compressive stress
which are typical of crack propagation. These stages observed for
the stress evolution behavior of the thermoplastic are very useful
in providing understanding for the fatigue damage model. How-
ever, the Rabinowitz et al.? description is not a quantification of
the multiple stages of the fatigue process. Therefore, it is still
needed to find a form of evaluating quantitatively the damage on
every stage. Moreover, despite of the interest in polymeric materi-
als at present time, the literature regarding the stress-life and
strain-life for polymers is not as vast as for metals.

A major assumption of fracture mechanics approach is that
material is initially flawed; therefore, the initial stages of fatigue
damage are neglected. Furthermore, for polymers the crack
propagation stage is believed to last significantly more than the
crack nucleation as suggested by Radon.” This point of view has
prevailed to date as corroborated by the large number of papers
addressed using fracture mechanics methods. Nonetheless, frac-
ture mechanics has allowed the study of the micromechanisms
of failure in polymers.>™ Studies on the micromechanisms of
glassy polymers showed that there are two primary types of fail-
ure mechanisms and crack growth: normal fatigue crack propa-
gation and retarded fatigue crack propagation.”>”'" In the
normal type, the material is fibrillated to form a craze at the
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Figure 2.  An acrylonitrile butadiene styrene (ABS) copolymer cylindri-
cal dog-bone shaped fatigue specimen mounted in an MTS 810 servo-
hydraulic load frame with an MTS model 634.31F-25 axial extensometer
for strain-control testing and an Optris Laser thermometer for monitoring
temperature generation. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

same speed that fibrils are broken in front of the crack tip;
hence, the crack propagates with almost a constant craze length.
On the other hand, retarded fatigue crack propagation can
occur because of a crazed region before any crack advance-
ment.>>”'% Although the current body of literature is abundant
on these two primary competing failure mechanisms, the mech-
anisms are still not completely well understood. As discussed
above, this method does not consider early stages of fatigue
damage. However, Chen et al.'' have found for glassy polymers
that 2/3 of total life is spent before start to craze. Consequently,
microstructure-based fatigue modeling of thermoplastic poly-
mers is also lacking in literature.

The purpose of this study was to experimentally quantify the
fatigue behavior and the structure—property relationships of an
ABS copolymer and then correlate experimental data to a
microstructure-sensitive model to capture fatigue behavior. The
incorporation of the microstructural characteristics of metal
alloys and polymers through a microstructural-based model
using a multistage fatigue (MSF) model is a step toward more
closely aligning the fracture analysis of polymers and metals.
The MSF model, originally developed for aluminum alloys by
McDowell et al.,'* has the capability to capture the microstruc-
ture effects and reflects three regimes of crack growth': crack
incubation (INC), microstructurally small crack or physically
small crack (MSC), and long crack (LC), for both low cycle
fatigue (LCF) and high cycle fatigue (HCF). Fully reversed uni-
axial strain life experiments and observations were performed to
experimentally and computationally quantify fatigue structure—
property relationships. Optical microscopy and scanning elec-
tron microscopy (SEM) of fatigue fracture surfaces was used to
quantify the microstructural properties.

EXPERIMENTAL

The material used in this study is an engineering grade, high
impact thermoplastic ABS copolymer, which is beige in color
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Figure 3.

and produced by King Plastic Corporation. The nominal com-
positions chosen for the synthesis of the commercially available
ABS are the following: acrylonitrile 20-30%, butadiene 5-35%,
and styrene 35-75%. The material used in this study was sup-
plied in the form of a plate with dimensions of 25 X 610 X
610 mm.

Monotonic Loading

Monotonic tensile and compression experiments were per-
formed using an Instron 8850 load frame. An INSTRON 2630-
110 extensometer was used and a feedback loop between the
extensometer and the load frame was used to ensure a constant
engineering strain rate over the entire duration of each test.
Tensile specimens following ASTM D638-03 standard were
designed.

Cylindrical specimens with a diameter of 12.7 mm and a length
of 6.35 mm were used for compression tests. This geometric
configuration has been used for thermoplastic polyurethane by
Zaroulis and Boyce.'"* Two types of moly-paste lubricants sup-
plied were used on the compression specimens and compression
platens to minimize friction and to prevent specimen barreling.

Fatigue Experiments

Completely reversed fatigue experiments were conducted over a
range of strain amplitudes (0.005-0.05) at two frequencies (1
Hz and 10 Hz) to capture the low cycle regime of an ABS
copolymer. The tests were performed using an MTS 810 servo-
hydraulic load frame, as shown in Figure 2, in an ambient labo-
ratory environment. An MTS model 634.31F-25 axial extensom-
eter was used for strain controlled tests. A cylindrical dog-bone
shaped specimen was designed based on the ASTM E 606-04
standard. The specimens were tested until failure and tempera-

Table I. Particle and Porosity Properties Obtained Through Image Analy-
sis of the Virgin Microstructure of an Acrylonitrile Butadiene Styrene

Copolymer

Average  Average

particle  nearest

diameter neighbor Average pore Pore nearest Porosity
(um) (um) size (um) neighbor (um) (%)
8.5% 1.37 0.059 0.186 3.62
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Microstructure of acrylonitrile butadiene styrene copolymer (ABS): (a) particles and (b) pores.

ture generation was monitored wusing an Optris laser

thermometer.

Fractography

Fracture surfaces of the fatigued specimens were obtained by
first cutting the failed specimens and then sputter coated for
SEM observation. Surfaces were first examined using an optical
microscope to obtain an overall fracture surface map. In addi-
tion, virgin specimens were cut from the as-received material
and were ultrasonified for 15 min to remove any impurities,
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Figure 5.  Acrylonitrile butadiene styrene (ABS) control fatigue life plot
for cylindrical dog bone fatigue specimens tested at 1 Hz and 10 Hz.
Note: A run-out specimen was fatigued at 10 Hz at a strain amplitude of
0.005 for over 10 million cycles. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

followed by polishing process, and SEM to determine the
microporosity for the virgin ABS copolymer specimens. SEM
was also used to determine the initiating particle for the fatigue
crack.
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RESULTS AND DISCUSSION

Microstructure

Microstructural features were determined from optical micro-
graphs of the virgin ABS copolymer as shown in Figure 3.
Results of the digital image analyses are summarized in Table I.
Second phase particles and porosity were observed within the
matrix as observed in Figure 3. Large inclusions ranging from
around 60 um to ~81 um were found, and EDS analyses of
defects or inclusions revealed that the primary composition was
polybutadiene due to the high percentage of carbon with trace
amounts of nitrogen that can be attributed to small amounts of
acrylonitrile. Regarding the inclusion particles present in the
material, the particles had an average particle size of 3.55 um.

Monotonic Loading

The effect of strain rate on the mechanical behavior of the ABS
copolymer in tension and compression is given in Figure 4,
which shows the true stress—true strain response in an ambient
laboratory environment at 25°C with engineering strain rates of
0.001/s, 0.01/s, and 0.1/s. Monotonic, tension, and compression
test data were averaged and plotted with their respective error
bars for all strain rates. The stress response in tension shows the
typical increase in the yield and peak stresses and a general flat-
tening of the subsequent softening as strain increases, which can
be attributed to necking. The stress response in compression
exhibits three regimes as noted in Figure 4(b) for compression:
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First cycle and half-life cycle hysteresis loops for an ABS copolymer tested at 1 Hz and 10 Hz with applied strain amplitudes of (a) 0.01, (b)

0.02, (c) 0.03, and (d) 0.04. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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for increasing applied total strain amplitudes for ABS fatigue specimens
performed at (a) 1 Hz and (b) 10 Hz.

an initial linear elastic response followed by a nonlinear transi-
tion curve to global yield, followed by strain softening attrib-
uted to chain rearrangement and subsequent strain hardening
attributed to the alignment of these chains.
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Figure 8. The temperature generation profile for initially ambient tem-

perature acrylonitrile butadiene styrene (ABS) copolymer fatigue speci-
mens tested at 1 Hz and 10 Hz at corresponding strain amplitudes.
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Strain-Life

Figure 5 shows the ABS strain-life curve exhibiting a pattern
similar to that referred by Rabinowitz et al.” where three dis-
tinct regions are shown. Highlighted in this chart are some spe-
cific points that were subjected to further analysis as S1, S2, S3,
etc., which are associated as follows: S1, sample 1; S2, sample 2;
and so on. First, a plateau is observed for the first region
(Region I) followed by a quasi linear section (Region II). This
region comprises most of the strain-life curve. Finally, the long-
life region can be observed, which illustrates the fatigue resist-
ance of the material. Marissen et al.'> observed that longer life-
times arose for higher frequencies, which could partially be
attributed to thermal softening for increased equivalent strain
rates at 10 Hz.'

Hysteresis and Stress Response

The initial and half-life hysteresis loops for ABS specimens are
contrasted in Figure 6. A softening effect was observed for the
entire range of strain amplitudes under investigation at both
1 Hz and 10 Hz frequencies. However, this effect is more pro-
nounced at higher strain amplitudes. From the strain amplitude
of 0.02, a broadening of the hysteresis loop begins to develop
for specimens fatigued at both frequencies attributed to yielding
of the ABS material. It is also observed that at higher strain lev-
els the evolution of hysteresis loops were larger for frequencies
of 1 Hz than for frequencies of 10 Hz. It can be attributed to
the fact that an increase in the frequency results in an increase
on the strain rate. Therefore, a higher strain rate will originate a
higher modulus and vyield strength.'” The final effect on the
stress—strain response can be that for lower frequencies such as
1 Hz more inelasticity is evident earlier than that for the 10 Hz
frequency.

The evolution of stress amplitude as a function of number of
cycles to 50% load drop for ABS is shown in Figure 7. These
curves show the response of the material under fatigue loading
and provide the path by which the material reaches final fail-
ure. Figure 6 demonstrates clearly that over the entire range of
strange amplitudes the material behaves such as a ductile poly-
mer which is featured by cyclic softening. It is due to a
decrease in the material resistance to nonelastic strain with
reversed deformation."? While this effect is present for all
strain levels that was less significant for the lower strain
amplitudes.

Temperature Generation

The temperature of the specimen surface for strain control
fatigue tests was monitored using an Optris laser thermometer
for specimens fatigued at 1 Hz and 10 Hz over a range of strain
amplitudes (0.007 to 0.05). The temperature generated at the
surface for each fatigue specimen was plotted versus the corre-
sponding strain amplitude as shown in Figure 8.

The temperature increased, decreased, and then increased
again as the stress increased, decreased, and increased as the
deformation proceeded. An increase in the temperature gener-
ated at the specimen surface during the fatigue tests was
observed throughout the elastic regime to strains of ~0.025
for 1 Hz and 0.028 for 10 Hz, which corresponds to yielding
of the ABS copolymer. Beyond vyield, the temperature

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40882
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Figure 9.

Optical micrographs of the sectioned ABS before testing, showing the presence of rubber particles (in black color) at three length scales.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(a)

Figure 10.
view showing a single rubber particle.

decreased throughout the viscoplastic regime to 0.035 strain
amplitude for 1 Hz and 0.04 strain amplitude for 10 Hz,
respectively. The subsequent increase in temperature was
observed throughout the deformation-induced hardening
regime to failure.

SEM images of phase structure of a commercial ABS grade: (a) an enlarged view of rubber displaying the particles, and (b) a zoomed-in

The increase in temperature to yield could be attributed to the
stretch and ordering of polymer chains. The polymer chains are
aligned at yield and begin to inelastically stretch until ultimate
failure.'"® The subsequent softening beyond yield has an associ-
ated temperature decrease. Furthermore, the final increase in

Figure 11.

Fracture surface maps of acrylonitrile butadiene styrene (ABS) copolymer fatigue specimens designating the different regimes of crack

growth for frequencies and strain amplitudes, respectively, of the following: (a) 1 Hz, 0.007, (b) 1 Hz, 0.01, (¢) 10 Hz, 0.007, and (d) 10 Hz, 0.01.
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temperature during larger deformations could be attributed to
the overall stretch, alignment, and final fracture of remaining
long polymer chains. The temperatures generated for a fre-
quency of 10 Hz were greater than that for a frequency of 1 Hz
in the elastic regime and the post-yield softening regime; how-
ever, in the higher “hardening” regime at large deformations,
because of the scatter it is hard to deduce which is greater. The
transition occurs at strain amplitudes of about 0.04.

The evolving texture was not captured by the current MSF
model for the ABS copolymer in this study, although the orien-
tation effects can be captured. For metals, the texture effect was
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included via Taylor Factors, but for polymers those are not
available. As such, the ability to capture evolving texture effects
for polymers due to their higher sensitivity in processing and
loading should be developed for the MSF model in future work.

Fractography

The strength and toughness of an amorphous glassy monophase
(styrene acrylonitrile (SAN)) can be improved by the addition
of a second noncontinuous phase (rubber particles).'”** A typi-
cal example of this class of polymer is ABS copolymer compris-
ing a dispersed phase of butadiene, an intermediate phase of
styrene-acrylonitrile grafted to the butadiene with a continuous
phase SAN.'>

Several factors control the morphology-toughness behavior:
particle number density, particle size, particle nearest neighbor
distance, matrix-particle strength, and physical-
mechanical properties of the particles. These are in-turn con-
trolled by the synthesis and processing conditions. Among
them, the particle size and the size distribution appear to be the
main parameters responsible for enhancing toughness.

adhesion

Figure 9 shows clear distinguishable rounded rubber particles. A
high magnification SEM image, shown in Figure 10, clearly
shows the existence of two sizes of rubber particles from optical
micrographs [Figure 10(a)] and from SEM pictures [Figure
10(b)] with the smaller diameters ranging from 10 nm to 200
nm and larger diameters ranging from 400 nm to 600 nm. Fig-
ure 10(b) shows grafted surface layer rubber particles illustrating
a lot of graft boundaries and small white SAN.

Fractography was performed on the fatigue fracture surfaces of
the ABS copolymer specimens using SEM to characterize the
fatigue regimes: incubation, MSC, and LC growth and also
quantify sizes of particles from which the fatigue cracks incu-
bated. SEM analysis of fracture surfaces showed that debonded
or fractured particles near the free surface had incubated fatigue
cracks for the ABS copolymer specimens.
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Figure 13.  Strain amplitude versus cycles to failure for an acrylonitrile

butadiene styrene copolymer showing that high cycle fatigue is more sen-
sitive to large defects and equivalent strain rates for 1 Hz and 10 Hz.
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fully reversed experiments at half lifetime for an acrylonitrile butadiene
styrene copolymer.

A comparison of fracture surfaces for specimens performed at
0.007 and 0.01 strain amplitudes at both 1 Hz and 10 Hz,
respectively, are shown in Figure 11. As the strain amplitude
decreased, the fracture surface became smoother due to smaller
crack growth increments. At higher frequencies, there is a
higher equivalent strain rate observed and a slower crack growth
rate also leading to a smoother fracture surface that follows
observations by Ishikawa and Ogawa®' for glassy polymers.

Simple observations of the fracture surface did not give clear
distinctions for the three fatigue regimes; however, incubation
can be estimated at 15% for the ABS copolymer due to the typ-
ical defect sizes responsible for incubating fatigue cracks and
the nanoporosity contained within the material matrix.»'***7**

Furthermore, SEM was used to quantify the square root of the
particle areas for particles from which fatigue cracks incubated
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tal fatigue data shown with upper and lower bounds for the acrylonitrile
butadiene styrene copolymer.

Figure 15.
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for respective upper and lower bounds of fatigue life. The
respective square root particle areas and number of cycles to
failure are also shown for each specimen in Figure 12.

Large inclusions with an approximate square root area between
46.47 um and 66.97 pum, and fractured particles near the free
surface ranging from 8.04 um to 40.55 um in equivalent square
root area, were found to be the initiation sites on most ABS
copolymer fracture surfaces. The larger inclusions found within
the virgin matrix, previously shown in Figure 3, are comparable
in size and shape to the inclusions in which fatigue cracks incu-
bated for specimens fatigued at 0.007 strain amplitude at 1 Hz
as shown in Figure 12 (specimens S3 and S4).

The effect of particle size on a strain-life fatigue plot is shown
in Figure 13. In this graph, the circles represent the particle size
and are drawn to scale. The visual representation where larger
particles yielding lower fatigue lifetimes is shown where strain

T T T T T T

MSF Model
005F A — Total
s \\ == Inc-Incubation
£ \ - MSC-Small Crack
£ o004} |
£
E
2 003} ]
=
2
< 0.02} 1
R =
8
i 0.01F E
0.00

107" 10° 10' 10? 10° 10* 10° 108
N, Number of Cycles

Figure 16. The multistage fatigue (MSF) model prediction for the
breakdown of regimes of incubation and small crack growth for the acry-

lonitrile butadiene styrene (ABS) copolymer.
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effects are shown to be more prevalent for the lower strain
amplitude where larger defects were prone to initiate fatigue
cracks.

Larger particles lead to lower fatigue lifetimes due to higher
stress concentrations initiating fatigue cracks. In the LCF regime
for the ABS copolymer, where the strain amplitude applied is
greater than 0.01, the fatigue life appears to be less sensitive to
particle size. This could be attributed to massive amounts of
plasticity and deformation distributed throughout the material
in the low cycle regime. In the high cycle regime, there appears
to be more sensitivity to larger defects and frequency because
the stress concentration becomes more localized.

MULTISTAGE FATIGUE MODELING

Multistage Fatigue Model

The MSF model has been used to quantify the microstructural
effects on fatigue life for many metal alloys.'>*° The model
was originally developed by McDowell et al.'> for a cast alumi-
num alloy. Its distinctive feature is the capability to predict the
observed variability in fatigue with respect to the variation of
microstructural properties such as second phase particle size,
pore size, and porosity, among others. However, polymeric
material models that incorporate microstructure properties into
fatigue behavior are lacking in the literature. In this research,
the MSF model is adapted for a thermoplastic material ABS.

The MSF model considers three stages of fatigue damage: INC,
MSC growth, and LC growth. A brief summary of the MSF
model is given below, further details and theoretical basis are
found elsewhere.'” The governing equations in the MSF model
are listed below:

Nrotal = Ninc +Nusc +Nic (1)
Cine Niye =8 (2)

Ay I
ﬁ:%:y[%—gm]{ D < Mim>» (3)

Appmay " ! !
ﬁ: > :Y(l“l'CB) [Ea_gth}q, B> Mim - (4)
l <5a_8th> l
R L T 5
D Mim Eper —Eth ’ D= Miim s ( )
1 b\
B_l (1 nlim)( P ) ) B > Mims (6)

d
<”) —4(ACTD —ACTD ),  ,=0.625D  (7)
MSC

AN
GS\“ [/ GO\ °[UA&]*
ACTD =Cy [ —) (== ;
(&) (o) 5] @

w/ 5/ P )
+C ﬁ GO Aymax
GSo GOy 2

The total fatigue life is given by eq. (1), where Niyc is the num-
ber of cycles to incubate a crack. Nysc is the number of cycles
required for propagation of a microstructurally small crack, and
Nic is the number of cycles required for long crack propaga-
tion. In this research, we focus mainly on the incubation and
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MSC regimes as others have focused on the long crack
behavior.

Crack incubation involves nucleation plus small crack growth
around of an inclusion on the order of 14 D (a;), where D is
the inclusion particle diameter or pore size. The MSC regime
includes lengths where a;<a<k microstructural (MS), with
MS defined as a characteristic length scale of interaction with
MS features, and k as a multiplier in the range between one and
three.

Equation (2) is used to model fatigue damage incubation life,
and is based on a modified Coffin-Manson law. Cyc and o are
linear and exponential material constants selected to be that of
the macroscopic Coffin-Mason law."> The nonlocal damage
parameter, f3, is the maximum plastic shear strain amplitude
located around the particle or defect and depends on ratio of
the plastic zone to the particle or defect size (I/D). The parame-
ters &, Eper Miim» 7 and g describe the ratio of plastic zone to
the particle size or defect as a function of the strain amplitude
(&4). The parameter Y is correlated as Y=y;+(1+R)y,, where
R is the load ratio, and y; and y, are model constants. For com-
pletely reversed loading cases, Y=y,.

Crack growth in the MSC stage is governed by the range of the
crack tip displacement, ACTD, which is proportional to the
crack length, and the nth power of the applied stress amplitude,
d", in the HCF regime and to the macroscopic plastic shear
strain range in the LCF as given by eq. (7). Where y is a mate-
rial constant and ACTDy, is the threshold for crack tip displace-
ment. The crack tip displacement is a function of the remote
loading [eq. (8)], and C; , Cy , and { are material dependent
parameters which capture the microstructural effects on MSC
growth.

Microstructural features admitted into the MSF model, but not
limited to, are the following: grains, dendrite cell size, nearest
neighbor distance, porosity, and size of inclusions (particles and
voids). Moreover, polymers are more susceptible to thermo-
mechano-chemical degradation when compared with most met-
als. The components of ABS are poor thermal conductors that
lead to a hysteresis heating and reducing the modulus of the
material. Furthermore, the material is sensitive to microstruc-
tural feature variability, processing, frequency, and temperature
effects. Due to the high sensitivity that these effects have on
polymers, polymeric materials are generally considered much
more complex in comparison to most metal alloys; however,
there are some similarities which can reduce the gap between
the two material families.

MSF Model Correlation

In order to apply the MSF model to the ABS material, various
parameters and constant materials were computed. As men-
tioned previously, the model consists of three stages, with each
stage being driven by different parameters. Below are explained
the parameters that have been used to model the polymeric
material.

The monotonic stress strain behavior was compared with the
cyclic stress—strain behavior as shown in Figure 14. The maxi-
mum tensile stress of stabilized hysteresis loops at respective

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40882
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Figure 17.  (a) Incubation life (Ninc) as a fraction of total fraction life, and (b) microstructurally small crack growth (Nysc) life as a fraction of total

fraction life against strain amplitude derived from multistage fatigue (MSF) model predictions.

strain amplitudes was plotted for the cyclic stress—strain curve
to obtain the cyclic strength coefficient and hardening exponent
for the ABS copolymer following Bannantine et al.”'

The first stage, INC is mainly dominated by the microstructural
features serving as stress concentrators. Among these, features
are found all types of defects in a material, such as pores, inclu-
sions, second phase particles, etc. Various MSF parameters for
this stage are determined by finite element simulations and have
been previously determined.”* The primary microstructure—
property used to model this regime was the average particle size
for INC.

The small crack growth regime is dictated by the microstruc-
tural properties at the next length scale order of magnitude as
explained in a previous section. Equations (7) and (8) deter-
mine the behavior of this region. The crack growth rate given
by eq. (7) obeys a power law affected by a constant of propor-
tionality. The constant y was determined as ¢,./g,, following,32
and the crack tip displacement threshold, ACTDy, which is gen-
erally assigned a value on the order of the Burger’s vector for
metal alloys, was taken as the magnitude of the shear displace-
ment of the sheared region of an amorphous polymer.”?

Equation (8) represents the contributions of high cycle and LCF
regimes to crack growth propagation. Although eq. (8) involves
properties such as grain size (GS) and grain orientation (GO)
typical of metals, the real function of this equation is to capture
the properties that affect the behavior of the small crack stage.
Accordingly, the quotients GS/GS, and GO/GO, in eq. (8) are
factors representing the properties involved in the crack growth
behavior, and they were set to unity in this study. Therefore,
the equation was simplified as follows

UAG1* Ay \?
ACTD=CH[ - ”] 4+C (mi> (9)

ut

The LC growth regime of the MSF model has historically fol-

. . . . 24,28
lowed classical linear elastic fracture mechanics approaches™~;
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however, the modeling approach presented in this study is
focused on incubation and MSC regimes of the ABS copolymer.

Figure 15 shows the correlations of the MSF model to the
experimental strain-life data. Table II provides a summary of
the model constants used to correlate the MSF to fully reversed
uniaxial strain life results for the ABS alloy. As shown in Figure
15, the MSF model predictions are in good agreement to the
experimental results. Error bands can be built for the MSF
model based on the distribution of microstructural features.
Here for illustration purposes is shown in Figure 15 lower and
upper limits of the MSF model. These bands were constructed
using a maximum particle size of 190 um and a minimum par-
ticle size of 5 um, respectively, for the fatigue fracture surface
and responsible for the incubation of cracks.

To explore the contributions to the total life by the incubation
and MSC growth stages, a breakdown of the lives for the MSF
model predictions for incubation and MSC growth are shown in
Figure 16. The relative influence of incubation compared with
MSC growth to the total life is small when the applied strain is
large. However, when the applied strain is small, then the relative
influence of incubation compared with the MSC growth is
greater. This increase continues to a level where incubation
becomes dominant as the applied strain becomes much less.

In an effort to quantify the contributions of the incubation and
MSC stages considered in the MSF model, two graphs are
shown in Figure 17. Figure 14(a) shows the ratio of incubation
life to the total life (Npno/N7). It is clear from Figure 17 that
for strain amplitudes equal and lower than 0.01, the incubation
life represents 80% or more.

CONCLUSIONS

Cyclic fatigue behavior for a thermoplastic ABS copolymer was
quantified with microstructural properties that govern the
uncertainty of the mechanical response. A MSF model was used
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http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

to capture these microstructural features and effects on strain-
life fatigue behavior. The following conclusions and recommen-
dations were generated as a result of this study.

e Energy-dispersive X-ray spectroscopy results show that the
defects responsible for incubation of fatigue cracks are primar-
ily composed of carbon, which can be attributed to polybuta-
diene. In addition, trace amounts of nitrogen on some defects
show some acrylonitrile is possibly present. Similar findings for
the composition of defects in ABS copolymers using a Raman
imaging technique was found in work by Marrisen et al."”

o Although no engineering material like the ABS copolymer has
been correlated to the MSF model where particle was softer
than the matrix before this work, clearly the MSF model would
admit such a material, based on studies by Gall et al.>* Up to
this point, the MSF model had only been applied to metal
alloys, where in general the particle is harder than the matrix.

e Fatigue cracks for the 0.01 strain amplitude and lower tests
were found to incubate at particles on or near the free sur-
face of the cylindrical fatigue specimens. Fracture surfaces for
strain amplitudes of 0.015 to 0.02 show a similar distributed
faceting on fracture surfaces as observed in studies performed
by Marissen et al.'> Fatigue specimens performed at 0.025 to
0.035 strain amplitudes show quick decreases in peak tensile
stress versus the number of cycles. For these specimens, the
fracture surfaces are difficult to observe anything due to the
massive thermo-mechanical degradation.

e As the particle size increases, the number of cycles to failure
decreases following similar work of metal alloys®®??; hence, the
debonding of particles has a similar effect on the fatigue life-
time independent of the material (metal or polymer) observed.

e Tests performed at higher frequencies led to higher fatigue
lifetimes, which could be attributed to the thermal softening
of the polymer in which the stress was relieved thus changing
the failure mechanism from lower frequency mechanisms
such as crazing or shear banding.

Further investigation into degradation mechanisms including
crazing and shear banding need to be performed for possible
inclusion in MSF modeling of polymers as possible texture effects.
The texture effects for polymers were not introduced in this work
and future work and extension of the MSF should include an
“evolving” texture for polymers. Furthermore, studies on the
competing influence of frequency and temperature effects due to
environmental subjection or generation is needed, as the current
MSF model does not explicitly include these effects.
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