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Discussion 

Comments on "The molecular weight 
dependence of fatigue crack propagation 
in polycarbonate" 

In a recent paper, Pitman and Ward [1] drew 
attention to the important influence of variations 
in molecular weight and thickness on fatigue crack 
propagation (FCP) resistance in polycarbonate 
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(PC) at both ambient a n d - - 3 0 ~  test tempera- 
tures. The several-decade decrease in crack growth 
rates at a given zSX level associated with a relatively 
small (about 38%) increase in weight-average mole- 
cular weight, /l~w, is, indeed, striking (Fig. la). 
[We have assumed that the two values of number- 
average molecular weight, ~rn, 5600 and 7150, 
cited for the -- 30 ~ C tests were inadvertently mis- 
labeled in the original paper. When the designations 
are transposed, the dependence of FCP on the 
molecular weight becomes consistent with the data 
for room temperature.] The increase in crack 
growth rate at 1 Hz in polycarbonate when the 
test temperature was reduced from ambient to 
- - 3 0 ~  is consistent with results reported by 
Martin and Gerberich [2] and Sldbo et al. [3]. It 
is interesting to note that these results closely 
parallel similar observations reported for poly 
(vinyl chloride)(PVC) and poty (metkyl metha- 
crylate) (PMMA) (Fig. lb and c) [4-6] .  In all 
three materials, FCP rates are seen to decrease 
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Figure 1 Effect  o f  molecular weight, _h~w, on crack growth 
rate at constant Ad( for (a) PC [1] ,  (b) PVC [4, 5] ,  (c) 
PMMA [6]. 
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sharply at first with increasing molecular weight 
but then more slowly at relatively high values of 
~l~w; the latter observation suggests that further 
improvements in FCP resistance with increasing 
ll~w would be far less dramatic and indicative of 
an approaching asymptote in the dependence of 
crack growth rate on molecular weight. In fact, to 
a good approximation the dependence may be 
expressed as da/dN ~ e B/~ , a relationship that can 
be derived from the dependence of network 
stability on the proportion of molecules that can 
entangle effectively with each other [6-8 ]. 

The manner by which sample thickness influ- 
ences fatigue crack growth in polycarbonate 
requires further study, though a clear trend toward 
decreasing crack growth rates with decreasing 
specimen thickness in polycarbonate was estab- 
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Figure 2 Effect of specimen thickness on fatigue crack 
propagation behaviour of PC [ 1, 9 ]. 

lished previously by Manson and Hertzberg [9] and 
supported by the recent findings by Pitman and 
Ward (Fig. 2). It has been suggested [1, 9] that 
FCP rates might decrease with an increasing 
tendency towards plane-stress test conditions, 
corresponding to large ratios of the crack tip plas- 
tic zone to specimen thickness and formation of 
shear lips. [Note that the plastic zone dimension 
should vary with the quantity (K/Oys) 2 .] It follows, 
therefore, that for a given material and test con- 
dition (i.e., K level) thin samples should experience 

a stress field more typical of plane stress than of 
plane strain conditions. The latter conditions are 
usually associated with flat fracture surfaces, and 
with a low ratio of plastic zone size to thickness. 

Pitman and Ward [1] argued that the beneficial 
influence of decreasing specimen thickness and 
increasing molecular weight on fatigue crack propa- 
gation resistance was related to the increase in 
width of the shear lip on the fracture surface. For 
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Figure 4 Fracture surfaces of PMMA and 
PVC samples which show a dependence 
of fatigue behaviour on molecular weight. 
Note the absence of shear lips. From top 
to bottom: (a) PMMA /l~r v =-48 x 105, 
.~r v = 23 X l0 s, ~r v = 1.9 X 10 s , (b) PVC 
5St v = 0.605 X l0 s, ll~r v = 0.965 x l0 s, 
�9 r v = 1.41 X 10 s. 

example, they showed that shear lip sizes increased 
with increasing/ffw when examined at constant 
crack growth rates (see Figs 6 and 9 of  [1]). We 
propose an alternative explanation for the influence 
of  Mw on FCP resistance and on the associated 
role of  shear lips. We suggest that shear lip develop- 
ment is a consequence of improvements in FCP 
resistance due to an increase in molecular weight, 
rather than a cause of  the observed improvement 
in crack growth resistance. In other words, we 
propose that the increase in FCP resistance that 
occurs with increasing molecular weight results in 
the development of  larger shear lips for a given 
value of  da/dN due to the larger AK necessary to 
drive the crack at that speed; Fig. 3 is a log-log 
plot of  the Pitman and Ward data (taken from 
Figs 5, 6, 8 and 9 of  [1] ) for total shear-lip width 
on the fracture surface, co~, as a function of  AK, 
for several molecular weights at both room tem- 
perature and - - 3 0  ~ C. Note that the line corre- 
sponding to the lowest 3~rw data at room tempera-. 
ture has a slope of  2, whereas the other lines 
have slopes ranging from 1.1 to 1.9. Since the 

shear-lip width should vary with the square of K, 
the reason why only one set of data fulfills this 
requirement is not clear at this time. Nevertheless, 
the increase in shear lip width with increasing 
molecular weight at constant crack growth rates 
(seen in Figs 6 and 9 of  [1]) must surely reflect 
the fact that the zSX levels necessary to drive a 
crack at a given velocity increase with increasing 
ill w . Since the K level increases, the shear-lip width 
must increase accordingly. 

Recall from Fig. 1 that the FCP resistance of 
PMMA and PVC exhibits a strong dependence on 
3~r w. Yet, when the respective fracture surfaces of  
both materials are examined at the several molecu- 
lar weights investigated, no shear lips are found 
(Fig. 4)*. Therefore, large changes in crack velocity 
due to changes in molecular weight can occur in  
the absence of  any change in shear-lip devel.o p- 
ment. Consequently, we conclude that the shear- 
lip development observed b y  Pitman and Ward 
[1] in PC is a consequence of  the larger stress 
intensity level required to drive a crack at a given 
growth rate as molecular weight is increased. As 

*This is consistent with the much smaller 2xK levels experienced during the fatigue tests of the PVC and PMMA samples. 
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noted previously [8] ,  we maintain that the bene- 
ficial effect of increasing molecular weight on FCP 

resistance is primarily the result of  an increase in 
the number of  effective chain entanglements per 
molecule and hence in enhanced craze stabili ty 
and associated slower cracking rates. 

An additional point bears further comment.  
The absolute values of  ll~ w (13000 to 18000) 
reported by Pitman and Ward appear to be surpris- 
ingly low. By contrast, Schnell [10] states that  
polycarbonate materials with values of  Mw in the 
range 10000 to 25 000 are low in strength and 

that t he / l l  w of  commercial PC is in the range from 
32000  to 35000.  Skibo etal. [11] reported a 
viscosity-average molecular weight, My = 49 000 
(equivalent to Mw ~> 49 000) for commercial PC 
used in their study. Moreover, the agreement 
between earlier data and the data by  Pitman and 
Ward in Fig. 2 suggests that the molecular weights 
in the various material supplies are similar and in 
the range o f  40 000 to 50000. 

In summary, we concur with the experimental 
observations made by Pitman and Ward [1] that 
FCP rates in engineering plastics decrease markedly 
with increasing molecular weight (though to a more 
limited extent  at higher values of  34w) and that 
FCP rates in polycarbonate decrease with decreas- 
ing sample thickness. However, we conclude that  
shear lip development is a consequence and not  
the cause of  molecular-weight-induced changes in 
fatigue crack propagation response in polymers. 

Acknowledgements 
The authors thank the Polymers Program of  the 
Materials Science Branch, National Science Found- 
ation, the Chemistry Division, Office of  Naval 
Research and the International Business Machine 
Foundat ion for support  of  this effort.  We also 
thank Professor Ward for his review of this manu- 

script prior to submission and for his constructive 
suggestions. 

References 
1. G. PITMAN and I. M. WARD, J. Mater. Sei. 15 

(1980) 635. 
2. G. C. MARTIN and W. W. GERBERICH, ibid. 11 

(1976) 231. 
3. M. K. SKIBO, R. W. HERTZBERG and J. A. MAN- 

SON, ibid. 11 (1976) 479. 
4. M. D. SKIBO, J. A. MANSON, R. W. HERTZBERG 

and E. A. COLLINS, J. Macromol. Sei. Phys. 14 
(1977) 525. 

5. C. M. RIMNAC, J. A. MANSON, R. W. HERTZ- 
BERG, S. M. WEBLER and M. D. SKIBO, ibid. B19 
(1981) 351. 

6. S. L. KIM, M. SKIBO, J. A. MANSON and R. W. 
HERTZBERG, Polymer Eng. Sci. 17 (1977) 194. 

7. J. MICHEL, J. A. MANSON and R. W. HERTZ- 
BERG, Org. Coatings Hast. Chem. 45 (1981) 622. 

8. R. W. HERTZBERG and J. A. MANSON, "Fatigue 
of Engineering Plastics" (Academic Press, New York, 
1980) p. 117. 
J. A. MANSON and R. W. HERTZBERG, CRCRev. 
Mac. Scs 1 (1973)433. 
H. SCHNELL "Chemistry and Physics of Polycar- 
bonates" (Wiley Interscience, New York, 1964) 
p. 141. 
M. D. SKIBO, R. W. HERTZBERG, J. A. MANSON 
and S. L. KIM, J. Mater. Sci. 12 (1977) 531. 

9. 

10. 

11. 

Received 21 July 
and accepted 18Augus t  1981 

MICHAEL T. HAHN 
RICHARD W. HERTZBERG 

JOHN A. MANSON 
CLARE M. RIMNAC 

Materials Research Center, 
Lehigh University, 

Bethlehem, PA, 
USA 

Author's reply/to "Comments on "The 
molecular weight dependence of fatigue 
crack propagation in poll/carbonate"" 

The thesis of our paper is that fatigue is similar to 
fracture in that both the plane strain craze contri- 
but ion and the plane stress shear lip contribution 
are important.  Our recent studies of  fatigue and 
fracture [1, 2] suggest that both  contributions 
are affected by  molecular weight. The absolute 

magnitude of  the plane strain craze contribution,  

per unit area of  crack surface, increases markedly 
with increasing molecular weight due to increases 
in bo th  craze stress and crack opening displace- 
ment.  The absolute magnitude of  the shear lip 
energy per unit volume also increases very slightly 
with increasing molecular weight. Because of  the 
increase in the craze stress with increasing molecu- 
lar weight the volume of  the shear lips may also 
increase, since the lat ter  relates to competi t ion 
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between crazing and yielding [2-4] .  Tables II 
and III of [2] show that the shear lip contribution 
is between 16 and 32% of the total. 

I am indebted to Professor Hertzberg and his 
colleagues for their kind acknowledgment of my 
comments on the first draft of their comments [5] 
on our fatigue paper [2]. I am pleased to confirm 
that we did not intend to convey the impression 
that shear lip development was the sole cause of the 
improved fatigue crack growth resistance with 
increasing molecular weight. I had hoped that we 
had made it clear that both the shear lip contri- 
bution and the plane strain craze contribution are 
important, as stated in the abstract to [2]. Finally, 
we are entirely in agreement with Professor 
Hertzberg and his colleagues with regard to the 
importance of a load bearing network, and the 
presence of molecular entanglements. 
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Comments on "'Fracture stress-reflecting 
spot relations in hot-pressed alumina" 

Kirchner and Richard [1] recently reported that 
the reflecting spot boundaries observed on A1203 
fracture surfaces occured at >KIt, as have 
Kirchner and Gruver [2, 3]. Thus they note that 
these boundaries cannot be the end of subcritical 
crack growth in contrast to their earlier suggestions 
that these boundaries may occur at Kic [4]. 
However, Kirchner and Richard claim that vari- 
ations in K along the reflecting spot boundary are 
inconsistent with these features being the "inner 
mirror", i.e. the analogue of the mirror-mist 
boundary on glass fractures. The purpose of this 
note is to point out that both the variation and 
size of the "reflecting spot" area are not incon- 
sistent with this area being the "inner mirror". 
Furthermore, arguments are presented to show 
that the average size of the reflecting spot area 
may also be consistent with its being an inner 
mirror. 

Rice [5] has recently summarized Rm/C 
data (where R m is the "inner mirror" (mirror- 
mist boundary) and C is the flaw size) from 
several investigators on several polycrystalline 
materials (including A12Oa). Rm/C ratios were 
typically in the range of 4 to 8, and more com- 
monly 5 to 7 in contrast to ~ 10 for dense glasses. 
Materials having substantial to total transgranular 
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fracture in the mirror region had increased inter- 
granular fracture at and beyond the edge of the 
mirror region. It was proposed that this increase 
in intergranular failure was consistent with the 
concept of mist formation by secondary crack 
nucleation at, or ahead of, the main crack tip, 
as in glasses. However, it was pointed out that 
in polycrystalline materials, individual grains 
and grain boundaries would frequently be sources 
of crack nucleation. Thus, the local fracture 
energy for secondary crack nucleation would 
be the single crystal (3%) or grain boundary fracture 
energy (TB) in constrast to the polycrystalline 
fracture energy (Tpe) typically required for the 
main (primary) crack. This difference in secondary 
versus primary crack 3' values in polycrystals in 
contrast to a single, uniform 7 value for both 
types of cracks in glass quantatively agreed with 
the Rm/C ratio differences between polycrystals 
and glasses. 

The general observations of Kirchner and 
co-workers are consistent with Rice's model, 
and some provide direct support for it. First, 
although there are a variety of complications 
in analysing A1203 data (discussed below), the 
data of Kirchner and co-workers does show increase 
in intergranular failure at distances of 4 to 9 times 
the apparent flaw size (i.e. at stress intensities of 
approximately 2 to 3 times those at the boundary 
they identify as the original flaw in their analysis), 
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