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The molecular weight dependence of 
fatigue crack propagation in polycarbonate 

G. P I T M A N * ,  I. M. WARD 
Department of Physics, University of Leeds, Leeds LS2 9JT, UK 

Fatigue crack propagation has been studied in polycarbonate as a function of specimen 
thickness and molecular weight. It was found useful to estimate the relative contribution 
of the shear lips and the plane strain crazing mode to fatigue crack propagation. In 
addition to measuring the width of the shear lips, the craze in the central region of the 
crack tip was examined in an optical microscope. The shear lip contribution was found 
to be particularly important at high values of the range of the stress intensity factor AK, 
and was appreciable in all but the thickest specimens and the lowest values of AK. 

As in the case of fracture toughness, the fatigue crack propagation behaviour of poly- 
carbonate is greatly affected by the molecular weight of the polymer. This is due to 
changes in both the shear lip contribution and the plane strain craze contribution. 
Because of the complicated nature of the failure mode it is suggested that the application 
of the Paris equation to the fatigue crack propagation of polycarbonate will be of limited 
significance. 

1. Introduction 
The application of fracture mechanics to fatigue 
crack propagation in polymers is now well estab- 
lished and has been the subject of several notable 
reviews [1, 2]. It has been shown that a very 
useful starting point can be obtained by the 
application of the Paris equation [3 ] 

da 
d/V = ~(AK)m (1) 

where a = crack length, N = number of cycles, 
AK = range of the stress intensity factor, and 
and m are constants, which may depend on the 
material and the test conditions. Over an inter- 
mediate range of values for AK, the Paris equation 
has been shown to fit fatigue crack growth data 
for polycarbonate [2, 4]. It was found that the 
material was comparatively resistant to fatigue 
crack propagation, with no significant sensitivity 
to cyclic frequency or changes in cyclic wave form. 

In a previous publication from this laboratory 
the influence of molecular weight on the cleavage 
fracture behaviour of polvcarbonate was described 
[5]. In addition to direct measurements of fracture 
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toughness and shear lip width, the shape of the 
craze at the crack tip was determined from the 
fringe pattern in reflected light. It proved possible 
to make a consistent interpretation of the results 
by assuming that the total strain energy release 
rate was comprised of a contribution associated 
with the craze at the centre of the crack tip and 
a shear lip contribution, both of which are affected 
by the molecular weight of the polymer. 

In the present paper, this general approach is 
extended to fatigue crack propagation, and it will 
be shown to provide a satisfactory understanding 
of the influence of molecular weight and sample 
thickness. 

2. Experimental 
The fatigue crack propagation tests were under- 
taken using a pneumatic uniaxial tensile fatigue 
tester, which was designed and built by Imperial 
Chemical Industries Ltd, Plastics Division, Welwyn 
Garden City. The apparatus, which has been 
described in detail previously [6, 7], provides 
a cyclic load in the form of a square wave with a 
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transparent door on the test chamber allowed 
viewing of the specimen while under test and a 
thermocouple placed near to the specimen showed 
that the variation in temperature did not exceed 
-+ 2 ~ C once the equilibrium temperature had been 
reached. For each test at - - 3 0 ~  a period of at 
least half an hour was allowed before the test 
was begun. 

At slow crack speeds the crack growth was 
measured with a travelling microscope. At the 
highest crack speeds this was not possible and in 

Figure 1 Compact tension specimen. 

rise time of about 50msec. Throughout this 
investigation the load was varied between the 
desired maximum load and zero load at a fre- 
quency of 1 Hz. The fatigue tests were carried 
out on compact tension specimens with the 
geometry shown in Fig. 1. Specimens of three 
thicknesses, 3 ram, 6 mm and 9 mm were examined. 
These were cut from large sheets of  polycarbonate 
and milled to the desired dimensions. To produce 
a sharp initial crack a razor blade was pushed 
slowly by hand into the root of the saw cut. 

As in the previous study of fracture toughness 
and craze shape, a range of molecular weight 
materials was obtained by electron irradiation 
[8, 9]. The molecular weight characteristics of 
the materials studied are shown in Table I. 

Experiments were performed at room tem- 
perature and -- 30 ~ C. The choice of - 30 ~ C for 
detailed studies of fatigue crack growth and craze 
shape was suggested by the previous fracture 
studies, where it was shown to be a satisfactory 
temperature for stable crack propagation from a 
single craze. At room temperature there is a con- 
siderable possibility of multiple crazes at the 

these cases the crack speeds were taken from 
microscopic observation of the fatigue striations 
on the fracture surface. It has been established 
that at high crack speeds the crack speed corre- 
sponds to the distance between striations on the 
fracture surface [11]. At lower speeds this is not 
so [12]. 

3. Theory 
3.1. Analysis of compact tension specimens 
Stress intensity factors for this type of specimen 
geometry have been calculated by Gross and 
Srawley [13]. They presented their results in 
terms of a dimensionless quantity 

KBW�89 
P - Y(a/W) (2) 

where K is the stress intensity factor, B is the 
specimen thickness, P is the applied load, a is the 
crack length and W the specimen width. 

It can be shown that for the compact specimen 
used in this investigation 

( -- 15.46 24.12 
Y(a/w) 

[ [ i -  + [l  - 2 

crack tip, as also reported by other workers [10]. 
The low temperature tests were achieved by 
passing carbon dioxide from a cylinder at a con- 
trolled rate into the specimen test chamber. A 

4.95 / �89 
4 [1 --(-~-W)]3J 

for 0.20 < (a/W) < 0.55 

T A B L E I Molecular weight characteristics of polycarbonate polymers 

Material ~r n 3~f w Test temperature 

Unirradiated Lexan sheet 7150 18 000 Room temperature 
and -- 30 ~ C 

4250 13 000 
5500 14 500 Room temperature 

Lexan sheet irradiated 6250 15 800 
with 3 MeV electrons 

4900 13 800 
5600 14500 -- 30 ~ C 
6200 15 800 

(3a) 
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43.19 32.83 
and Y(a/W) = [1 --(a/W)] [1 --(a/W)] 2 

1 

1 8 . 6 2  ~ 
+ I1 - (a/W)] ~) ( 3 b )  

for 0.55 < (a/W) < 0.70 (see [5]) 
Thus the stress intensity factor can be calculated 
from a knowledge of the applied load and the 
specimen geometry. In the case of fatigue frac- 
ture the range of stress intensity factor is the 
important quantity, and this is generally written 
as 2dr. Since in these experiments the minimum 
value of K is zero, then zXK is the same as the 
maximum applied stress intensity for any crack 
length. 

4. Results 
4.1. Room temperature tests 
4.4. 1. Thickness effects 
Fig. 2 shows the room temperature fatigue crack 
propagation results for the unirradiated specimens 
of different thickness. It can be seen that the 
relationship between da/dN and 2xK is approxi- 
mately linear on the log-log plot over approxi- 
mately an order of  magnitade range in 2ug. At 
high values of z3X the crack propagation rate rises 
more rapidly than this linear relationship would 
imply and at low values of 2ug the crack propa- 
gation rate becomes zero so that there is a threshold 
value zMfTri. These results are similar to those 
observed previously for polycarbonate [2] and 
are typical of the behaviour of  many polymers. 

The results in Fig. 2 show that the 3 mm sheet 
had the greatest resistance to fatigue crack propa- 
gation, the 9 mm sheet giving a crack speed of an 
order of magnitude greater for any particular 
value of z2ug, over most of the range tested, with 
the 6 mm sheet results in general falling between 
results for the other sheets. At lower values of Aug 
the data for the 6 mm sheets were essentially the 
same as those for the 9 mm sheet, whereas at high 
values of 2ug the 6 mm sheet data were similar to 
those for the 3 mm sheet. It will be shown that 
these results can be understood in terms of dif- 
ferent balances between craze formation and 
ductile shear lips for different values of thickness 
and z3K. At this stage we will only note that 
examination of the fracture surfaces showed that 
there is a complete range of different fracture 
modes from the propagation of a craze with 
comparatively narrow shear lips in the 9 m m  
sheets at low values of zXK to completely ductile 
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Figure 2 Effect of specimen thickness on fatigue crack 
propagation in unirradiated Lexan sheet (~rn= 7150). 
z~ 9 mm; o 6 mm; m 3 mm. 

fracture in the 3 mm sheets at high zXK. Further- 
more, as shown in Fig. 3, the shear lips increased 
in size as the crack propagation rate is increased 
at higher values of  zXK. Following the philosophy 
of our previous paper, the width of the shear lip, 
in simple terms, depends on the relative value of 
the stress to cause yielding compared with that to 
cause crazing. Previous work indicates that the 
craze stress is more strain-rate dependent than the 
yield stress. The increase in shear lip width with 
increasing zXK can therefore be attributed to the 
increasing strain rate associated with the faster 
rise time of the machine at high zXK and possibly 
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Figure 3 Variat ion o f  shear lip width with zkK at r oom 
tempera ture  for unirradiated Lexan sheet. � 9  
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Figure 5 Molecular weight dependence o f  fatigue crack 
propagation at room tempera ture  in 3 m m  thickness  
specimens. - - l l ~ t n =  7150; X/l~n= 6250; O ~ r n =  5500;  
n ~r  n = 4250;  + ~r  n = 3700. 
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the higher crack propagation rate. This point is 
m 

discussed further below. Fig. 4 shows the variation v 2.0 
of shear lip width with crack velocity, from which 
it can be noted that the difference between the 
specimens of different thickness is no longer 
so apparent. 

z 5 6 7 

M n  x 10 -3 

4. 1.2. Molecular weight dependence 
The molecular weight dependence of fatigue crack 
propagation is shown in Fig. 5 for the 3 mm thick- 
ness sheet. It can be seen that there is a very con- 
siderable increase in the resistance to fatigue 
crack propagation with increasing molecular 
weight over the whole range of the stress intensity 
factor. The results in Fig. 6 show that this is 
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Figure 7 Effect of  specimen thickness on fatigue crack 
propagation of unirradiated Lexan sheet at - - 3 0  ~ C. 
* 9 m m ; � 9  6 m m ;  �9 3mm.  

clearly related to the increase in the width of the 
shear lips with increasing molecular weight. This 
is clearly very much in line with the results des- 
cribed previously for the cleavage fracture of this 
polymer. 

4.2. Low temperature tests 
4.2. 1. Thickness effects 
The fatigue crack propagation results obtained 
at - -30~  for unirradiated sheet of the three 
thicknesses are shown in Fig. 7. Compared with 
room temperature the dependence on specimen 
thickness was greatly reduced, the only significant 
thickness dependence occurring at high values of 
AK, where the thinner specimens showed the 
greatest resistance to crack propagation. This 
can be attributed to the very much reduced 
widths of the shear lips at lower temperatures. 
It appears that the craze stress is less temperature 
dependent than the yield stress. 

Viewing the results empirically in terms of the 
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Figure 8 Effect of  molecular weight on fatigue crack 
propagation at - - 3 0 ~  in 6 m m  thickness specimens. 
o ~ r  n = 7150; xJl~f n = 6200; -21~r n = 5600; zx~r n = 4900. 

Paris equation, these low temperature results 
would give values of rn three or four times higher 
than those at room temperature. This result is 
consistent with data obtained previously by 
Martin and Gerberich [14]. 

4.4.2. Molecular weight dependence 
Fig. 8 shows that there was a decrease in resistance 
to fatigue crack propagation as the molecular 
weight was decreased by increasing degrees of 
irradiation. As at room temperature this is clearly 
related to the molecular weight dependence of 
the shear lip width, which is shown in Fig. 9 for 
different crack speeds. It can also be seen from 
Fig. 8 that the value of zXK at which crack 
instability occurred decreased with decreasing 
molecular weight. 

5. Discussion 
5.1. Mixed mode fatigue crack propagation 

at --  30 ~ C 
The results described above suggest that there 
are links between this study of fatigue crack 
propagation and the previous investigation of 
fracture toughness. We will therefore discuss 
the - 3 0 ~  fatigue results in the first instance 
and establish the validity of this proposed link. 
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Figure 9 Molecular weight dependence of shear lip width 
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It was shown that the cleavage fracture results 
could be described by an equation of the form 

B -- w 6o 2 
GCM = GIC ~ r  

where GCM is the overall strain energy release 
rate, G m is the plane strain energy release rate 
(associated with the craze), co is the total width 
of the shear lips evident on the fracture surface, 
and ~b is the energy associated with deforming to 
failure to unit volume of material in the shear lips. 

In the case of fatigue crack propagation, exam- 
ination of the situation at the crack tip and the 
fracture surfaces, indicated that very similar 
mixed-mode failure occurred. It is therefore 
proposed that the fatigue failure can be described 
by a similar equation so that 

B r 

where GfM is the overall strain energy release 
rate, corresponding to AK, GIc is the strain 
energy release rate associated with the crazing 
mode of failure, co s is the total width of  the 
shear lips and r is the energy associated with 
deforming to failure unit volume of material in 
the shear lips. 

The fatigue tests were stopped when the crack 
growth rate had been determined and a small 
section surrounding the crack tip carefully cut 
out, polished on a buffing wheel and examined in 
an optical microscope in reflected light [5-7] .  
From the interference pattern the craze profile 
in the relaxed state was determined. Fig. 10 
shows a typical interference pattern and a typical 
craze profile is shown in Fig. 11. As in the previous 
work on fracture [15, 16], the craze profile com- 
pares well with the shape predicted by Rice [17] 

6 4 0  

Figure 10 A typical interference fringe 
pattern from the craze at a crack tip 
in a fatigued specimen. 
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Figure 11 Comparison of  the experimental craze profile 
with that  predicted by the Rice formulation of  the 
Dugdale zone model for the craze at a crack t i p . "  observed 
from - - 3 0  ~ C fatigue crack propagation in unirradiated 
polycarbonate: - -  predicted. 

for the Dugdale plastic zone model. This was 
true for all levels of AK. We shall therefore pro- 
ceed, as in our previous studies of fatigue crack 
propagation in vinyl urethane polymers [6, 7], on 
the basis that at any level of  AK, the craze size 
is such as to exactly cancel the stress singularity 
in the plane strain region of the crack for the 
maximum value of the applied stress intensity 
factor K~c, where (KIc) 2 = G~c(E/1  - v2).  (E  = 
Young's modulus and v = Poisson's ratio). 

From Rice's formulation of the Dugdale zone 
model the crack opening displacement 6[ is given 
by 

_ C f c  

% 

where ec is the craze stress, and the craze length 

is given by rf _ n (K/c) 2 

8 a e 

The optical measurements determine 6~ and 
from which Glfc and a e can be derived, assuming 
a value of E l ( 1 - - u  2) from the previous studies 
of  cleavage fracture. Since only the relaxed craze 
profile was determined it was necessary to assume 
a value for the extension of  the craze, and this 
was taken to be 1.65 i.e. identical to that found 
from the cleavage fracture. 

The results for unirradiated 3 m m  sheet are 
summarized in Table II, and those for sheet of  
similar thickness but irradiated to reduce the 
molecular weight very appreciably in Table III. 
There are several interesting points to note regard- 
ing these results. First, the craze stresses for the 
lower molecular weight material are significantly 

lower than for the higher molecular weight material, 
similar to the previous findings for cleavage frac- 
ture. The craze stress for each material increases 
as AK is increased and the crack propagation rate 
increases. This can be attributed to the increase 
in craze stress with strain rate. At low crack speeds 
the strain rate in the craze at the crack tip will 
depend primarily on the loading rate which is 
determined by the pneumatic response of the 
machine. As the machine was designed to give 
an approximately constant rise time, the strain 
rate is increased when AK is increased. At higher 
crack propagation rates it is possible that the crack 
speed itself will influence the rate of strain of the 
material within the craze, so that the craze stress 
will be further increased. As noted before, the 
craze stress is more dependent on strain rate than 
on the yield stress, so that the increase in craze 
stress with increasing strain rate gives rise to 
increases in shear lip width. 

Secondly, the different levels of craze stress 
for the different levels of molecular weight also 
explain the much increased shear lip widths in the 
higher molecular weight material. The contri- 
bution of the shear lips to the total strain energy 
release rate varies very much indeed, from a small 
absolute contribution of 0.078 kJ m -2 in the low 
molecular weight sample at low AK to 0.69 kJ m -2 
in the  high molecular weight sample at high AK. It 
is important to note that the value for 6f is very 
nearly constant, and in particular does not differ 
significantly for the samples of different molecular 
weight. This is consistent with the previous study 
of cleavage fracture and moreover the values of  
~f are very close to that of 120 MJ m -3 estimated 
for cleavage fracture behaviour. 

5.2. The importance of polymer molecular 
weight in fatigue crack propagation 

The importance of  molecular weight on the fatigue 
crack propagation has been shown in Fig. 5 for 
room temperature results and Fig. 8 for the -- 30 ~ C 
results. A more illustrative plot is shown in Fig. 12 
for the room temperature results. Here, values of  
AK which would give crack speeds of 0.2, 1,4 and 
20/xm cycle -1 are plotted as a function ofll~ n and 
~r w. Extrapolation of the data suggests that even 
very low values of ZXK would give very fast crack 
speeds for molecular weights corresponding to 
~r n = 3500 and Jl~r w = 11 500. In other words, the 
resistance to fatigue crack growth approaches 
zero at this level of  molecular weight. This result 
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Figure 12 Molecular weight dependence of the AK required 
to give various crack speeds at room temperature in 3 mm 
thickness specimens of polycarbonate. + da/dN = 20/~m 
cycle-a; v da/dN = 4/~m cycle -a ; [] da/dN = 1 gm cycle -~ ; 
o da/dN = 0.2#m cycle -~ . 

agrees well with those obtained in cleavage frac- 
ture which showed that the craze dimensions 
became very small and the craze stress had a very 
low value in this range of molecular weight. 

It can be noted from Figs. 6 and 9 that the 
width of  the shear lips tends to zero for amolecular 
weight level corresponding to /~rn~4000 and 
~rw~ 12250 which is slightly higher than the 
level at which the fatigue crack resistance tends to 
zero. There is therefore a small range of polymer 
molecular weight for which the fracture surfaces 
show no shear lips. 

It is of some interest to speculate further on the 
role of molecular weight in determining fatigue 
crack propagation. Clearly one important factor 
is the change in balance between the plane strain 

craze contribution and the shear lip contribution 
to mixed mode failure. From the cleavage fracture 
studies, and from the attempts to analyse these 
fatigue data along similar lines, it is clear that the 
shear lip contribution is a major factor. Some 
theories of fatigue crack propagation suggest that 
the crack growth rate is proportional to the length 
of the plastic zone preceding the crack [18]. In 
polycarbonate, the lower the molecular weight, 
the lower is the craze stress at any particular strain 
rate, which means that a longer craze is required to 
cancel the same stress singularity at the crack tip. 
Thus if the crack growth increase is proportional 
to the craze length, then it would be expected 
that the lower molecular weight materials would 
give faster crack speeds. The situation is, however, 
so much complicated by the very large shear lip 
contribution, that no direct link exists between 
craze lenk, th and crack speed. 

On a more fundamental level the influence of 
molecular weight on the craze stress suggests that 
as the polymer molecular weight is decreased, 
there are an increasing number of chains which fill 
space rather than contribute to the load-bearing 
network. Indeed it appears that there is a critical 
molecular weight level at which a load-bearing 
network ceases to exist, presumably due to the 
reduced number of entanglements. 

5.3. The importance of the shear lips for 
room temperature fatigue crack 
propagation 

As already noted the shear lip widths were con- 
siderably greater at room temperature than at 
- 30 ~ C, which we have attributed to the greater 
temperature dependence of the craze stress rather 
than to the yield stress. The importance of the 
shear lip contribution at room temperature is 
brought out by considering the high values of 
AK which were applied without causing acceler- 
ation and failure. The value of the plane strain 
(craze) fracture toughness Kic,  obtained from 
cleavage fracture data at room temperature was 
between 2 and 3 MNm -3/2, whereas the values of 
AK were 6 MN m -3/2 or more in the 3 mm thick- 
ness sheets. Only at extremely low values of zXK 
were the shear lips thin enough for the plane 
strain fracture mode to dominate. 

The shear lips also influence the shape of the 
da/dN against ZXK curves. At low crack speeds 
the shear lips were thin so that the thickness 
dependence of crack speed is likely to be small 
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in all but the thinnest sheets. Thus we would 
expect the curves for all thicknesses to converge 
as the crack speed tends to zero giving the same 
value for AKTa. This expectation is confirmed 
by the data shown here in Fig. 2. As Mf was 
increased, so did the crack speed and the shear lip 
width. Indeed the 3mm thick specimens were 
completely ductile at high values of Aug. The 9 mm 
specimens showed a lower resistance to fatigue 
crack propagation than the 3 mm specimen because 
the relative contribution of the shear lips was 
smaller, and the state of stress was closer to plane 
strain. 

The results for the 6mm specimens are of 
particular interest because many previous studies 
have used material of about this thickness. At low 
values of Aug the results were virtually the same as 
those for the 9 mm specimens, but with increasing 
shear lip width at higher crack speeds the results 
became much closer to those for the 3 mm speci- 
mens. In other words, there was a change from 
conditions approaching plane strain to conditions 
approaching plane stress with increasing AK. This 
observation is of great significance in the fatigue 
crack propagation testing ofpolycarbonate because 
it is usual to attach significance to the values of a 
and m calculated from Equation 1. However, these 
results show that, due to the change from plane 
strain to plane stress, a and rn may not be directly 
identified as material parameters, even if the test 
temperature and frequency are fixed. Because the 
plane stress resistance to fatigue crack propagation 
is greater than the plane strain resistance, an 
equation of  the form of Equation 1 suggesting a 
linear correlation between da/dN and (2UrQ m 
would be an inadequate description of fatigue 
data, even if the effects of mean stress, the in- 
stability at high zSX and the threshold 2ugTa can 
be neglected for a reasonable range of 2u~. 

The insensitivity of polycarbonate to test fre- 
quency has been discussed previously by Hertzberg 
e t  al. [19]. Radon and Culver [20] have also done 
tests over a wide temperature range and found 
that there is some frequency sensitivity at low 
temperatures. It is possible that at room tempera- 
ture any frequency effect of the crazing mode is 
being swamped by the contribution of the ductile 
mode, while at lower temperatures this does not 
occur to the same extent. Although the yield stress 
of polycarbonate shows some dependence on 
strain rate, this is much less than that shown by 
the craze stress which may go some way towards 
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explaining the lack of frequency sensitivity at 
room temperature compared with that of more  
brittle polymers, where failure is dominated by 
the failure of the craze. 

6. Conclusions 
(1) At room temperature there was a significant 
effect of sheet thickness on the fatigue crack 
propagation in polycarbonate, thicker specimens 
having a significantly lower resistance to fatigue 
crack propagation particularly at higher values of 
AK. This thickness dependence was due to the 
influence of  ductile shear lips. 

(2) There was a substantial decrease in the 
resistance to fatigue crack propagation as the 
molecular weight of the polymer was decreased. 
Unstable fracture occurred at lower values of 
2ur( with decreasing molecular weight. 

(3) At -- 30 ~ C an equation of the form 

B 2B 

was of use in estimating the relative contribution 
of the shear lips and the plane strain crazing mode 
to fatigue crack propagation. The shear lip contri- 
bution was found to be particularly important at 
high values of AK. 

(4) At room temperature the contribution of 
the shear lips was very considerable in all but the 
thickest specimens and lowest values of 2Ug. The 
significance of the values of a and m obtain from 
the Paris equation 

da 

d:V = a ( z ~ ) "  

is limited due to changes m the fracture mode with 
changes in thickness and 2ug. 

(5) It is likely that further improvements in 
fatigue crack propagation resistance for poly- 
carbonate could be obtained by increasing the 
molecular weight of the polymer beyond the 
highest value examined in this investigation. 
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