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Cyclic stress fatigue and thermal softening 
failure of a thermoplastic 
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The application of a cyclic stress to a polymeric material causes its temperature to 
rise with the result that failure may occur by one of two completely different 
mechanisms. In the first the temperature rises for a time but then stabilizes and allows 
a conventional crack initiation and propagation process to take place. In the second 
type of failure the temperature continues to increase and results in a thermal softening 
failure in the material. 

Uniaxial fatigue tests have been carried out on injection moulded acetal co-polymer 
specimens and the conditions under which each type of failure occurs have been 
analysed theoretically and empirically. Using relatively simple analysis, indication is 
given as to how quite acceptable predictions of the observed temperature rises may be 
made. The effects of mean stress, strain control, as opposed to load control, and cyclic 
waveform on polymer fatigue behaviour are also indicated. 

In addition electron microscopy studies were carried out on the fatigue failures of the 
injection moulded specimens and these show that microscopic fatigue striations are 
present and that the size of the defect which has initiated crack growth is typically about 
0.13 mm (0.005 in.). 

I. Introduction 
There are relatively few references [1-6] relating 
to the fundamentals of fatigue of unreinforced 
thermoplastics. This is probably because these 
materials are not often used for engineering 
components subjected to cyclic stresses. How- 
ever, that situation is not likely to last and there- 
fore a sound knowledge of fatigue behaviour is 
desirable. As with the other aspects of the 
mechanical properties of plastics it is preferable 
that this data should be presented in a manner 
similar to that used for metals. It is then only 
necessary to inform the designer on specific 
topics which arise from the peculiarities of 
thermoplastic behaviour. In the case of polymer 
fatigue the main peculiarity is undoubtedly the 
thermal aspect of failure. 

In contrast to metals, plastics have low 
thermal conductivity and high damping pro- 
perties which result in a temperature rise in the 
specimen during cyclic loading. Depending on 
the combination of loading parameters the 
temperature may rise continuously leading to 
thermal softening failure without crack pro- 
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pagation [3, 4]. Alternatively for certain limits 
of frequency and cyclic stress the temperature 
will rise for a period but then achieve a stable 
value and a conventional form of fatigue crack 
can be initiated and propagated to complete 
failure [1, 2]. 

In this investigation the fatigue behaviour of 
an engineering thermoplastic is described and 
the thermal aspect of failure is analysed both 
theoretically and empirically in an attempt to 
indicate methods which may be used in deciding 
what type of failure can be expected under 
selected loading conditions. In particular the 
effects of strain control, load control, waveform 
and mean stress on fatigue behaviour are con- 
sidered. The morphology of the conventional 
fatigue fracture of injection moulded specimens 
is also examined using electron microscopy. 

2. Material and apparatus 
After consultation with the plastics industry an 
acetal copolymer was selected as the material to 
be tested since it is a tough engineering thermo- 
plastic likely to be used in a cyclic stress situation. 

�9 1974 Chapman and Hall Ltd. 



C Y C L I C  S T R E S S  F A T I G U E  A N D  T H E R M A L  S O F T E N I N G  F A I L U R E  O F  A T H E R M O P L A S T I C  

Special moulds were designed so that the speci- 
mens could be injection moulded under various 
conditions (single end gated, double end gated, 
centre gated, rough and polished mould surfaces). 
Further details of material and moulding 
operation are given elsewhere [9]. The design of 
the specimen is illustrated in Fig. 1. 

SUF|ace Area =0./~rntn-i 
V0tume 

SECTION AA 
air dimensioas in mrn 

Figure 1 Uniaxial fatigue specimen. 

The cross-section had to be adequate to resist 
buckling in compression, but not too thick so as 
to make a good quality moulding difficult, hence 
the tubular cross-section. This had the additional 
advantages of an extra surface for heat transfer 
and the ability to accommodate at some future 
date internal pressure, some coolant or an 
aggressive environment. The parallel length of 
the specimen was designed to accommodate an 
extensometer. 

The fatigue tests were carried out on a push- 
pull hydraulic servo-controlled machine having 
load ranges of 5 and 20 kN, extension ranges of 
0.25, 0.5 and 2.5 mm and a frequency range from 
0.1 to 100 Hz. Further details of the machine 
and extensometry are given elsewhere [9]. 

The surface temperature rise of the specimens 
during cyclic loading was recorded using an 
infra-red radiation thermometer. 

3. Results and discussion 
As described in the Introduction the application 
of a cyclic stress to a thermoplastic results in a 
temperature rise which is strongly dependent on 
the cyclic frequency and the applied stress. As 
would be expected from the visco-elastic 
behaviour of polymers the rise is also dependent 
on the mode of control and so in Fig. 2 the 
nature of the temperature rise is shown for fully 

reversed cycling at a frequency of 5 Hz under 
load control. 

At the lower stresses the temperature of the 
material rises but then stabilizes and allows a 
conventional type of fatigue failure to occur. If  a 
higher stress amplitude is used then there is a 
higher stable temperature rise until eventually a 
particular stress amplitude is reached where the 
temperature, instead of stabilizing, continues to 
increase. This results in a thermal failure in the 
material through a drastic drop in modulus. The 
way in which this behaviour effects the fatigue 
properties of the material is shown in Fig. 3. 

At 5 Hz a thermal runaway failure, denoted by 
T, occurs if the stress amplitude is above 21.6 
MN m -~ whereas a conventional fatigue failure 
occurs if the stress is below this level. If the 
frequency is reduced to 1.67 Hz then thermal 
failures only occur for stress amplitudes greater 
than 27.8 MN m -z. From Fig. 3 it may be 
observed that for this material there is very little 
frequency effect on the fatigue failures whereas 
there is a large frequency effect on the thermal 
failures. Thus a component  to be stressed at 
:~ 18 MN m -2 would show little difference in 
cycles to failure if it was cycled at 5 Hz instead 
of 1.67 Hz whereas if it was to be stressed at 
~: 25 MN m -2 then there would be a large 
difference in life depending on which frequency 
was used. 

3.1, Analysis of temperature rise during 
fatigue 

Since the temperature rise which occurs during 
polymer fatigue can, depending on the con- 
ditions, produce a short life thermal fatigue 
failure, it is important for the designer to be able 
to estimate what combinations of loading 
parameters are likely to produce such a failure. 
In principle this is not a difficult problem in that 
it basically involves the heat transfer from the 
component to the surroundings. However, the 
accuracy of the temperature predictions will 
clearly depend on the accuracy with which the 
energy dissipation and various heat transfer 
processes can be defined. As might be expected 
this is where the difficulties can arise but to 
indicate how the problem might be attempted the 
thermal aspect of failure encountered in this 
investigation has been analysed. This shows how 
an approximation to the temperature rise may 
be made, while awaiting a more rigorous solu- 
tion, to the heat transfer problem. 

When a linear visco-elastic material is sub- 
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Figure 2 Specimen temperature rise during fatigue. 
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Figure 3 Fatigue and thermal failure curves. 

jected to a sinusoidal variation of stress, the 
strain lags behind the stress by an angle 8. 
The stress, cz, and the strain, e, may therefore be 
represented by rotating vectors of the form 

= Ea sin cot (1) 

cr = cr~ sin (cot + 8) (2) 

where co is the angular frequency, t is time and the 
subscript "a"  refers to amplitude. 

Now the total energy input per unit volume, 
IV, is given by 
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s 
W = J c~.de . (3) 

So from Equations 1 and 2 

= ~ ~a Ea co sin (cot + 8). cos W cot.dt. 

The solution of this integral [7] indicates that 
the input energy consists of two parts. The 
first of these is recoverable energy but the 
remainder appears as heat and is effectively lost. 
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Expressing this non-recoverable energy per unit 
volume per cycle as W", then 

W" = 1r ~a Ea sin 3. 

If the volume of the material is V and the 
cyclic frequency is f then the work dissipated as 
heat per unit time, Q, is given by 

Q = 7rVfaa ea sin 5. (4) 

Some of this heat is lost to the surroundings, 
QL, so the total heat per unit time, QT, is given 
by 

QT = Q -  QL. (5) 

Under normal conditions the major contribu- 
tor to the heat transfer will be free convection 
in which case 

QL = hAO 

where h = heat transfer coefficient, A = surface 
area and 0 = temperature difference between 
specimen surface and surroundings. 

To be more specific, for the hollow cylindrical 
shape of specimen used in the fatigue tests the 
heat transfer is given by 

QL = {hoAoO + hiAi  O} 

= A O ho + ~ hi 

where the subscripts ' T '  and "o"  refer to the in- 
ner and outer surfaces of the specimen. 

So in Equation 5 

QT = ~rVfcra ea sin 3 - AO ho + 5 hi 

but also 

dO 
QT = VpCp -dt 

where p = density of the material, Cp = specific 
heat, 0 = temperature of specimen. 

Therefore 

dO Irfo'aEa AO {~ 1 j 
dt  - pCv s i n S -  VpC-----p ho + ~ h~ 

o r  

sin S0 f2 1 t 
d--t = pCp E pCp[3 ho + ~ h i ,  (6) 

where/3 = A / V  (surface area to volume ratio), 
E = aa/ea (modulus). 

Owing to the low thermal conductivity of the 
material the temperature within the wall of the 
specimen will be greater than the temperature at 
the surface. This means that in Equation 6 0 

is not equal to 0. However, as a first approxima- 
tion they may be assumed to be the same and 
indeed by estimating the steady state radial heat 
conduction through a hollow cylinder from the 
standard equation, it can be shown that this is 
an acceptable assumption to make [8]. For 
example, when the surface temperature is 20~ 
it can be shown that the centre of the specimen 
wall is 2.7~ higher and when the temperature 
of the surface is 5 ~ C, the difference is only 0.5 ~ 

Equation 6 may therefore be rewritten as 

dO 
- - = R -  SO. 
d t  

If  R and S are assumed to be independent of 
temperature then this simple differential equation 
has a solution of the form 

O= R (1 - e-S9 

which indicates an exponential rise of tempera- 
ture to a value of 

Oequi l  = R/S. 

This is a simple relationship which would 
obviously be very useful but unfortunately a 
few calculations with it show that the tempera- 
tures which it predicts are not very accurate. 
The reason for this is that the temperature 
dependence of R and S cannot be ignored. S 
depends on temperature because of h and this 
dependence must be determined from published 
data which refers as closely as possible to the 
component shape [10, 11]. R depends on tem- 
perature because of sin 3 and E and this depen- 
dence must again be determined from published 
data or, as in this case, from direct experimenta- 
tion on the material. In these tests sin ~ and E 
were recorded directly during the fatigue tests 
by means of the extensometry attached to the 
specimens. The variation of sin 8/E with tem- 
perature at several stress amplitudes is shown in 
Fig. 4. 

Once the temperature dependence of h, sin 3 
and E had been established this was substituted 
in Equation 6. Unfortunately, however, because 
the heat transfer coefficient, ho, was related to 
temperature, 0, by a power of 0.25 it was not 
possible to get an explicit solution of the dif- 
ferential equation for 0 in terms of the other 
parameters. It was therefore necessary to use 
either a graphical solution or an iterative solu- 
tion involving a computer. 
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Figure 4 Variation of (sin ~)/E with temperature at 5 Hz. 

3.1.1. Graphical solution 
In this solution, once the temperature depen- 
dence of the heat transfer coefficients had been 
included in Equation 6 the heat transfer term 
was plotted against the temperature rise, 0, as 
shown in Fig. 5. Then superimposed on this a 
second graph for the energy dissipation was 

plotted against 0 for a particular stress amplitude 
and frequency and using the values of (sin 3)/E 
from Fig. 4. From Equation 6 it may be seen 
that the point at which the two lines intersect 
gives the value of 0 necessary to make the rate 
of temperature rise zero. This is therefore the 
equilibrium temperature rise. 

If  a higher stress amplitude is used at the same 
frequency then a higher stable temperature rise 
is predicted until eventually at some value of 
stress amplitude the two lines no longer intersect. 
This then defines the cross over stress level 
required to produce thermal failures. Note also 
the effect of increasing the surface area to volume 
ratio, fl, is to rotate the heat transfer line anti- 
clockwise, thus predicting a lower temperature 
rise at any particular stress amplitude and 
frequency. 

3.1.2. Computer solution 
In the iterative solution the temperature depen- 
dence of (sin 3)/E from Fig. 4 was approximated 
by a straight line of the form (aO + b). A com- 
puter programme was then written which enabled 
the parameters ~&, f ,  p, Cp, fl etc. to be read in 
and the values of 0 examined to make the rate of 
temperature rise, in Equation 6, zero. If  the 
solution did not converge towards zero then a 
thermal runaway failure was indicated. Fig. 6 
shows the temperature predictions given by each 
method at two frequencies along with the actual 
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Figure 5 Graph ica l  temperature rise pred ic t ion  at 5 Hz.  
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temperature rises as recorded by the infra-red 
radiation thermometer. It can be seen from this 
that quite acceptable predictions of temperature 
rise were possible using these relatively simple 
techniques. 
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3.2. Empirical approach 
When the cross-over stress amplitude, o-e, 
required to just produce a thermal failure at any 
frequency was plotted against the logarithm of 
frequency it was found that for any particular 
surface area to volume ratio a straight line 
relationship existed up to at least 20 Hz. This is 
shown in Fig. 7 and the relationship can be 
represented by an equation of the form 

ae = { X -  Ylogl0f} ~/fi 
where X = 47.3 and Y = 19.8 when ~e is in 
MN m -2,/3 in mm -1 and f in Hz. 

The numbers quoted will only apply to the 
acetal co-polymer tested and at present the 
existence of such a relationship is being examined 
for several other materials. Already it has been 
confirmed to exist for polymethylmethacrylate 
up to 20 Hz where in this case X = 56.2 and 
Y = 30.8 when ae, fi and f have the units as 
before. 

If  this relationship does exist for a number of 
materials it could be very useful in that only a 
small number of short term tests on the material 
are necessary to obtain the constants X and Y. 
These can then be used to determine the com- 
binations of stress, frequency and specimen size 
to produce or avoid thermal failures over a much 
wider range of these parameters. The advantages: 
of this would be in the design of  a component o r  
in the setting up of a polymer fatigue test; 
programme on a new material where the test 
conditions, specimen dimensions, etc. could be 
selected in a way which would optimize the tests 
in terms of testing time and information 
received. 

3.3. Effect of strain control 
The results described so far have all been for load 
control. Fig. 8 shows that during these tests the 
strain range increases mainly due to the drop in 
modulus caused by the increase in temperature of 
the specimens during cyclic loading. 

If, however, the strain is controlled then the 
drop in modulus causes the stress level to 
decrease as shown in Fig. 9. There is a basic 
difference between the two modes of control 
therefore, in that the drop in modulus during 
load control causes an increases in the energy 
dissipation whereas in strain control the drop ~1~ 
modulus causes a decrease in energy dissipation. 
This means that in the latter case there is a self- 
stabilizing mechanism with the result that there 
are no thermal runaway failures under strain 
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Figure 9 De'crease in stress during strain cycling. 

control. The temperature rise curves are similar 
to those in Fig. 2 with the exception that the 
temperature rise always stabilizes. Using the 
same methods described in the earlier section for 
load control, good predictions of these tem- 
perature rises have been made [8]. 

The fatigue data cannot be plotted as initial 
stress amplitude against cycles to failure, N, 
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because as shown in Fig. 9 this stress is only 
maintained on the specimen for a very short 
time. The usual procedure is to plot strain against 
log:0 N and this gives the conventional shape of  
fatigue curve. However, in order to get a better 
comparison with load control data it is suggested 
that since the decreasing stress amplitude 
stabilizes after a period of time representing 
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approximately 1% of the total life, then it is 
reasonable to plot the reduced stable stress 
against loglo N. This produces an interesting 
fatigue curve in that at any frequency, although 
there are no thermal lines, there is an upper limit 
for the reduced stable stress. At that frequency 
it is not possible to have a higher reduced 
stable stress irrespective of the initial applied 
stress, due to the large drop in modulus which 

occurs. It is only possible to get higher reduced 
stable stresses by decreasing the frequency. The 
remainder of the fatigue curve takes the cOn- 
ventional shape and when this is compared in 
Fig. 10 with the curve produced by load control, 
it would suggest that failure is more strain- 
dependent than stress-dependent. 

3.4. E f f e c t  o f  m e a n  s t r e s s  

A detailed discussion of the effect of a mean stress 
on the fatigue of polymers will be given elsewhere 
[9] and so only the thermal aspect will be refer- 
red to here. In general terms the presence of a 
mean stress under load control does not affect. 
the shape of the temperature rise characteristics. 
The temperature increases during cycling and 
depending on the test conditions may Stabilize 
to permit a conventional fatigue mechanism or 
alternatively may continue to increase, resulting 
in a thermal runaway failure. Defining the stress 
ratio, R, as O'min/O'max then, as R increases from 
-1  (fully reversed) to 0 (repeated tension) the 
amplitude of stress required to just produce a 
thermal failure at any frequency, decreases. In 
connection with this it is interesting that the 
number of cycles required for the temperature to 
stabilize is dependent on the stress ratio, R, as 
shown in Fig. 11. This dependence apparently 
applies for both the equilibrium steadying off of 
temperature and the characteristic "hump" 
observed on the temperature rise curves. Once 
again the temperature prediction techniques 
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Figure 13 Fatigue failure as a result of crack growth. 

Figure 14 Electron micrograph of area inside ellipse 
( •  1400). 

described earlier may be used when a mean 
stress is present [8]. 

3.5.  E f fec t  o f  w a v e f o r m  

Pt comparison has been made between the use of 
,square as opposed to sinusoidal waveforms, 
mainly as regards thermal failures because of the 
time consumed in producing conventional fatigue 
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failures (see Fig. 12). In this figure it may be 
seen that there is a pronounced effect as a result 
of the greater energy dissipation during square 
wave cycling. In effect the cross over stress 
amplitude is reduced from 27.8 MN m -~ at 
1.67 Hz using a sine wave to 21.5 MN m -~ at 
1.67 Hz using a square wave. From the few tests 
performed which produced a conventional 
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fatigue failure no difference in fatigue life was 
observed between the two waveforms. 

3.6. Fracture morphology 
If  attention is now turned towards the con- 
ventional fatigue failures the first interesting 
feature is that when no notch was present in the 
specimens failure initiated from within the wall 
thickness and not from the surface, as would 
normally occur in metals. Macroscopic examina- 
tion of the fracture surface showed that around 
the point from which crack growth had initiated 
there was a relatively rough region. This was 
bounded by a thin white ellipse beyond which 
the surface was very smooth with step-like 
features in regions remote from the elliptical 
region. Directly opposite to the crack initiation 
area there was a radial step across the specimen 
wall where the two crack fronts departing from 
each side of the ellipse had come together. This 
is shown in Fig. 13 and both halves of a fractured 
specimen were similar. Some specimen fractures 
also indicated that crack growth was occurring 
on several planes along the specimen. 

Using a single stage replica technique, electron 
micrographs were taken of the areas inside and 
outside the ellipse. Figs. 14 and 15 give a 
comparison of these two areas and indicates the 
very smooth nature of the area outside the 
ellipse. A macroscopic examination of the crack 
propagation area inside the ellipse did not show 

Figure 16 Electron micrograph of area inside ellipse 
(• 14000). 

Figure 15 Electron micrograph of area outside ellipse 
( x 1400). 

Figure 17 Scanning electron micrograph of fatigue failure 
initiator ( • 98). 

any fatigue characteristics such as striations, but 
at a magnification of 1400, in Fig. 14, there is 
some evidence to suggest that these may be 
present on a microscopic scale. Higher magnifica- 
tion of this area (Fig. 16) does in fact reveal that 
ripples or striations are present but they are 
discontinuous and random in direction. 
Generally it appears that a series of these ripples 
are initiated from a microscopic step or recess on 
the surface and then proceed in a certain direc- 
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Figure 18 Scanning electron micrograph of fatigue failure 
initiator (• 98). 

tion until arrested by a similar step or ridge. This 
may cause that particular series of  striations to 
stop completely or alternatively cause them to 
move off in a different direction. 

Figs, 17 and 18 are scanning electron micro- 
graphs of the type of defect within the wall 
thickness which has initiated the fatigue failure. 
In Fig. 17 this takes the form of an inclusion 
whereas in Fig. 18 it is a small pit or void. In 
both cases the greatest dimension of the defect 
is about 0.13 mm (0.005 in.). 

4. Conclusions 
1. Cyclical uniaxial stressing of an acetal co- 
polymer results in two mechanisms of failure. 
One is the result of  continuous temperature rise 
leading t o  thermal softening failure and is 
markedly frequency-dependent. The other occurs 
as a result of  a conventional crack initiation and 
propagation mechanism and is largely indepen- 
dent of  frequency. 

2. The rate of  temperature rise during cyclic 
loading can be predicted analytically by con- 
sidering the energy dissipation in and heat trans- 
fer from the material. This enables predictions 
of  the highest stress amplitude which will lead 
to fatigue fracture rather than thermal softening. 

3. An empirical relationship between this 
highest stress amplitude, frequency and surface 
area to volume ratio was found to exist and this 
can also be used in selecting conditions to avoid 
thermal softening failures. 
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4. I f  strain control as opposed to load control 
is used during uniaxial cycling then no thermal 
runaway failures are produced. Instead the 
initial stress level decreases and then stabilizes 
at a reduced level after a time equivalent to 
about 1 7o of the total life. 

5. The presence of a mean stress under load 
control can, depending on the loading conditions, 
produce thermal softening failures and for any 
particular endurance increasing the mean stress 
reduces the allowable range of stress. 

6. When a mean stress is present the number of 
cycles required for thermal equilibrium to occur 
is dependent on the stress ratio (O'min/O'max). 

7. The use of a square waveform as opposed to 
a sinusoidal waveform results in much greater 
energy dissipation in the material. 

8. Fatigue cracks do not develop from the 
polished free surface but from small internal 
flaws developed during injection moulding. The 
size of  these flaws is typically about 0.13 mm 
(0.005 in.). 

9. Fatigue striations are present on a micro- 
scopic scale on the crack growth area of fracture. 
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