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SYNOPSIS 

The tensile fatigue behavior of two engineering thermoplastics (polyacetal and nylon,,,) 
were studied by measuring changes in the dynamic viscoelastic response together with 
changes in potential energy density, strain energy density, and irreversible work. The results 
show that both stress softening and hardening can occur in controlled load cyclic conditions. 
At high stress levels and/or frequencies, both the polyacetal and nylon,,, show evidence of 
thermal softening as characterized by changes in their dynamic viscoelastic properties and 
decrease in storage modulus with corresponding increases in loss modulus and loss tangent. 
This effect is supported by observed decreases in the overall crystallinity as measured in 
DSC experiments. At lower stress levels (the mechanically dominated region), all results 
indicate that, although fatigue crack propagation (FCP) is one of the mechanisms governing 
the fatigue life, its contribution is minor and crack initiation time constitutes the majority 
of the fatigue life. Also, during the initiation stage, both materials become less viscoelastic 
and more elastic. This phenomenon is evidenced by overall reductions in the loss modulus, 
loss tangent, and irreversible work densities while the storage modulus is maintained. 
0 1995 John Wiley & Sons, Inc. 

I NTRO DU C T l O  N 

Today, engineering thermoplastics are commonplace 
in many structurally demanding applications. They 
are used for pipes, for automotive components, and 
a wide variety of other structural and mechanical 
components (e.g., gears pumps). Usually these ma- 
terials are chosen for either their high specific 
strength and toughness, their inherent resistance to 
corrosion in aggressive environments, or for fabri- 
cation advantages. Yet in comparison to other 
structural materials (e.g., metals) little is known 
about the mechanisms which govern their fatigue 
life. 

The mechanisms governing the fatigue life in 
metals have been the topic of discussion in the en- 
gineering community for over a century.'-' Hence, 
a wealth of knowledge exists which enables engineers 
to confidently design metal parts for applications 
where the loads are expected to fluctuate or cycle 
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over their service lives.8 A variety of studies have 
been conducted in metals which clearly define the 
effects of grain morphology and dislocations on fa- 
tigue For example, the decrease in internal 
damping together with the increase in modulus dur- 
ing cyclic loading of steels have been attributed to 
the gradual restriction of dislocation motions.' 

In contrast to metal alloys, relatively little is 
published describing the mechanisms which control 
the fatigue life in polymers. Many of the earlier 
studies are phenomenological in nature and typically 
focus on the development of stress-lifetime (S-N) 
data for specific polymer systems and loading fre- 
quencies. However, some studies have investigated 
the effects of different polymer morphologies and 
molecular architectures." These studies have shown 
that additives (antioxidants and nucleating agents), 
molecular weight, and thermal history all have a 
dramatic effect on the fatigue life of a polymer 

Effects of hysteretic heating during fatigue have 
also been studied in  polymer^.'^-'^ These studies 
have shown that the thermal effects caused from 
hysteretic heating dominate the low cycle fatigue 
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regime (i.e., at higher stress levels and frequencies) 
and only become less dominant in the higher cycle 
fatigue range (lower stress levels and frequencies). 
Consequently, in the low cycle regime, the fatigue 
life is strongly dependent on the amplitude and fre- 
quency of loading as well as the specimen size and 
geometry. Constable et al.15 recognized that the fa- 
tigue life of thermoplastics can be dominated by ei- 
ther of these effects. As a result, they developed a 
model which estimates the temperature rise in a 
specimen due to hysteretic heating. Also, they 
showed that thermal fatigue failure occurs in a sam- 
ple when the temperature does not stabilize and in- 
creases above the melt temperature of the polymer. 
In these cases, the resulting failure is usually ductile 
in nature. These studies have proven to be signifi- 
cant milestones in describing the fatigue behavior 
of polymeric materials in the low cycle fatigue regime 
(i.e., high stress levels and or high frequencies). 

Fracture mechanics concepts have been applied 
to many polymers to describe the mechanisms which 
dominate the lifetime in the high cycle fatigue re- 
gime.'0~'6-20 The crack growth kinetics have been 
compiled in the literature 10~16-20 for a wide variety 
of amorphous and semicrystalline polymers. It is well 
established that a materials resistance to fatigue 
crack propagation (FCP) influences its fatigue per- 
formance. But in many applications the total fatigue 
life includes both the time required to initiate a crack 
as well as the time to grow the crack to a critical 
size (i.e., initiation and propagation times). How- 
ever, the initiation time in many engineering ther- 
moplastics is much greater than the propagation 
time and quite often dominates the total life. Un- 
fortunately, fracture mechanics principles cannot 
yet predict the time required to initiate a crack in 
these materials. 

A few studies have been conducted on polymers 
which describe the changes induced in the material 
as a result of a fatigue load.21-26 Bouda" found that 
the effects of fatigue on glassy polymers could either 
manifest as stress hardening or softening depend- 
ing, among other things, on the particular material 
being investigated. He also noticed that significant 
changes in the dynamic viscoelastic behavior of 
these materials occurred as they were exposed to 
fatigue. Similarly, Takahara et al. in numerous 
investigations 22-24 measured changes in the visco- 
elastic response of a variety of different polymer 
systems and observed changes in the storage and 
loss moduli during fatigue. More recently, Sakurai 
et aLZ6 conducted a comprehensive investigation of 
changes induced in polyurethanes subjected to fa- 
tigue. They presented dramatic evidence of mi- 

crostructural changes occurring after a fatigue load 
was applied. These changes were attributed to 
changes in crystallinity in addition to dissociation 
of the hard-segment microdomains. Hence, a 
realistic model which describes the initiation of 
cracks in polymers subjected to fatigue must take 
these effects into account. 

This paper summarizes results from the first stage 
of an investigation whose aim is to elucidate the 
mechanisms of fatigue which govern the fatigue life 
in engineering thermoplastics. Herein, two com- 
monly used engineering thermoplastics were selected 
for investigation; Celcon M90 (polyacetal copolymer 
supplied by Celenese) and Zytel 101 ( n y l ~ n ~ , ~  sup- 
plied by Dupont). These thermoplastics were se- 
lected because they are used in a wide variety of 
applications and have comparable fatigue perfor- 
mances as published in earlier literature." We pres- 
ent experimental results from in situ measures of 
irreversible deformation, the solid-state viscoelastic 
response, and the energetics (i.e., strain energy den- 
sity, potential energy density, irreversible work 
density) during the fatigue process. These results 
together with other supportive analyses show that 
these materials can either stress soften and/or stress 
harden depending, among other things, on the am- 
plitude and frequency of loading. Also, for the case 
of the we show that instabilities can occur 
over instances in time during the fatigue process 
which alter the materials resistance to further fa- 
tigue and do not necessarily lead to eminent failure. 

EXPERIMENTAL PROCEDURE 

The thermoplastics characterized in this study in- 
clude a Zytel 101 ( n y l ~ n ~ , ~ ,  supplied by Dupont) , 
and Celcon M90 (polyacetal copolymer supplied by 
Celenese) . In both cases, 3.2-mm-thick ( i-inch) 
ASTM D638 Type I tensile bars (illustrated in Fig. 
1) were injection molded by the suppliers and pro- 
vided to our department for evaluation. Both ma- 
terials were conditioned for 8 weeks a t  23°C and 
50% relative humidity prior to testing. 

All fatigue testing was conducted on an Instron 
Model 1321 servo-hydraulic machine in a load-con- 
trolled mode. The fatigue loads were applied in a 
sinusoidal fashion a t  a frequency of 2 Hz. This fre- 
quency was chosen on the basis of preliminary ex- 
periments with the goal being to minimize thermal 
effects from hysteretic heating. The maximum stress 
level was selected and maintained constant for in- 
dividual experiments and adjusted throughout the 
study. The minimum stress level was maintained a t  
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Figure 1 Schematic illustration of the clogbone tensile 
bars used in the tensile fatigue tests. The bars were in- 
jection molded to the dimensions above in accordance to 
the ASTM D-638 specifications. 

2.2 MPa for all tests. A schematic illustration of the 
loading cycle is shown in Figure 2. The minimum 
stress level was selected to maintain a preload in 
the load train during the test as well as to allow for 
failure detection. Testing ceased when the specimens 
could no longer sustain a load of 1 MPa, or when 
the axial strain (dynamic + static) evolved beyond 
100%. Also, all fatigue testing was conducted under 
CTCH (controlled temperature and controlled hu- 
midity; 23°C and 50% ) conditions. 

The Instron test frame was controlled with a 
Model 8500 Dynamic Test System. Using software, 
hysteresis loops of the crosshead load and axial 
strain were stored digitally for prespecified cycles 
( i.e., either logarithmically or periodically) through 
the duration of the test. Afterward, the hysteretic 
data were processed to calculate irreversible strain, 
dynamic viscoelastic parameters (E' ,  E", and tan 
6 ) ,  and energy densities for each stored cycle. The 
definition of these parameters is illustrated in Figure 
3. The dynamic viscoelastic parameters were cal- 
culated by minimizing the error between a curve 
calculated using the linear viscoelastic parameters 
and the measured data. The energy densities (e.g., 
potential energy, strain energy, and irreversible work 
densities) were calculated through direct integration 

of specific parts of the hysteresis loops as shown in 
Figure 3. 

Differential scanning calorimetry ( DSC ) studies 
were conducted on the materials prior to testing and 
after exposure to the fatigue test. All analyses were 
conducted on a DuPont Model 910 differential 
scanning calorimeter with a Model 9900 computer / 
thermal analyzer. Samples were prepared for DSC 
by freeze fracturing the gage area of the ASTM D638 
tensile bar in liquid nitrogen and selecting 5-10 mg 
samples for analysis. The analyses were started at 
an initial temperature of -20°C and heated at a rate 
of 20"C/min. The polyacetal samples were taken to 
a maximum temperature of 21OOC and the nylons,6 
samples were taken to a maximum temperature of 
310°C. 

RESULTS AND DISCUSSION 

S-N Curves 

Figure 4 contains plots of the S-N data for the po- 
lyacetal and The ordinate and abscissa are 
the maximum stress (see Fig. 2) and the number of 
cycles to failure, respectively. Notice that both the 
polyacetal and nylons,6 display a thermally domi- 
nated region which resides at higher stress levels, 
and a mechanically dominated region which resides 
at lower levels. These regions have been reported in 
these materials previously" and are common in 
many polymer systems. 

In the thermally dominated region the polyacetal 
demonstrates somewhat better fatigue resistance as 
compared to the Also, the transition stress 
level where the regions switch from thermally dom- 
inated to mechanically dominated is higher for po- 
lyacetal when compared to the n y l ~ n ~ , ~  (i.e., ap- 
proximately 50 MPa for the polyacetal and 40 MPa 
for the nylons,6). However, caution should be ex- 

Loading History 

lime (sec) 

--If - 
Figure 2 
controlled stress tensile fatigue tests. 

Illustration of the loading curves used in the 
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Irreversible Strain Dynamic Viscoelastic Behavior 

Fa = Irreversible Strain 

E u E" = (-,a-)sin((s) 

Energy Density Calculations 

E F. E 
Potential Energy Strain Energy Irreversible Work 

Figure 3 
from the fatigue hysteresis loops. 

Schematic drawings providing definition of terms for information extracted 

ercised when making performance-based judgments 
on these results since the thermally dominated re- 
gion is dramatically affected by the test frequency, 
the test temperature, and the size and shape of the 
specimen. 

In the mechanically dominated regions, the 
demonstrates somewhat better fatigue re- 

sistance when compared to polyacetal. For example, 
at a stress level of 30 MPa the n y l ~ n ~ , ~  can sustain 
more than 2 X lo7 cycles before failure and poly- 
acetal will last approximately 5 x lo6 cycles (see 
Fig. 4 ) .  

If the mechanically dominated regions were gov- 
erned by fatigue crack growth alone, one would ex- 
pect the polyacetal to have better performance since 
it is more crystalline and demonstrates better resis- 
tance to subcritical fatigue crack growth." On page 
131, Hertzberg and Manson'' illustrate the relative 
performance of various polymeric materials with re- 
gard to their fatigue crack growth kinetics. The ma- 
terials presented by Hertzberg and Manson include 
both n y l ~ n ~ , ~  and polyacetal. The data are presented 
whereby the parameters which describe the crack 
growth rates for these materials can be obtained. 
The crack growth rates are expressed in terms of a 
Paris type law given by 

da - _  - A(AIQm 
d N  

the threshold stress intensity (Kth), the fracture 
toughness ( K J ,  and the Paris coefficients ( A  and 
m) were extracted for both the polyacetal and 
ny10n6,6. 

Polyacetal 
I ~ ~ T-7- -- 80 

I 1 *Thermally Dominated Regmn 

20 : Mechanically Dominated Region ' 

0 1 , . ,,,,. 1 , .  . .I . . ,,..., , ..,~..., I ii.d-iurLLui 

101 102 103 104 105 106 107 108 

Cycles 

NylOn6,6 
, , , - ,  .. , , , ,,.,, ~ . , . , , , .  , , .,,,. I T___. , , , , , , ,  

i Thermally Dominated Region 

a, 
L 
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tj 

Mechanically Dominated Region 20 
I 1 

Figure 4 Plots of the fatigue stress-lifetime (S-N) 
curves for polyacetal (top) and nylons6 (bottom). The stress 
level on the ordinate of these plots correspond to u,,, in 
Figure 2. 

where a is the crack length, AK is the change in 
stress intensity, N is the number of cycles, and A 
and m are power law coefficients. From these plots, 
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For the sake of comparison, consider the case 
when a defect initiates a crack on the surface of the 
specimen. The resulting equation for the stress in- 
tensity K1 in this case can be represented by eq. (2): 

where CT is the remotely applied stress, a is the crack 
length, b is the specimen width, and F(a/b) is a 
function which accounts for the specimen geometry. 
The function F(a/b)  for this geometry is available27 
and can be determined by 

K1 = cr&F(a/b) (2) 

PU 0.752 + 2.02(a/b) + 0.37[1 - sin(aa/2b)13 
F(a/b) = 4: tan(%) \"I cos( 7ru/2b) 

Integration of eq. (1) to obtain an expression for the 
fatigue life yields the following result: 

da 
N p =  s,, A(aK)m (4) 

In eq. (4), a. is defined as the initial crack length 
(i.e., the crack length at Kth) and acr is the final crack 
length (the crack length at Kl,). Using eqs. (2)-(4) 
together with the specimen geometry and a maxi- 
mum applied cyclic stress of 30 MPa, the lifetimes 
with regard to crack propagation were computed and 
compared to the fatigue data in Table I. 

In Table I, Kth and K,, are the threshold stress 
intensities from reference 10, A and m are the Paris 
law coefficients extracted from the data in reference 
10, Np is number of cycles required to propagate the 
crack from its threshold size to the critical length 
[calculated using eq. (4)], N, is the total measured 
cycles to failure (from S-N curves), and Ni is the 
number of cycles required for crack initiation (Ni 
= N, - Np) .  Table I shows that although polyacetal 
has better resistance to fatigue crack growth, the 
n y l ~ n ~ , ~  has a larger overall fatigue life and conse- 
quently must have a greater resistance to crack ini- 
tiation. Table I also demonstrates that the lifetimes 
of both of these polymer systems in the mechanically 
dominated regions are not due to the materials re- 
sistance to crack growth alone and that their resis- 
tance to crack initiation time plays a dominant role. 

Evolution of Hysteresis loops 

In general, the hysteresis loops in polymeric mate- 
rials will show stress softening effects in the ther- 
mally dominated region and will show no softening 
or even hardening in the mechanically dominated 
region. These responses are shown typically for po- 
lyacetal in Figure 5. 

Notice in the thermally dominated region in Fig- 
ure 5, the hysteresis loops show a progressive in- 
crease in compliance and irreversible work as the 
material is fatigued. This phenomenon has been re- 
ported by others13-15 and primarily results from hys- 
teretic heating during the fatigue process. Hysteretic 
heating during fatigue is inherent in many polymer 
systems because of the relatively high internal 
damping characteristics combined with the rela- 
tively low thermal conductivities present in these 
materials. 

Figure 5 also illustrates the hysteretic behavior 
of polyacetal in the mechanically dominated region. 
Notice that, in this region, the hysteretic behavior 
is strikingly different. First, the material maintains 
its stiffness (and actually increases slightly) as it is 
fatigued. Also, the irreversible work (area within the 
hysteresis loop) decreases as the material is fatigued. 
Earlier studiesl3-I5 have attributed failure in this re- 
gion to be dominated by subcritical crack growth. 
However, although clear evidence of fatigue crack 
growth can be observed on the fracture surfaces of 
the failed specimens, classical fracture mechanics 
principles alone cannot account for the observed 

Table I 
Frequency of 2 Hz 

Comparison of Fracture and Fatigue Lifetimes at a Maximum Stress of 30 MPa and a 

Kth K1C 
Material (MPa m"') (MPa m"') A m NP N f  N; 

Ny10n6.6 2.0 6.0 5.4 x 10-9 6.8 9000 2 x lo7 - 2 x 107 
Polyacetal 2.5 3.1 1.3 x 10- l~  20.0 186000 5 x 106 - 4.8 X lo6 
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Pol y acet al Hysteresis Evolution 
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Figure 5 Plots of hysteresis loops for polyacetal fatigued in the thermally dominated 
region (left) and the mechanically dominated region (right). The numbers located by each 
hysteresis loop indicate the cycle number for that hysteresis loop. 

changes in the hysteretic behavior in this region. 
That is, a continual increase in the compliance is 
expected to occur as a natural result of crack growth. 
Yet, over the majority of the lifetime in the me- 
chanically dominated region, polyacetal shows no 
appreciable change in compliance. Hence, it is ex- 
pected that other mechanisms dominate the lifetime 
prior to crack growth in this region. 

In comparison to polyacetal, the hysteretic re- 
sponse of nylonss is more complex. First, no clear 
distinction exists between the observed phenomena 
in the thermally dominated and mechanically dom- 
inated regions. This observation could be due in part 
to the fact that a clear mechanically dominated leg 
in the S-N curve (Fig. 4) was not achieved within 2 
X lo7 cycles. However, regardless of the region (i.e., 
regardless of the stress level), the hysteresis evolu- 
tion show evidence of both stress softening and 
hardening. These phenomena occur in a sequential 
manner over brief segments in the lifetime, with the 
softening happening first followed by the hardening. 
An illustration of this phenomenon is shown typi- 
cally for n y l ~ n ~ , ~  in Figure 6. 

In order to investigate the changes in hysteretic 
behavior more closely, quantitative characteriza- 
tions of the hysteretic evolutions were conducted. 
Each of the stored hysteresis loops were digitally 
processed with a computer program designed to cal- 
culate the irreversible strain, rheological properties 

Nylon6.6 Hysteresis Evolution 
40 

0 
000 0 05 0 10 0 15  

Strain (cm/crn) 

Figure 6 Plots of typical hysteresis loops for nylons6. 
Notice the effects of stress softening up to cycle 2000 with 
subsequent stress hardening occurring beyond that. 
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(i.e., E ,  E", and tan 6), and the energy densities (po- 
tential, strain, and irreversible work). The following 
sections will present the results from these analyses. 

Irreversible Strain 

The irreversible strain is defined herein as the per- 
manent strain developed in the sample during fa- 
tigue. It is calculated by linearly extrapolating the 
lower quarter of the unloading portion of the hys- 
teresis loop to a zero stress level (see Fig. 3). 

Figure 7 presents the measured irreversible strain 
for six polyacetal samples fatigued at different stress 
levels ranging between 45 and 56 MPa. Figure 7 
shows that the irreversible strains essentially in- 
crease incrementally with the applied cycles over 
the complete range of maximum applied stress levels. 
The maximum permanent strain ranged between 2 
and 4% and averaged approximately 3.5%. Note that 
this strain is well below the failure strain measured 
from a uniaxial tension test (ef = 60%). 

Figure 8 presents the irreversible strains mea- 
sured in the n y l ~ n ~ , ~  fatigue tests. Figure 8(a) and 
(b) shows the same data plotted at different scales 
on the ordinate. The strain curves in Figure 8 cor- 
respond to maximum stress levels ranging between 
35 and 44 MPa. At  first glance, Figure 8(a) appears 
to distinguish between the deformational response 
in the thermal and mechanical regions. If a maxi- 
mum stress is applied greater than or equal to 38 
MPa (the apparent knee), the n y l ~ n ~ , ~  samples un- 
dergo drawing at prescribed instances in their life- 
times. Also, the amount of drawing is closely related 
to the magnitude of the applied stress. After drawing, 
the samples continue to sustain the fatigue load. 

Below the 38 MPa knee, the n y l ~ n ~ , ~  first appears 
to fatigue continuously and undergoes no dramatic 

0.06 

- 5 0.04 

- E, 
c .- 
F 

0.02 

0.00 

Polyacetal Irreversible Strains 

Cycles 

Figure 7 Plots of the irreversible strains occurring in 
polyacetal during fatigue at  different maximum stress lev- 
els. 
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Figure 8 Plots of the irreversible strains occurring in 
nylon6, during fatigue at  different maximum stress levels. 
Graphs a and b both present the same data except that 
the scale on the ordinates are different. Comparison of 
these two graphs show that the drawing phenomenon oc- 
curs in both the thermally dominated and mechanically 
dominated regions. 

changes [Fig. 8(a)]. However, Figure 8(b) shows the 
same data plotted at a different strain scale. In Fig- 
ure 8(b), all of the strain curves demonstrate the 
same behavior as those discussed previously. Con- 
sequently, the samples resist permanent 
strain for a period of time, then undergo brief periods 
of relatively large irreversible strain followed by a 
stable period where the material can continue to 
sustain the fatigue load. In some cases this process 
is repeated. 

Dynamic Viscoelastic Behavior 

The hysteretic information was used to calculate 
dynamic viscoelastic parameters during the fatigue 
process. These parameters include the storage (E')  
and loss (E") moduli, and the loss tangent (tan 6). 
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Polyacetal 
Dynamic Viscoelastic Behavior 
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Figure 9 Graphs presenting the dynamic viscoelastic 
behavior for the polyacetal fatigued over a range of 
maximum stress levels. The top graph presents the 
storage moduli ( E ' ) ,  the middle graph presents the loss 
moduli ( E " ) ,  and the bottom graph presents the loss 
tangent (tan 6 ) .  

Figure 9 presents the results for the polyacetal sam- 
ples fatigued over the range of stresses discussed 
earlier. 

Inspection of the data in Figure 9 shows that in 
the thermally dominated region (> 50 MPa) the 
storage modulus of the polyacetal decreases while 
the loss modulus and loss tangent increase through- 
out its lifetime. This is an expected response for a 
material whose behavior is significantly affected by 
hysteretic heating. 

However, in the mechanically dominated region 
(< 48 MPa maximum stress) the material shows an 
initial slight drop in the storage modulus followed 
by a gradual increase to nearly the initial level prior 
to  failure. The loss moduli in this same region is 

relatively stable a t  first and then decreases contin- 
ually as its lifetime is exhausted. This combined ef- 
fect of the moduli response results in the decline of 
the tan 6 (Fig. 9). These curves imply that the po- 
lyacetal is becoming more elastic and less visco- 
elastic during the fatigue process in the mechanically 
dominated region. 

The viscoelastic data for the nylon6,6 are shown 
in Figure 10. These plots show the stress softening 
and subsequent hardening effects occurring a t  all 
stress levels (i.e., in both the mechanically and ther- 
mally dominated regions). Another interesting point 
is that the magnitude of the moduli changes in the 
transition regions together with the time when these 
transitions occur along with their duration are all 
strongly dependent on the maximum stress level. 

E" 1 

0 1 " ' ' ' , . . . . . I  " """  ' ' " ' ' 

10' 102 103 104 105 106 107 

Cycles 

-. . , . . .  
101 102 103 104 105 106 107 

Figure 10 Graphs presenting the dynamic viscoelastic 
behavior for the nylon, fatigued over a range of maximum 
stress levels, The top graph presents the storage moduli 
(E') ,  the middle graph presents the loss moduli (E"),  and 
the bottom graph presents the loss tangent (tan 6). 
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In contrast to the polyacetal (Fig. 9), the 
loss moduli and loss tangents (Fig. 10) all show a 
higher degree of fluctuation. The causes for these 
fluctuations are still under investigation, however, 
some general observations regarding their results 
can still be made. First, the loss moduli show dra- 
matic increases followed by decreases in transition 
periods where the material softens and hardens. In 
addition there is gradual decay in the loss moduli 
(e.g., from 150 MPa at  the start of the test to 100 
MPa at failure) and loss tangents over the lifetime 
of the test. Consequently, the overall changes in the 

are similar to those measured in the poly- 
acetal except that there are additional changes which 
occur over brief time segments. 

Changes in Energy Densities 

The potential energy density, the strain energy den- 
sity, and the irreversible work densities were cal- 
culated by integrating various portions of the hys- 
teresis loops as shown in Figure 3. Note that for the 
calculation of the potential energy density, the hys- 
teresis loops are translated to a strain level such 
that a t  no applied stress no applied strain results. 
This adjustment is made in accordance with stan- 
dard fracture mechanics methods for calculating the 
energy release rates for crack growth under load 
controlled conditions. 

Figure 11 summarizes the energy density results 
for the polyacetal. Notice that in the thermally 
dominated regions all densities increase as would be 
expected from hysteretic heating. However, at lower 
stress levels (i.e., mechanically dominated region), 
the potential energy and strain energy densities are 
very uniform throughout the lifetime. This uniform 
performance is very attractive to material users since 
it implies that parts made from it will behave uni- 
formly throughout their lifetimes. The only subtle 
but noticeable change in the energy densities at the 
lower stress levels resides in the irreversible work 
which shows that this material continually dissipates 
less energy as it approaches failure. 

Another point to note is that the potential energy 
behavior of polyacetal a t  the lower stress levels (i.e., 
45 MPa) shows no evidence of crack growth. That 
is, the energy release rates for crack growth calcu- 
lated from these data would be negligible. Hence, 
again these results suggest that the mechanically 
dominated region in polyacetal is not governed by 
crack propagation alone. 

The energy density results for the n y l ~ n ~ , ~  are 
shown in Figure 12. Notice that all the energy den- 
sities show increases, peaks, and subsequent de- 

creases in behavior. Careful inspection of the curves 
shows that the energy densities (potential, strain, 
and irreversible work) are a t  a maximum at the in- 
stant that the storage and loss moduli are at their 
minimums. These phenomena, in turn, occur when 
the irreversible strain rate is at a maximum. The 
only conceivable way in which the energy densities 
could be a maximum and the corresponding moduli 
be a minimum is if the elastic compliance at  that 
instant is maximized. Consequently, there is a period 
where the n y l ~ n ~ , ~  appears to behave elastomerically 
prior to stiffening up. Again, these effects cannot be 
explained with the use of conventional fracture me- 
chanics. 

Morphological Investigation 

DSC analyses were conducted on selected samples 
of both the polyacetal and n y l ~ n ~ , ~  to investigate 
whether changes in the degree of crystallinity 
could be detected. The results are summarized in 
Table 11. 

The percent crystallinities calculated in the last 
column of Table I1 used latent heat of fusion data 
previously published.28 The data in Table I1 indicate 
that the degree of crystallinity seems to decrease 
slightly as a result of exposure to fatigue at high 
stress levels (i.e., thermally dominated region). 
However, at lower stress levels (mechanically dom- 
inated regions) the materials show no evidence of 
reduction in crystallinity and even suggest slight in- 
creases may occur as a result. Additional studies are 
ongoing to identify the significance of the above 
measured differences. 

CONCLUSIONS 

Changes in the mechanical behavior have been 
studied during fatigue through continual monitoring 
and analysis of the hysteretic response polyacetal 
(Celcon M90) and (Zytel 101 ). The analysis 
included determinations of the irreversible strain, 
dynamic viscoelastic properties, and energetics of 
fatigue histories resulting from both thermally 
dominated and mechanically dominated fatigue. 

The results show that both stress softening and 
hardening can occur in controlled load cyclic con- 
ditions. At high stress levels and/or frequencies, 
both the polyacetal and nylon6,, show evidence of 
thermal softening as characterized by changes in 
their dynamic viscoelastic properties and decrease 
in storage modulus with corresponding increases in 
loss modulus and loss tangent. This effect is further 
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Figure 11 Graphs presenting the energy density evo- 
lution for the polyacetal fatigued over a range of maximum 
stress levels. The top graph presents the potential energy, 
the middle graph presents the strain energy, and the bot- 
tom graph presents the irreversible work densities. 

supported by observed decreases in the overall crys- 
tallinity as measured in DSC experiments. 

At  lower stress levels (the mechanically domi- 
nated region), all results indicate that although FCP 
is one of the mechanisms governing the lifetime of 
these materials, its contribution is minor to the 
overall lifetime of the specimen and crack initiation 
time constitutes the majority of the fatigue life. 
Moreover, during the initiation stages both materials 
appear to become less viscoelastic and more elastic, 
this being evidenced by overall reductions in the loss 
modulus, loss tangent, and irreversible work den- 
sities while the storage modulus is maintained or 
even increases. Additional results indicate that no 
decreases in the degree of crystallinity can be mea- 
sured in this regime (and the results may even sug- 
gest the possibility that subtle increases may occur). 

Another significant point is the observation that 
although the polyacetal is more crystalline and has 
a better resistance to subcritical crack growth when 
compared to n ~ l o n ~ , ~ ,  the n y l ~ n ~ , ~  has a higher over- 
all fatigue life. This implies that in applications 
where cyclic or fluctuating loads are expected, the 
material with the greatest resistance to crack growth 
may not be the material which will provide for the 
greatest overall fatigue life. To this end, no system- 
atic studies have yet been conducted identifying the 
origins of the superior fatigue performance of 

Finally, the observed relatively brief instances 
where the n y l ~ n ~ , ~  undergoes stress softening fol- 
lowed by subsequent hardening are intriguing and 
still under investigation. Whether this phenomena 
is unique to n y l ~ n ~ , ~  exposed to 50% relative hu- 
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Figure 12 Graphs presenting the energy density evo- 
lution for the nylon, fatigued over a range of maximum 
stress levels. The top graph presents the potential energy, 
the middle graph presents the strain energy, and the bot- 
tom graph presents the irreversible work densities. 
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Table I1 Summary of DSC Scans on Polyacetal and 

Fatigue Stress Cycles to T, A H  Crystallinity 
Material (MPa) Failure ("C) (Jk) (%I 

Ny10n6.6 

Polyacetal 

Control 
42 
36 
Control 
56 
42 

NA 58 88 
556 52 54 
5 x 106 56 99 
NA 63 141 
358 64 136 
1 x 106 62 151 

43 
26 
48 
59 
57 
63 

midity is not known a t  this time. However, i t  is ex- 
pected that these types of transitions can create real 
challenges in the development of realistic models 
for predicting fatigue lifetimes and may severely 
limit the applicability of current cumulative damage 
theories. 
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