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Changes in the mechanical properties of amorphous polycarbonate during the fatigue failure initiation 
stage lead to overall embrittlement of the polymer. The results indicate that the fracture toughness of the 
material can be reduced by _ 35% without visible damage. The ‘static’ mechanical characteristics, such as 
yield stress and strain and absorbed energy, are influenced very modestly by the cyclic fatigue. The 
observations are explained by the presence of a small number of nanometre-sized voids or ‘protocrazes’, 
detected by transmission and scanning electron microscopy measurements. It is shown that physical ageing 
and fatigue loading affect the structural state of the polymer differently despite similar effects on the 
macroscopic mechanical properties. 

(lieynords: cyclic fatigue; polycarbonate; mechanical properties) 

INTRODUCTION 

Plastic parts have been used increasingly as structural 
elements in instruments and devices that are subjected 
to long-term stress fluctuations. Such use has prompted 
an increased interest in their mechanical performance 
when subjected to low-level load variations commonly 
known as fatigue. It has long been recognized’.2 that 
it is desirable to be able to influence or at least predict 
the fatigue failure of the commonly used engineering 
thermoplastics. 

The fatigue failure of thermoplastics generally develops 
in two phases’.“. First, the material accumulates fatigue 
damage (i.e. in the initiation phase), which ultimately 
leads to the formation of visible crazes. The crazes further 
grow, form cracks and propagate (i.e. in the propagation 
phase) until final failure occurs. The amount of material 
published on this subject is quite extensive and there are 
several excellent monographs and review articles sum- 
marizing progress in this area1.3 ‘. Most of the investi- 
gations are dedicated to the determination of fatigue 
lifetime as a function of external variables such as stress 
amplitude (S A: curves), temperature, test frequency. 
environment and others’,3.‘. It has been established that 
the fatigue lifetime of most polymers is very sensitive to 
external fields, and as a rule is much shorter than the 
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corresponding lifetime under constant stress. The role of 
material parameters, such as molecular weight and weight 
distribution. branching, crosslink density. blending and 
inclusions, among others, has also been a subject of 
considerable interest’.j.‘j. Results from these references 
indicate that the combined effect of the ‘internal’ and 
‘external’ variables can be rather complex. However, most 
of the phenomena characterizing the propagation phase 
can be interpreted as competition between the propensity 
of the material to undergo shear deformation or to 
develop crazes5.7. 

A significant amount of experimental work has also 
been performed on precracked specimens, by measuring 
the extent of crack growth as a function of variation in 
the stress concentration (AK) at the crack tip’.’ ‘I. It has 
been found that the crack propagation of most plastics, 
beyond the threshold region, can be described by a simple 
power law --the well known Paris equation. 

The structural investigations have been devoted mainly 
to the dynamics of craze/crack propagation by using 
optical interference methods*. In sits small-angle X-ray 
scattering (SAXS) measurements of amorphous poly- 
styrene in cyclic bending at high stress amplitudeslO 
demonstrate that buckling and coalescence of craze fibrils 
are the most important mechanisms in the fatigue craze 
breakdown in thermoplastics. The structural features 
commonly present on fatigue fracture surfaces’ ’ have 
been investigated by using optical microscopy and 
scanning electron microscopy (SEM). 
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The changes in the materials propcrticb during tat~gu~ 
loading have been examined bq measuring /l; ;;/o 
the stress strain hysteresis wrves. temperature. qciic 
modulus, dynamic modulus (I-J’), tan pi. etc.‘.’ “.I ’ 1‘11~ 
results of these studies demonstrate that, when the stress 
amplitude (Acr) is high and/or the test frequency is high. 
heat generated in the sample leads to a widening of the 
hysteresis loops and an increase of the sample tempera- 
ture. rcsuiting in fatigue softening of the polymer anti 
rapid fracture. At low to moderate stress amplitudes test 
frequency (i.e. moderate heat generation). ~hc matcriai 
properties appear to be fairiv stabic until the final htagc 
of the fatigue. when the specimen fails rapidly’. 

Despite this relativciy extensive information, very few 
works have been dedicated to the initiation phase of the 
fatigue proccss. On several occasions the number ofcycies 
required for initiation of structural inhomogeneities in 
the matcriai has been reported’.“. The results of these 
works show that the initiation time can be a major 
fraction of the total fatigue lifetime. especially at lo% 
stress amplitudes. It is also known that fatigue loading 
generally cmbritties the polymers, but the experimental 
information is very sparse and it is still not clear what 
kind of structural changes cause the deterioration of the 
performance of the polymers. Since physical ageing (i.e. 
annealing below the glass transition temperature) also 
embrittles polymeric materials, the role of mechanical 
loading on the apeing kinetics in amorphous polymers 
has been discussed extensively’” ’ 5. Despite some claims. 
direct structural corrciation between the two processes 
has not been established, and it is not clear Lvhether such 
correlation exists at low load ampiitudcs. 

Fatigue failure initiation in semicrystalline poiyoxy- 
methyiene (POM) has been investigated bq SAXS. and 
the results arc interpreted as formation of small voids at 
the crystalline- amorphous interphase boundary”‘. Our 
group recently reported SAXS and transmission electron 
microscopy (TEM) studies”.lx of fatigue craze initiation 
in amorphous poiycarbonate. We demonstrated in these 
studies that the accumulation of fatigue damage leads to 
formation of one or more nanometre-sized voids. which 
later grow into visibic crazes. 

The goal of the present worh is to investigate the 
fatigue-induced changes in the mechanical properties of 
amorphous poiycarbonate. with a focus on the initiation 
phase. An attempt is made to correlate results from 
macroscopic mechanical measurements with the micro- 
scopic results obtained via TEM and SEM methods. 

EXPERIMENTAL 

The material used in this research is amorphous 
poiycarbonate (PC) produced by the Dow Chemical 
Company, with molecular weight M, = 37 200, as deter- 
mined by gel permeation chromatography (g.p.c.) caii- 
brated by light scattering. The PC pellets were dried for 
12 h in vacuum at 100°C and compression mouided into 
i/4 inch (-6.3mm) thick sheets. Smooth dumbbeil- 
shaped specimens with gauge length of 30 mm and width 
of 12.7 mm (l/2 inch) were machined from the sheets. 
After another vacuum drying, the samples were annealed 
at 16O~C (T,- 15O’>C) for 45 min to erase the residual 
stresses from the cutting procedure. Finally the samples 
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The specimens were fatigued using a zomputcr- 
controlled servohydraulic testing machine (Instron 1331 I 
in the load control mode. with loads corresponding to 
maximum stresses in the range IO 40 MPa (yield stress 
(T! =hl MPa at a strain rate of 0.0787min ’ .it 25 (‘1 at 
a constant temperature of 5S C. The I;itigue wah 
performed in the tension regime (ci,,,,,, = OJ. with ;L 
sinusoidal waveform, and a test frcquencq of 5 t1/. Since 
we are mainly interested in fatigue failure initiation. the 
fatigue test was usually interrupted before development 
of visible crazes. In situ measurements of the sampic 
temperature were performed by using a thermocouple 
glued to the surface of the specimens. ‘I‘hc rcspectivc 
volume changes, as a function of the number of cycles 
at some particular stress amplitude. were recorded b> ;I 
pair of surface strain gauges mounted perpendicularly to 
each other, one parallel and the other perpcndicuiar to 
the fatigue stress. Owing to the viscoeiastic nature of the 
polymers. the sample volume does not decrease to its 
initial value when the stress decreases to Lcro at the end 
of each cycle. From the readings of the strain gauges at 
the moment when the stress is Lero, one can dcterminc 
the cyclic residual volume as a function of ihe number 
of c\clc\ at some particular stress amplitude h! using: 

(Ol, I I,-,,-tl ++)(I :-i:,,jJ i Ill 

where A:~, and i:il are the residual strains paraiici and 
perpendicular to the stress direction, respectively, at stress 
zero during the ith cycle. From the readings of the strain 
gauges during each cycle. one can also derive the running 
cyclic modulus: 

E, = fl,,,.,r: ‘(“i.m;ll -i’i.min) (71 

where z~,,,~~ and t:; min are the maximum and minimum 
values of the longitudinal strain for the irh cycle, and 
0 ,nax is the stress amplitude. Thus, h;i corresponds to the 
secant modulus in monotonic loading. 

The mechanical properties of both the fatigued speci- 
mens and the physically aged samples were further 
investigated by using a screw-driven testing machine 
(Instron 4502). The tensile tests were performed by 
loading the specimens to their yield point and sub- 
sequently unloading them to zero stress at a strain rate 
of 0.0787 min ‘. In Figuw 1 is shown the stress-strain 
curve of a fresh PC sample, and with reference to this 
figure the parameters that can be derived from the 
loading/unloading experiments are as follows: ran, yield 
stress; Q,, yield strain; c,~, residual strain immediately after 
reducing the stress to zero; +, final residual strain after 
12 h relaxation at room temperature; U,, the total energy 
of deformation, which is the area under the curve OA; 
CT,, the elastic energy of deformation, which is the area 
under the curve BA; and C:,, the plastic component of 
the total energy (U, - U,). 

The fracture toughness of the various specimens was 
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Strain (?h) 

derived according to the J-integral R-curve method”,“, 
by using series of identically precracked samples. After 
loading to various displacements, the unloaded samples 
were broken open in liquid nitrogen and photographs of 
the crack extensions were analysed by computer. 

Some of the fatigued specimens and a number of 
non-fatigued control samples were frozen in liquid 
nitrogen and broken along a plane perpendicular to the 
original fatigue stress direction. The fracture surfaces 
were coated with - 200 A gold-palladium film, and 
examined on a Hitachi-S800 SEM at an accelerating 
voltage of 2 kV. All of the fatigued samples used for SEM 
studies were free of visible crazes, as determined by optical 
microscopy (at 60 x ). 

The TEM investigations were performed on thin slices 
(50-300 nm) microtomed from the fatigued specimens by 
using a Reichert-Jung ultramicrotome at room tem- 
perature. The microtoming was executed in such a 
manner that the original stress direction is always in the 
plane of the thin slices. The microtomed slices were 
examined without further preparation on a JEOL 4000 
electron microscope at acceleration voltage of 400 kV. 
(More experimental details on the microtoming pro- 
cedures and the TEM measurements are reported in 
ref. 18.) 

RESULTS 

In Fiyurr 2 is shown the change of the surface 
temperature of fresh samples as functions of the stress 
amplitude and number of cycles. It is clear that the heat 
generation is not excessive and after 1500-2000 cycles 
the temperature equilibrates. It can be computed (from 
the sample thickness, thermal conductivity and density 
of PC) that at a stress amplitude of 30MPa the 
temperature in the central part of the specimen is - 1°C 
higher than the surface temperature. For lower stress 
amplitudes this difference is correspondingly smaller. The 
increase of the temperature leads to initial decrease of 
the fatigue modulus (Fiyure 3), compited by using 
equation (21, but after -2000 cycles the strain softening 

is negligible for all stress amplitudes at the test frequency 
used (-5 Hz). 

The cyclic residual volume, computed by using equation 
(l), increases rapidly at the beginning of the fatigue 
process (following the temperature trend), but sub- 
sequently levels off (Figure 4). It should be noted that the 
residual volume increase is due to several interrelated 
factors such as stress amplitude, temperature, non-zero 
average stress (creep component) and possibly the 
damage resulting from the cyclic loading. The increase 
of the stress amplitude increases the sample temperature, 
leading to thermal volume expansion. On the other hand, 
the increase in the temperature causes a decrease in the 
modulus. thus changing the viscoelastic properties of the 
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Figure 2 Surface temperature as 3 function of the number of cycles 
(stress amplitude?, are indicated m the ligure) 
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Figure 3 Futlgut: modulus as a function of the number of cycles (stress 
amplitudes are indicated in the figure: see text for detaikl 
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Figure 4 Residual volume as a function of the number of cycles (stress 
amplitudes are indicated in the figure: bee text for details) 
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polymer, the resultant contribution from the creep 
component and the extent of the material’s relaxation 
within each cycle. While it is difficult to distinguish among 
the various contributions, the individual factors gencralI\; 
increase the specific volume of the material. Residual 
strain measurements performed after the end of the 
fatigue loading demonstrated that the specific volume is 
higher than its initial value (before the fatigue), even after 
12 h of relaxation at zero stress. Based on the analysis of 
the in siru data, we concluded that permanent structural 
changes (ifany) in the specimens used in the present study 
do not result from intensive heat generation. The experi- 
ments were carried out at relatively low temperatures 
and for short times, which precludes any significant 
chemical reactions, thus any changes in the materials 
properties should be attributed to the accumulation of 
fatigue damage. 

The loading and unloading experiments performed 
after the fatigue was stopped showed systematic changes 
in the mechanical properties with increasing stress 
amplitude. These changes include a decrease of the total 
and residual energies (Figure 5), residual strain (not shown 
here) and yield strain (Figurr 6), while the yield stress 
increases somewhat (Figure 7). The fresh samples used 
for this set of measurements were fatigued for 25000 
cycles under constant load control. Optical observations 
revealed that the specimens fatigued with stress ampli- 
tudes of 25 and 30 MPa contain visible crazes, and higher 
stress produced higher craze density. The rest of the 
specimens appeared visually homogeneous. 

Samples subjected to various fatigue histories were 
compared with those subjected to various ageing histories. 
The results show similar trends when the change in the 
mechanical properties of the fatigued specimens as a 
function of the stress amplitude at constant number of 
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Figure 5 Change of the absorbed energies as a function of the stress 
amplitude (samples faiigued for 25 000 cycles at 5 Hz: see text for details) 
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Figure 6 Yield strain as a function of the stress amplitude (sampic!, 
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Figure 7 Yield stress ah a function of the strchh amphtudc I,amplc\ 
lktigued a3 in Fiqwc, 5) 

cycles is compared to the respective variation in samples 
aged at a constant temperature with increasing time 
periods (Figures 5~.-7 vs. Figures &IO). The same result 
(not shown here) is observed if the material is aged at 
increasing temperatures (below T,) for a fixed time period. 
The changes of the mechanical properties of the aged 
material, as expected, are influenced by both the ageing 
temperature and the ageing times. 

The gradual change of the material performance 
described above, while measurable, is relatively small. It 
seems that fatigue loading has a negligible effect on the 
absorbed energy (Fi<gurc 5) and the yield stress (Fiyrrr 
7). Our investigations revealed that cyclic fatigue and 
physical ageing affect more substantially the fracture 
toughness of the amorphous polycarbonate. In Figmu I I 
are summarized the measurements of the fracture 
toughness of the material as functions of the stress 
amplitude and ageing time (ageing temperature 100 Cl. 
The specimens used for this set of measurements were 
fatigued for 10000 cycles at the stress amplitudes 
indicated in the figure. Optical observations revealed that 
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Figure 8 Change of the absorbed energies as a function of the ageing 
time (samples aged at 100 C) 
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Figure 9 Seld strain as a function of the ageing time (samples aged 
at IO0 C) 

all specimens were craze-free at the end of the fatigue 
loading. The multi-sample R-curve method requires 7-10 
specimens for each particular stress amplitude, and since 
the measurements were repeated for 3-5 samples, each 
point in the figure is determined by testing 40-50 
specimens. From the results in Figure 11 it is seen that 
the combined effect of higher stress amplitudes and longer 
ageing times can reduce the fracture toughness by _ 35% 
without any visible changes in the material. 

While optical microscopy did not show material 
discontinuities in the samples aged at 100 C then fatigued 
for 10000 cycles, the TEM investigation of microtomed 
slices from these specimens detected the presence of oblate 
voids with small dimensions parallel to the fatigue stress. 
In Fi~guw I_‘(/ is shown a TEM micrograph of a 
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Figure I1 Fracture toughness dependence on the stress amplitude and 
agclng time (specimens aged at 100 C then fatigued for I0000 cycles 
at the stress amplitudes indicated in the figure) 
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Figure 12 TEM micrographs of protocrazes in fatigued specimens: (a) 
initial void (protocraze): (b) advanced stage of fatigue protocraze 
development. Fatigue stress axis vertical 
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fatigue-induced void with dimension _ IOOnm in the 
direction parallel to the fatigue stress, and in F~LJUW /_?/I 
a more advanced stage of the protocraze development, 
(For more details see ref. 18.) 

In Fi;quw 13 is presented an SEM micrograph of the 
fracture surface of a fresh sample, fatigued at stress 
amplitude of 40 MPa for 10000 cycles. Since fracture at 
room temperature is accompanied by plastic deformation. 
which may obscure the fracture surface structure, the 
samples used for SEM were broken at 77 K. The surface 
of the sample shown in Figure 13 contains structural 
aggregations. which we interpret as a planar image of 
broken protocrazes (the fracture surface is perpendicular 
to the fatigue stress direction). No such formations were 
detected on the fracture surfaces of non-fatigued control 
specimens despite exhaustive searches. The fracture 
surfaces of the fatigued specimens outside the protocraze 
area appeared visually identical to the fracture surfaces 
of the control specimens. 

DISCUSSION 

The above-mentioned trends in the changes of the 
mechanical properties during fatigue failure initiation 
and physical ageing seem to imply that the structural 
changes underlying both processes should be similar too. 
It is well established that annealing at temperatures below 
the glass transition temperature reduces such excess 
thermodynamic quantities as entropy, enthalpy and 
volume2’-‘3. The reduction of the specific volume leads 
to a decrease of the molecular mobility, which ultimately 
embrittles the material as demonstrated in Figures 8 I/. 
Thus, one possible explanation of the source of embrittle- 
ment in the amorphous polycarbonate upon fatigue 
loading is the reduction of the excess volume. The results 

of the irl sif~r measurements. howc~er. \h~~‘r’r tih;tctiy ~IW 
opposite the cyclic residual volume incrcahc\ 1~1th 111~ 
increase of the stress amplitude (F;;/ll~‘ca 4). f-\crl after 13 11 
of post-fatigue relaxation 21 /era stres\. Illi‘ SiltTlpleS 
fatigued for 10000 cycles at n,,,:,, ~-20 M Pa cuhibitcd ;l 
residual \,olume of _ 0.01 ‘!;I. Similarly 1 tie rosulls I’r~~ri~ 
the relaxation experiments of specimcn5 iatigued at 

different stress amplitudes showed that the macroscopic 
volume change is always positive. Furlher ill .j~/lr 
microscopic tneasurements by using positron annihilation 
lifetime spectroscopy (p.a.1.s.) also indicate an Increase 01 
the ‘hole’ volume fraction. which is associated uith higher 
excess volume, with increasing number of cycle:, and or 
stress amplitudes”. All of the above-discussed inform- 
ation suggests that the structural changes during physical 
ageing and fatigue failure initiation arc completely 
different in nature. 

Another possible reason for the fatigue-induced cm- 
brittlement of the amorphous PC is the eventual decrease 
of the molecular weight, i.e. extensive chain scission in 
the course of the cyclic loading. Taking into account that 
the stress amplitudes used in our expcritncnts are 
generally < ci!: 2. along with the considerable mobility 01 
the PC chains at the test temperature. the probability of 
chain scission must be considered very low. G.p.c. 
measurements on craze-free fatigued samples did not 
show any measurable change of the molecular weight 
and weight distribution. Differential scanning calorimetry 
measurements confirmed the absence of significant chain 
scission in the precraze stage since the ‘la \vas constant 
rcgardlcss of the stress amplitude and/or number of cycles 
(a significant decrease in the molecular weight must bc 
accompanied by a decrease in -rg). The increase of the 
specific volume of the fatigued samples is also inconsistent 
with significant decrease of the molecular weight, because 
shorter chains pack mot-c efticientlq. which reducea rhc 
specific volume. Our conclusion is that. while \ome very 
limited chain scission is not excluded prior to craLc de- 
velopment in fatigued PC. its influence on the tncchanical 
properties should be of minimal importance. 

In the above discussion. we analysed possible contribu- 
tions to the mechanical properties from global structural 
changes. i.e. structural changes affecting the entire active 
volume of the specimen. Recent investigations of fatigue 
failure initiation in PC by using SAXS and TEM’y’-‘H 
demonstrate that the process is charactcriLed by signifi- 
cant localization of the fatigue damage. In some random 
localities, the initiation starts with the formation of oblate 
voids or ‘protocrazes’ (see also Figur.L*.s 12~ and I_lh), while 
the rest of the material appears homogencou~. It ib 
reasonable to assume that the presence of such ‘defects’. 
introduced by the fatigue, will affect the mechanical 
properties of the specimens. More specifically, if the 
protocrazes contribute to the reduced fracture toughness. 
one should be able to locate such formations on the 
freeze fracture surfaces of the fatigued specimens. As 
shown in Fiqwr 13, one can detect an agglomeration of 
voids or ‘protocrazes’ with sizes in the nanometre range. 
The investigations also revealed that the number of 
protocraze formations similar to that shown in Fkqurr 1-q 
increases with the increase of the stress amplitude: WC 
found 3- 5 ‘protocrazes’ per fracture surface at the highest 
amplitude (40MPa) and less than one at the lowest one 
(1OMPa). Since the specimens are broken at arbitrary 
locations. it is difficult to quantify the volume number 
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density of voids, but it is clear that it is not very high 
even for the highest Aa used. To our understanding this 
low concentration of fatigue-induced defects, at the 
precraze stage, can explain the very modest changes of 
the ‘static’ mechanical properties, such as yield stress and 
strain and absorbed energies (Figures 5-7). On the other 
hand, the presence of even a small number of structural 
discontinuities can significantly alter the fracture resist- 
ance of the specimens. More detailed investigations are 
needed to elucidate further the effects of the micro- 
structural damage on the mechanical properties of 
fatigued polymers, but it is clear that these effects can be 
substantial without any visible changes in the material. 

Based on macroscopic measurements, some authors 
suggest that, despite the overall increase of the specific 
volume, the fatigue process induces non-uniform volume 
contraction during the precraze stage25. Our measure- 
ments by SAXS”. TEM” and SEM (present work) 
clearly demonstrate that there is no evidence of such 
volume contraction or localized densification. It is quite 
possible, however, that in some small volumes the fatigue 
changes the molecular parameters; for example, the cyclic 
loading may generate regions with reduced entanglement 
density. Such regions may further serve as initiation sites 
for fatigue-induced protocrazes. 

CONCLUSIONS 

The results reported in the present work demonstrate 
that the damage accumulated in the fatigue failure 
initiation phase has a limited effect on the ‘static’ 
mechanical properties of the amorphous polycarbonate. 
The effects on the fracture resistance (fracture toughness) 
of the polymer are much more significant. It is demons- 
trated that the fatigue embrittlement of the material is 
fundamentally different from the embrittlement caused 
by physical ageing. despite the similar trends in their 
mechanical properties. The fatigue-induced embrittle- 
ment, in the precraze stage, most probably results from 
generation of material discontinuities in the shape of 
oblate voids or ‘protocrazes’. 
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