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Environmental crazing and intrinsic tensile 
deformation in polymethylmethacrylate 
Part 2 Morphology 
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The modes of deformation and fracture were observed by optical microscopy in specimens 
of PMMA which had been deformed in tension. The deformation took place in N2, Ar, O5, 
CO2, water and He from 77 to 363 K and under varying partial pressures of the environ- 
mental gases. The differences between intrinsice and environmental crazing and the relation- 
ship between crazes and shear bands, and between crazing and fracture are presented. 

1. Introduction 
It was only after Parrish and Brown [1] showed 
Nz was a crazing agent at low temperatures that 
the intrinsic tensile deformation of polymers was 
observed at low temperatures. This paper makes a 
clear distinction between the intrinsic behaviour of 
PMMA and environmental effects. Part 1 [2] is 
concerned with the tensile stress-strain behaviour 
of PMMA from 77 to 360 K as it is effected by the 
various environments, N2, Ar, 02, C Q ,  water and 
He. He is completely inert in this entire tempera- 
ture range. The partial pressure of the active en- 
vironmental gases was varied from 0 to 1 atm. This 
paper is concerned with the modes of deformation 
and fracture. 

Based on the mechanical behaviour and the 
morphology of the deformation, the modes of 
yielding and fracture can be classified as follows: 
(1) environmental crazing, (2) intrinsic crazing, 
(3) intrinsic brittle fracture, (4) environmental 
brittle fracture, and (5) shear. The shear has two 
forms, (a) gross localization of shear as shown by 
the necking of the specimen and (b) micro-shear 
bands. Under some conditions more than one type 
of deformation could be observed in the same 
specimen. The relationship of the various modes 
will be considered. For example, all brittle fractures 
showed evidence of crazing. Brady and Yeh [3] 
emphasized the connection between crazing and 
shear bands. This investigation re-enforces the idea 
* Permanent address: Nagasaki University, Nagasaki, Japan. 

�9 1976 Chapman and Hall Ltd. Printed in Great Britain. 

that shear bands and crazes are intimately related 
and that this relationship plays a fundamental role 
in the growth of crazes. 

Rabinowitz and Beardmore [4] have reviewed 
the morphology of crazes. They made a distinction 
between high and low temperature crazes whereas 
this paper shows that another distinction can be 
based on the difference between environmental 
and intrinsic crazes. At the time that Rabinowitz 
and Beardmore wrote their review, they did not 
know that the crazes that were observed in PMMA, 
after it was deformed in liquid nitrogen, were 
caused by the liquid nitrogen. Olf and Peterlin 
[5] have recently observed intrinsic crazing in 
polypropylene from 77 to 373 K; the morphology 
of the intrinsic crazes changed markedly with 
temperature so that it can be said that temperature 
per  se, as well as the environment, determines the 
morphology. Olf and Peterlin [5] also observed the 
modes of deformation and failure in environments 
of N2, Ar, 02, and CO2 for PP whose structure 
varied from "smetic'" to highly crystalline. The 
effect of structure on the deformation was second- 
ary compared to the effects of temperature and 
the environments. The results of this paper agree 
with the statement by Olf and Peterlin [5] that 
crazing is an "ubiquitous" mode of deformation 
since over the entire range of temperature and 
for all environments some evidence of crazing 
could always be detected in PMMA. 
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2 .  E x p e r i m e n t a l  

The PMMA was Plexi-Glass G from Rohm and 

Haas in the form of 0.6 mm sheet. The specimens 
from Part 1 were optically examined in transmitted 

and reflected light. Sometimes polarized light was 

used to enhance the contrast of the micro-deforma- 

tion bands and to show the orientation within 

the massive crazes. The specimens were deformed 
at the same s t ra in-ra te  of 1% rain -1 over a tem- 
perature range of 77 to 373 K. The environments 
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consisted of mixtures of each of the following 

gases with He at partial pressures of 0 to 1 atm: 

N2, Ar, 02 and CO2. Distilled water was another 
environment. 

3 .  R e s u l t s  

3.1.  M a c r o s c o p i c  o b s e r v a t i o n s  

An over-view of the deformation and fracture 

modes in the various ranges of temperature is pre- 

sented in Fig. 1 where the tensile strength is shown 
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Figure ] Tensile strength versus temperature and modes of deformation and fracture in different temperature ranges 
and environments. Curve ABCD is intrinsic behaviour. EF in N2, GH in CO 2 at 1 atm, and IJK in water. 

Figure 2 Typical examples of the various modes of deformation and fracture. (a) Fracture in He from 77 to 250 K, (b) 
fracture in He 250 to 283 K, (c) deformation in He above 283 K, (d) crazing in N 2 below 140 K. The tensile stress is 
verticle in Figs. 2 to 10 and 12. 
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as a function of  temperature for inert and active 
environments. ABCD is the intrinsic behaviour; 
from 77 to 250K, brittle fracture occurs; from 
250 to 283 K is the brittle to ductile zone where 
there is a gradual increase in fracture strain; above 
283 K, a shear yield point occurs along with in- 
trinsic crazing. Fig. 2a to c shows examples of  
these modes of deformation and fracture. In the 
completely brittle region the specimen fractures 
in several pieces (Fig. 2a). In the brittle-to-ductile 
transition region, tile specimen breaks into two 
pieces with some evidence of  plastic deformation 
at the edge of  the fracture (Fig. 2b). Above 283 K 
shear yielding and necking is seen, and the intrinsic 
crazes causes whitening or "blushing" or the speci- 
men (Fig. 2c). 

Environmental effects are represented in Fig. 1 
by the branch EF for N2, GH for COz, and IK for 
water. Each environment has its particular range 
of  temperature and pressure where it acts as a 
crazing agent as shown in Part 1 [2].  The deforma- 
tion and fracture mode in these active environ- 
ments are typified by the crazed and fractured 
specimen shown in Fig. 2d. What is called intrinsic 
behaviour is not necessarily observed only in He 
or vacuum; intrinsic behaviour can be observed in 
any environment if the temperature is sufficiently 
high or the pressure is sufficiently low so that the 
environment becomes inactive. It is possible that 
He produces crazes in the temperature range in 
the neighbourhood of  its boiling point. 

and Fischer [7] the density of  crazes increases 
strongly with the maximum stress to which the 
specimen was exposed. It might be expected that 
the increase in partial pressure of  the environ- 
mental gas would make it easier to nucleate a 
craze for a given stress; this effect is obscured if 
one only observes the specimen after fracture by 
means of  a stress-strain test where the stress 
change with time. 

The increase of  craze length with the increase 
in partial pressure (Figs. 4 and 5) depends on two 
factors, the craze velocity and the time that the 
specimen was under stress. The craze velocity 
depends on the stress and the concentration of 
the environmental gas. The time under stress 

3 .2 .  E n v i r o n m e n t a l  c raz ing  
Figs. 3a to c, 4 and 5 show typical environmental 
crazes that formed in all the active environments 
including water. The individual crazes have the 
same following characteristics: (1) . they  tend to 
grow very long, (2) their thickness tends to be 
thin and uniform except near the tip, and (3) 
shear bands were not observed at the tip. The only 
differences that were observed in environmental 
crazes involved their density (no./area) and length. 
Appreciable differences in their thickness were not 
apparent. 

As shown in Figs. 4 and 5, an increase in the 
partial pressure of  the environment decreased the 
craze density and increased the average length of 
the craze. The decrease in density with increasing 
pressure is understandable because the maximum 
stress to which the tensile was exposed prior to 
fracture also decreases with increasing pressure of  
the environmental gas [2, 6]. As shown by Brown 

Figure 3 Typical environmental crazes in (a) N 2 77 K, 
(b) CO 2 196 K, (c) water 273 K, X 35. 
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Figure 4 Effect of partial pressure of N 2 77 K on craze length and density • 35. (a) 0atm, (b) 0.25 atm, (c) 0.50 atm, 
(d) 1.0 atm. 

depended on the fracture strain and the s t r a in -  

rate. The strain rate was the same for all speci- 
mens and the fracture strain was not greatly differ- 
ent (see Part 1). The average stress to which the 

specimen was exposed decreased with increasing 
partial pressure. These results lead to the con- 
clusion that the increase in craze length with in- 
creasing partial pressure was primarily caused by 
the increase in craze velocity. The connection 

between craze velocity and partial pressure of the 
environmental gas will be analysed further in the 
discussion. 

Figure 5 Effect of partial pressure of CO2, 197 K, • 35. 
(a) 0.25 atm, (b) 0.50atm, (c) 1.0atm. At 0atm, same as 
Fig. 4a. 
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Figure 6 Intrinsic craze density as a function of temperature • 112. (a) 2.3 • 10Scm -~ at 283 K, (b) 3.4 • 10Scm -2 at 
298 K, (c) 4.6 • 10%m -2 at 319 K, (d) 4.9 • 10Scm -2 at 330 K. 

Figure 7 After 15% deformation in water at 333 K, (a) only extrinsic crazes are resolved at x 21, (b) shows short 
intrinsic and long environmental crazes at X 85. 

3.3 Intrinsic crazing 
Intr insic crazing in He was first observed at tem- 

peratures  above 283 K. Fig. 6 shows the intrinsic 

crazing at various tempera tures .  The most  obvious 

difference be tween  intrinsic and envi ronmenta l  

crazes is in their  length.  Th~ intrinsic crazes do no t  

become  very long. A good compar i son  of  intrinsic 

and envi ronmenta l  crazing is provided by Fig. 7 

where bo th  types  o f  crazes were p roduced  at 333 K 

in water ;  the envi ronmenta l  crazes are 30 to 40 

t imes longer.  

The  intrinsic crazes first appeared at 283 K, and 

their  densi ty  increased wi th  increasing t empera tu re  

as follows: the densi ty varied f rom 2.3 x l 0  s to 
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Figure 8 Intrinsic crazes and micro-shear bands. (a) 330 K, 
X 800 slightly out of  focus, (b) 296 K, X 100 in focus, (c) 
same as (b) out of  focus. 

As mentioned above, the greater the strain the 
more readily visible the intrinsic crazes: the reason 
for this behaviour is shown in Fig. 9, where a 
craze at the edge of  the specimen has widened 
considerably. This widening is a t t r ibuted to the 
broad intense shear bands which emanate from 
the ends of  the craze. In a following section the 
relationship between crazes and shear bands will 

be discussed more fully. 

4.9 x 10 s cm -2 as the temperature increased from 

283 to 330K.  This is a true temperature effect 
since the maximum stress to which the specimens 
were exposed decreased with increasing tempera- 

ture. 
The intrinsic crazes were observed at 298 K as 

a function of strain. The crazes were first observed 
at 5% strain which is just  prior to yield strain of  
6%. As the strain changed from 5% to 20%, the 
length and density of  the crazes remained nearly 
constant.  The primary effect of  the strain was to 
make the crazes more easily visible, presumably 
by making them thicker. The relationship between 
the intrinsic crazes and the strain became more 
apparent when the specimen surface was viewed 
slightly out  of  focus and shear bands were ob- 
served as shown in Fig. 8a to c. These shear bands 
were only observed at the ends of  intrinsic crazes 
but  not  with environmental crazes. The shear 
bands made an angle of 45 ~ with the craze. 
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Figure 9 Widening of  an intrinsic craze at edge of  speci- 
men. Shear bands emante from tip, 296 K, X 94. 

3.4. Crazing in w a t e r  
The s t ress-s t ra in  behaviour in distilled water was 
observed from 273 to about 333 K. The behaviour 
was brittle up to 319 K and only a few environ- 
mental crazes were observed in the fractured speci- 
men. At about 333 K the specimen became very 



Figure 10 Same specimen as Fig. 7, but in drawn region 
after necking. Dark regions are massive crazes formed by 
the joining together of intrinsic crazes (Fig. 7a) X 14. 

ductile and an upper yield point occurred. In the 
ductile range both environmental and intrinsic 
crazes occurred as shown in Fig. 7, because at 
about 333 K the intrinsic strength in He became 
nearly equal to the tensile strength in water (Fig. 
1). Also at and above 333 K broad and irregular 
craze-like regions were observed as shown in Fig. 
10. Analysis with polarized light showed that  the 
dark regions were highly oriented parallel to the 
stress. It appeared that  the craze density became 
very high in certain regions so that the smaller 
crazes joined together to form a massive craze. 

3.5. The fracture surface 
The fractured surfaces were observed after brittle 
fracture in He and in an active environment (Fig. 
11). In all cases, part  or all of  the fractured sur- 
face showed crazing. Although in He no crazes 

were visible in the gauge section, except for a few 
short ones at the fracture edge, the fractured sur- 

face was partially crazed prior to fracture. Thus, 
it can be stated that a fracture tends to be preceded 
by a craze. When the fracture occurs at a very 
high velocity, the surface becomes very rough so 
that it is difficult to say whether crazing then 
precedes fracture. The distinction between intrinsic 
brittle fracture and environmental brittle fracture 
is arbitrary and does not involve different mechan- 
isms. The environment only makes it possible to 
form a craze at a lower stress; therefore, the 
environmental craze can usually grow longer than 
the intrinsic craze before fracture occurs. 

4. Discussion 
4.1. Environmental crazing 
As pointed out in Section 3.2, the increase in 
craze length with increasing partial pressure of  

Figure 11 Fractures surface X 25. (a) 77K in N2, (b) 77 K 
in He, (c) 275 K in He, (d) 273 K in water, (e) 296 K in 
water. 

the environmental gas is based on the increase in 
craze velocity. Brown [8] has suggested that  for a 
given stress the velocity of  an environmental craze 
depends on the diffusion coefficient of  the gas 
into the polymer and on the surface concentration 
of  the gas. The suggestion is based on the model  
of  crazing where the gas very rapidly traverses 
the pores of the craze until it reaches the tip; 
then the rate determining factor is the diffusion 
of  the gas into the tip. It is assumed that for the 
craze to grow, the tip must be plasticized by a 
critical amount  depending on the stress. The criti- 
cal amount  of  plasticization involves two factors: 
a critical concentrat ion of  sorbed gas and a critical 
depth of  penetrat ion.  The above statement can be 
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formulated in the following equation. 

Ce = C e x p  (--X2e/Dtc) (1) 

where Cc is the critical concentrat ion of  the 
environmental gas; Xc is the critical depth of  
penetrat ion as measured from an inner surface of  
the craze into the uncrazed polymer;  C is the con- 
centration of  gas at the inner surface at a pressure, 
P; t e is the time for the gas to penetrate the 
distance Xc, and D is the diffusion coefficient.  
The exponential  in Equation 1 is a simplifying 
approximat ion to the error function which is 
generally more appropriate.  After the polymer  is 
plasticized to the depth Are, the craze lengthens b y  

an amount  X e so that the observed craze velocity 
v is given by 

v = x c / t c .  (2)  

The surface concentrat ion,  C, depends on the 
partial pressure of  the environmental gas. 

C = A P  (3) 

where A is related to the adsorption coefficient. 
Combining Equations 1 ,2  and 3 

Ce = AP  exp I--Xcv/DI. (4) 

As P increased, v increases in accordance with the 
experimental  observation. The best method for 
quantitatively checking the relationship between 
v and P is the creep test where the stress is kept  
constant and the velocity of  the individual crazes 
is observed directly. 

4.2. I n t r i n s i c  c r a z i n g  
Intrinsic crazes were observed throughout  the 
specimen at temperatures above 283K.  Below 
283 K the only evidence of  crazing was on the 
fractured surface (Fig. 11). The intr insic  crazes 
were associated with' micro-shear bands and they 
became more visible as the strain increased. The 
results suggested that the shear bands tend to 
widen the intrinsic crazes and at the same time 
tend to limit their growth by reducing the stress 
concentrat ion at the tip (Fig. 9). In order for a craze 
to continue growing it must maintain the stress 
concentration at the tip. A similar situation occurs 
in metals where crack growth is impeded by blunt- 
ing of  the crack by plastic deformation.  Olf and 
Peterlin [5] observed that intrinsic crazes became 
shorter and wider in polypropylene as the tem- 
perature increased; this observation is consistent 
with our suggestion that the greater ease of  shear 
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deformation involved at the higher temperature 
tends to blunt and widen crazes. 

4.3. The relationship of crazes and shear 
bands 

It is suggested two that shear bands occur at each 

tip of  all crazes when the craze is first nucleated 
since the shear bands tend to be formed by the 

stress field of  the craze. The double shear tends to 
cavitate the polymer at the tip and cause the 
craze to grow in length; at the same time the double 
shear tends to blunt  the existing craze. Whether 

\ 
(a) 

(b) 
Figure 12 Model showing relationship of craze and shear 
bands. (a) Broad shear bands tending to widen craze. 
Arrows show directions of shear; tensile stress is vertical; 
(b) environmental craze with surrounding plasticized 
region (dotted). Smaller shear bands confined to plasticized 
region. Stress as in (a). 

growth or blunting predominates depends on the 
extent  of  the shear bands as shown in Fig. 12. In 
Fig. 12a the shear bands are wide and long so that 
the blunting process predominates as is the case 
for intrinsic crazes. The large shear bands would be 
encouraged by  a low shear yield strength through- 
out the polymer as is expected at high temperatures. 

The case of  environmental crazes is shown in 
Fig. 12b when there is only a small plasticized 
micro-volume of  polymer at the tip of  the craze. 
Under these conditions the shear bands are narrow 
and short. The double shear causes craze growth, 
but  the bands are too narrow to blunt the existing 
craze. The bands are also so short that they are 



continually obli terated as the craze grows into the 

plasticized micro-volume of  material that surrounds 

it. Long, narrow intrinsic crazes can also occur at 

low temperatures as observed by Olf and Peterlin 

[5] in PP because at low temperatures the shear 
yield stress is very high so that  it can only be 
exceeded at the high stresses very near the tip. In 
the case of  PMMA, similar behaviour is expected 
at low temperatures,  but its shear yield point  is so 
very high compared to its fracture strength that 
the very first craze that forms is immediately 
preceded by brittle fracture before other crazes 
can be nucleated. Matsushige et  al. [9] investigated 
the effects of  hydrostat ic  pressure on crazing and 

shear bands in PMMA; they also emphasized the 
point  that "shear bands function as craze stoppers." 

5. Summary and conclusions 
Environmental crazes tend to grow long before they 
are terminated by fracture, and shear bands are 
not  observed at their tips because environmental 
craze growth involves only a micro-volume of  plasti- 
cized polymer.  

The craze velocity increases with the partial 
pressure of  the environmental  gas because the rate 
determining factor is the diffusion of  the gas into 
the polymer at the tip of  the craze. 

Intrinsic crazes are terminated by shear bands 
in PMMA. These shear bands, at elevated tem- 
perature, tend to limit the growth by blunting 

the tip of  the craze. 

All brittle fractures, both intrinsic and environ- 

mental, are preceded by a craze at least during 

the initial stage of  fracture. 
Almost any environment under the proper con- 

ditions of  stress, temperature,  and pressure, can 
enhance crazing in PMMA. 

Acknowledgements 
The work was primarily supported by the U.S. 
Army Research Office and part ly by the National 
Science Foundat ion through the Materials Research 
Laboratories Grant. 

References 
1. M.F. PARRISH and N. BROWN, Nature 237 (1972) 

122. 
2. Y. IMAI and N. BROW)-I, J. Mater. Sci. 1t (1976) 

417. 
3. T .E.  BRADY and G. S. Y. YEH, ibid., 8 (1973) 

1094. 
4. S. RABINOWITZ and P. BEARDMORE, CRC Crit. 

Rev. MacromoL Sci. I (1972) 1. 
5. H. G, OLF and A. PETERLIN, J. Polymer Sci.- 

Phys. Ed. 12 (1974) 2209. 
6. N. BROWN and Y. IMAI, ~ Appl. Phys. 46 (1975) 

4130. 
7. N. BROWN and S. FISCHER, J. Polymer Sei. 13 

(1975) 1315. 
8. N. BROWN, J. Polymer Sci.-Phys. Ed. 11 (1973) 
9. K. MATSUSHIGE, S.V. RADCLIFFE and E. BEAR, 

Department of Maeromol. Sci., Case Western Reserve 
University Technical Report No. 270 February (1975) 

Received 2i July and accepted 29 July 1975. 

433 


