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Craze roles in the fatigue of polycarbonate 
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Unnotched specimens of polycarbonate were deformed to failure in equal tens ion-  
compression, under load control. Fracture surfaces exhibited two distinctly different 
crack propagation regimes. In the first zone, the crack moves forward through an already 
existing craze. Craze ageing at the crack tip is necessary for propagation and several stress 
cycles are required before the crack tip can move from arrest site to arrest site. In the 
second zone, the crack tip must form and age its own craze(s) before moving forward. In 
the initial stage of Zone 2, the crack mobil i ty is still restricted by the age of the craze. 
Later in this zone, the crack tip is able to create craze and move through it in the same 
cycle. Static tensile deformation from 90% to 95% of the yield point produced an increase 
in the low-load fatigue life. This increase is explained on the basis of the mechanics of 
coarse crazes. 

1. Introduction 
In recent years the fatigue behaviour of glassy 
polymers has come under intensive study. In 
particular, the mechanisms and mechanics of crack 
propagation have undergone the most progress. It 
is generally accepted that the precepts of fracture 
mechanisms, as this is understood in molecularly 
simple solids, apply here also, at least at suf- 
ficiently low stress amplitudes, frequencies, and 
ambient temperatures (see, e.g., [1] and [2] for 
reviews). In addition, fracture surface studies have 
provided detail on the mechanisms involved in 
the propagation of fatigue cracks. The general 
conclusion is that cracks form initially in crazes 
which are themselves created under the cyclic 
stress conditions. Such cracks then propagate in 
steps through the craze. The further progress of 
such a crack, after it reaches the tip of the initial 
craze, must be of a different type. Only very 
recently, however, has the nature of this second 
zone of crack propagation been characterized [3] 
for the cyclic fracture of notched isotactic poly- 
styrene. A primary concern of the present paper 
is to demonstrate the nature of the fracture 
process as it occurs in two distinct zones in 
another polymer (polycarbonate) and to interpret 
these microscopic results in terms of a crazing- 
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controlled model. In particular, we present new 
results regarding the interfacial region between the 
two zones of crack propagation. In addition, data 
regarding the effects of pre-crazing is presented. 

The fatigue behaviour of polycarbonate has 
come under particularly frequent study. The 
macroscopic fracture mechanics of their material 
has been reported several times [4-13] .  The 
fractography of polycarbonate under cyclic 
loading has also been reported several times 
[13 19]. It is clear in this large volume of work 
that at sufficiently mild conditions of stress and 
frequency the propagation of fatigue cracks in 
this material can be well characterized macro- 
scopically by fracture mechanics and can be 
understood microscopically to proceed by the 
craze-crack coupled mechanism. On this basis 
polycarbonate was chosen for the present work. 

2. Experimental 
Lexan* sheet was used throughout this work. 
Specimens were milled from the sheet in two 
forms, tensile bars of gauge section 0.31 cm x 
1.27cm and gauge length 3.81 cm and tension- 
compression fatigue specimens with dimensions as 
in Fig. 1. Results were in all important aspects 
independent of which specimen form was used. 
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Figure 1 Fatigue specimen dimensions, ~ in sheet. 

The tensile bars were subjected to equal tension- 
compression cycling at 20 Hz; the other specimens 
to equal tension-compression at 2 Hz. The load 
amplitude was controlled in both cases. No 
significant specimen heating was observed for 
either type. 

3. Results and discussion 
3.1. F ractography 
Fig. 2 shows a typical fracture surface for the 
specimens of square cross-section. Two distinc- 
tively different zones are found. Zone 1 is com- 
prised of concentric circular fracture surface 
markings, with no other gross features. In Zone 2 
are found feathery, radial markings, as well as a set 
of basically tangential striae. 

The Zone 1 circular markings are the familiar 
crack-arrest striae reported often in the polymer 
fatigue literature (see, e.g., [2]). The higher 
magnification, SEM micrographs of Fig. 3 show 
that these bands are composed of a region of 
gross pits, followed by a relatively smoother 
surface. This fracture surface morphology can be 
seen in fatigue fracture surfaces of polycarbonate 
[16], poly(methyl methacrylate) [20,21],  poly 
(vinyl chloride) [22], and polystyrene [3]. 
Hertzberg and Manson [1,22] suggest that the 
pits are formed by rupture through large voids in 
the stress-aged craze zone immediately ahead of 
the crack. Presumably the crack is arrested until 
the crazed matter beyond its tip becomes suf- 
ficiently defective (voidy) to allow for further 
crack advance. This would be then the mechanism 
of slow crack growth during fatigure. 

As seen in Fig. 2, the transition between Zones 
1 and 2 is characterized by a set of radially- 
directed fingers and by a less regular set of coarse 

Figure 2 Optical micrograph of 
fatigue fracture surface. 
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Figure 3 Scanning electron micrograph of striae in Zone 1. 

Figure 4 Segments of coarse bands in early stage of 
Zone 2. 

tangential bands. The tangential bands continue 
the periodicity increase from Zone 1. However, 
the coarse banding in Zone 2 is segmented; the 
bands are no longer continuous along their length. 
Fig. 4 shows, in larger magnification, segments of  

the coarse bands. These bands are characterized 
now by a very fibrous appearance. Further, be- 
tween the bands exist a set of  much finer striae. 
The distance between the very fine striae decreases 
with distance from the crack source. Optical and 
SEM micrographs of  the fine striae far into Zone 2 
are seen in Fig. 5. That the striae are observed in 
the SEM indicates that they are true surface 
features and cannot be explained as interference 
fringes. In the well-developed region of Zone 2, 
where measurements can be made, there is a one- 
to-one correlation between number of striae and 
number of  cycles; the fine Zone 2 striae somehow 
mark where the crack front stopped at the end of  
each cycle. These single-cycle arrest lines are 
often observed to be held up, as in Fig. 6 (arrows), 
at out o f  plane projections of  the coarse bands. To 
a considerable extent, these observations run 
parallel to those on polystyrene, reported by 
Skibo etal. [3]. 

The several microscopic observations are 
consistent with a simple model of crack initiation 
and growth. The model runs as follows: 

(a) At some time in the course of loading and 
unloading, a craze develops at the surface and 
propagates inward. 

(b) During this period, whatever craze exists is 
itself under the applied alternating stress. As Doyle 
[23, 24] has shown, the rupture of  a craze is a 
viscous process; the fibrils slowly pull apart, like 
taffy (toffee-like). As a result, the combination of 
stress amplitude and application time results in a 
locally voidy craze. The void volume would be 
largest where the combination of  stress amplitude 
and application times is closest to the level needed 
for stress rupture (failure by creep). This would be 
a specific example of  the general process of  "linear 

Figure 5 Late stage of Zone 2: (a) light micrograph, (b) scanning electron micrograph (different area). 
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Figure 6 Arrest lines held up at out-of-plane projections, 
optical micrograph. 

damage" [25 -28 ] .  In this stage of fatigue, the 
largest void volume would exist at the craze in- 
itiation site at the surface. 

(c) When the void volume at the craze initiation 
site reaches a critical value, a crack forms within 
the craze. The crack propagates inward during one 
tensile stress half cycle until the stress level is no 
longer sufficient to rupture the partially-voided 
craze and the crack tip is arrested. 

(d) When the pre-formed craze directly ahead 
of  the crack reaches the critical damage level, the 
crack will again move forward, until again its stress 
level is insufficient for craze rupture. This process 
repeats itself over and over until the crack tip 
comes near the tip of the existing craze. At this 
point, the fracture surface would consist of  the 
concentric bands characteristic of  stage (a). 

(e) Stage 2 begins. The crack tip now has very 
little craze ahead of itself and must create new 
craze in order to propagate. As Stemstein has 
shown [ 2 9 - 3 2 ] ,  crazes propagate when a critical 
stress state is attained. For the case of  plane strain, 
with principal stresses o l ,  02 in the plane of stress, 
the criterion for propagation is 

A ( r )  
I c r l - o 2 1  - -  >--B(T) (1) 

(0" 1 ~- 0 2 ) 

where A(T) and B(T) are positive constants 
dependent on material, chemical environment, 
temperature, and strain rate. At the tip of  a plane 
strain tensile crack, the stresses o~ and 02 are 
equal in magnitude. The craze propagates in the 
plane normal to the larger of  the two plane princi- 
pal stresses. If  Ol and 0"2 are equal in magnitude, 
and the sum (o~ + 0"2) great enough, the craze can 
still propagate, in random direction. The state of  
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strain at a crack tip is complex. The maximum 
principal stresses lie at the tip, in the crack plane 
and normal to it. They are of  equal magnitude. At 
directions out of the crack plane, the stress bias 
( o h - - 0 2 )  becomes finite and the left side of  
Equation 1 becomes larger than for the case of  the 
crack plane itself. Thus one should expect crazes 
originating at the tip of  a crack to initially run 
out of  the plane of  the crack. Bevis and Hull [33] 
recognized this and showed that indeed crazes 
originating at the tip of  the crack in glassy poly- 
styrene are curvilinear and follow trajectories 
initially out of the crack plane, curving gradually 
back into the crack plane as they propagate away 
from it. 

Su& new crazes, formed ahead of  a fatigue 
crack, can follow initial trajectories in either 
direction ("up"  or "down")  relative to the original 
crack. I f  crazing initiates at more than one site 
along the crack tip, one should expect to find 
crazes going both up and down. Most probably, 
the fingers projecting into Zone 2 from the bound- 
ary of  Zone 1 represent crazes which originally 
went in opposing orientations. 

(f) The fatigue crack front follows the fronts of  
the new crazes. The gross bands in Zone 2, found 
only near the Zone 1 limit, most probably indicate 
sites where the crack tip has again caught up with 
the craze tip. At each such site, the crack must 
again await a critical void volume level before it 
can propagate. However, the stress level at the 
crack tip is now sufficiently large to permit some 
propagation at each cycle through the voidy craze. 
The evidence for this is the very fine striae be- 
tween the broad, out-of-plane rupture bands. 
These striae become more closely spaced as they 
approach the next broad band, indicating that the 
level of ageing in the craze becomes lower with 
distance into the craze. 

(g) Ultimately the stress level at the crack tip 
becomes sufficiently high to create its own craze 
and to propagate to its tip all in the same cycle. 
This is the condition in the well-developed region 
of Zone 2 (Figs. 2 and 5). The striae in this region 
exhibit a rounded region, presumably the out-of- 
plane craze trajectory as the craze begins to move 
forward at the beginning of  each cycle, followed 
by the expected flat region. 

3.2. Effects of prior crazing on fatigue life 
It was noted that in the course of  the fatigue 
deformation the cyclic stress strain behaviour 



Figure 7 Craze discs in pre-cycled constant-strain-rate fracture surface. (b) is an enlargement of one of the discs in (a). 

changed. As the number of  cycles increased, the 
material appeared softer; that is, the initial slope 
of the cyclic tensile stress-strain response de- 
creased. Such cyclic softening is common in glassy 
polymers (see, e.g., [2, 19, 34]).  For both poly- 
carbonate and polystyrene the shape of  the cyclic 
stress-strain curve becomes similar to those 
observed by Kambour and Kopp [35] and by Hull 
[36] for highly crazed material. Indeed, very fine 
crazes (not observable by surface examination) 
were detected prior to crack formation in our 
polycarbonate specimens. These very fine crazes 
were made visible in cyclically loaded materials by 
stopping the cyclic deformation and then re- 
loading at constant strain rate to fracture. On the 
fracture surface, small discs of  crazed material 
could be observed, as in Fig. 7. Along the side 
surfaces, small cracks with lateral dimensions 
similar to those of  the craze discs could also be 
seen. These craze discs were never seen in material 
fractured without prior cyclic loading. 

Considering the fibrous structure of  crazes, it 
seemed possible that large concentrations of  gross 
crazes could be used to raise the fatigue life at low 
stress amplitudes. The reasoning is as follows: Fig. 
8 shows, schematically, stress-strain curves for 
non-crazed and crazed material. The effect of  the 
craze is to lower the effective initial modulus, 
without significantly decreasing the higher stress 
level response (except that fracture should occur 
at a lower stress level). The effect of  numerous 
gross crazes should act, at low stress levels, as a 
soft second phase. This hypothesis was tested by 
loading polycarbonate fatigue specimens from 90% 
to 95% of the macroscopic yield stress prior to 
cyclic deformation. The specimens were held at this 

stress level for 1 hour in order to stabilize the 
craze material. The specimens were subsequently 
cycled to failure and an S - N  curve obtained. Fig. 
9 shows S - N  curves for virgin and for tensile- 
deformed material. At high stress amplitudes, 
where the craze fibrils become highly extended, 
the fatigue life is reduced. At low-stress ampli- 
tudes, the presence of  the coarse crazes initially 
present produces an increase in the fatigue life. 

4. Summary 
Fatigue fracture surfaces of  polycarbonate cycled 
in equal tension and compression at relatively low 
stress levels were observed using optical mi- 
croscopy. Two distinct zones were observed, as 
well as a transition region between the two zones. 
In the first zone, the crack propagated sporadi- 
cally, with many cycles between arrest lines. In the 
second zone, in its well-developed state, the crack 
propagated at each cycle. The transition region 
showed elements of  both types of  behaviour, as 
well as the onset of  long crazes running parallel to 
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Figure 8 Schemat ic  s t r e s s - s t r a in  curves for material  with 
and without gross crazes. 
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Figure 9 S - N  curves for as-received (o) and prestressed (.) material. 

the crack propagation direction. On this basis, 

fatigue crack propagation in this material was 

described in terms of  a model in which cracks 

move only through existing crazes with a suf- 

ficiently large pore structure. In the first zone, 

the time between crack jumps is occupied with 

craze damaging. The second zone begins when the 

crack tip catches up with the craze tip. In Zone 2, 

the crack must form new craze in order to 

propagate. In the well-developed region of  stage 2, 

craze formation and ageing can occur during the 

same tensile stroke. In the early portions of Zone 

2, the stress level is insufficient to both create and 

age the craze in the same stroke. 

Experiments were reported, in which cyclic 

deformation was stopped prior to crack formation, 

and the material then loaded to failure at constant 

strain rate. Crazes which could not be seen prior to 

reloading were visible in the fracture surface. S - N  

curves of  material which had been statically loaded 

nearly to the yield stress before cyclic deformation 
were also reported. An increase in fatigue life at 

low stress levels was observed. This increase in 

fatigue life was attributed to a softening effect of  

the gross crazes formed during the static loading. 
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