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Optical Studies of Crazed Plastic Surfaces 1 

Sanford B. Newman and Irvin Wolock 

Opt ical studies were .made of cr azed surfaces, p r inc ipally t hose of cast poly methyl 
methac rylate. The techl1lques used fo r t hese st udi es we re mult ip le-beam inter fe rometry 
and light and electron m icroscop y. 

The dil~ ells ion s of t he craze cracks prod uced b y short -t ime stress crazing and by stress­
so~vent crazmg wcre determmed by t he a bove techniques. Stress-crazed specimens co n­
tamed t he sma llest cracks obser ved during thi s investigation. The dimensions determin ed 
in so me of the~e specimens were : Le ngth, 2 to. 10 mi crons ; width , 0.1 to 0.25 m icron; depth, 
0.05 to 0.15 mIcron. I n other speellnens and JJl solvent-crazed surfaces t he dimensions were 
la rger. The craze cracks did not appear to aPjJroach dimens ions unresolvable by t he electron 
m lCroscope, b~t Instead appeared to have a mll1lmUm crack length. 

AI: elevatIOn of t he surface in t he vicinity of craze cracks was observed, of t he order of 
0.02 mI cron ~or crack~ pr?duced by stress-craz ing an d 0.3 mi cron fo r t hose produ ced by stress­
solvent crazIng .. Th IS n se was observed in crazed specimens while still under load . The 
tY PI cal surface dIsplacement was observed in specimens crazed in tension produ ced by fl ex ure 
as well as jj] pure te nSIo n, an d was observed III polvstyrene and in polymethvl a lpha-chloro-
acrylate as well as in poly methyl methacrylate. " . 

Some crazed specimens in whi ch t he crazing had apparently "recovered" when viewed 
with t.he unaided eye still exhi b}ted the surface displacement t'ypical of crazed specimens. 
Expenments conducted by heatIng stress-crazed specimens and stress-so lvent-crazed speci­
mens to accelerate t he recovery of crazi ng indi cated t hat surface recovery is essent ially co m­
p lete III t he former case but not 111 the latter. T his d iff C'ren ce in recovery behavior is prob­
ably due to t he nature of t he derormation assoc iated wit h the two types of crazing. 
. T~n s Il e speCIm ens to wh Ich loads had been applied t hat were sligh tly too low to produce 
ImmedI ate crazIng dId llot exh IbIt surface displacements typical of crazed specimens. 

1. Introduction 

When transp aren t thermoplastics such as poly­
methyl methacrylate 0 1' polystyrene are exposed Lo a 
suffi cien tly high te nsile s tress or to solvents, deteri­
oration of their op tical properties occurs. This de­
terioration resul ts from the formation of cracks tha L 
impair ligh t t ransmission , cause optical aberrations, 
and l'educe the strength properties of the material. 
Commonly lmo wn as "crazing," Lhis phenomenon is 
enco untered in a variety of produ cts ranging from 
:=tircraft glazin~ and. canopies to wa~cl~ crystals, and 
IS ObvlOusly of conSIderable economIC lmpor tance to 
manufacturers and users of plasLic items. A number 
of invcsLigators have reported Lhe resul ts of work on 
t he mech anism, cllar actel'istics, and elimination or 
prevention of crazing [1 to 7].2 H O\\"ever , crazing re­
mains a serious consideration in pll1stics a,pplications 
and many aspects of the problem require intensive 
study. 

Ph otomicrogr aphs and descriptions of the craze 
cracks can be found in the literature [2, 4, 5] . The 
cracks ViLIy grea tly in th eir length and fineness. In 
tensile specimens crazed by the application of stress 
or by stress and solvent together, the cracks are 
almost invm-iably nor mal to the applied stress. 
Indi viclual cracks can USLI ally be 0 bservcd using a 
low-power microscope ; a ] 6-mm objective and lO X 
ocular is generl111y more th an adequate. The length 
and number of Lhe cracks Cl1n often be determined 
in this fl1shion. Some Cl'azed surfaces contain cracks 

I 'J'his investigation was conducted at the National Burean of Standards under 
the sponsorship and with the financial assistance of t he National Addsory Com· 
mlttee for Aeronantics; the help of this agency and memhers of its staii is grate· 
fully acknowledged. 

2 Figu res in brackets indicate the literature references at the end of this:paper. 

that appear to approl1,ch the limi ts of resolu tion of 
the mi croscope, and these require a more powerfu l 
tool for the measurement of crack dimension . 

Although t he length and fineness of crazing cr acks 
can be s tudied wi th the brigh t-fi eld microscope the 
determination of the dep th of cracks and how 'they 
affec.t surface topography requires other techniques 
and mstruments. Both the electron microscope and 
the mul tiple-beam inLerferometer suggest themselves 
for these purposes. Saunders [8] h as reported ob­
servations on minu te irregulari ties in op tical slll'ffLces 
b v means of multiple-beam in terferometry. Because 
of the grefLt magnification of minu te detail and the 
relatively large surface arellS t.hat can be examined 
simul taneously , mul Liple-beam in terferometry lends 
i tself readily to the precise study of the topography 
of plastic sheets. The multiple-befLm or FfLbry­
P erot-type fringe is a classical interferometric tech­
nique. A number of applications and refinemen ts of 
the. method h ave appeared in recent years, many of 
whlCh have been the work of Tolansky and his as­
s?ciates [9, 10]. These techniques yield magnifica­
tlO.n of detail in one direction only, the direcLion of 
height or depth . I n the mel1S11rement of heigh t this 
method equals or surpl1sses results obtained with 
the electron microscope, at the same time eliminating 
the ela~orate specimen preparation required by the 
latter mstrument. The electron microscope, how­
ever, yields other informllLion that would be difficult 
or impossible to ob tain with available interferometric 
techniques. Some indication of how Lhese tools 
supplemenL one another is evident in the observa­
tions presen ted . . 

The acrylic and. styrene plastics used in this study 
are amorphous lugh polymers. In these materials 
the total response to an applied stress contains three 
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components. These are the instantaneous elasticity, 
retarded configurational elasticity, and flow . When 
the stress is removed there results an instantaneous 
recovery of the deformation due to the first com­
ponen t and a slower recovery from the second . De­
formation due to flow is not recovered. These ele­
ments in the viscoelastic behavior of the polymer 
can be related to observed microstructural charac­
teristics of crazed surfa ces. It also aids in categoriz­
ing the mechanisms responsible for changes in the 
cracks and their associated deformations on exposure 
to elevated temperature or stress. 

2. Materials 

Specimens of cast commercial poly methyl meth­
acrylate were the ones chiefly used in this investiga­
tion. Both the general-purpose and heat-resistant 
grades were studied . The sheets of cast polystyrene 
were also of commercial origin. The cast polymethyl 
alpha-chloroacrylate was experimental polymer. 

Samples of acrylic laminate were also examined. 
The t wo outer layers of this laminate consisted of 
polymethyl meth acrylate and the interlayer was 
plasticized polyvinyl butyral. The inner ffLce of the 
acrylic outerlayer was examined. 

3. Methods 

3 .1. Preparation of Crazed Specimens 

The standard tensile specimens used were type I 
specimens described in Method 1011 of Federal 
Specification L- P-406b [11]. The specimens were 
stress-crazed by tensile loading in a hydraulic uni­
versal testing machine with the rate of head separa­
tion at 0.05 in./min. In some cases, the specimens 
were loaded until crazing occurred and then the load 
was released , whereas in other cases the load was 
applied until failure occurred. 

This same type of specimen was also stress-sol­
vent crazed . In this case, a sufficiently high lo ad 
was applied and then the surface of t he specimen was 
exposed to solvent either by holding a benzene­
saturated blotter against one face for 10 sec or by 
stroking the surface with a small camel 's hair brush 
saturated with solvent. 

Whereas crazing in polymethyl methacrylate 
manifests itself primarily on the surface, in cast 
polystyrene and cast polymethyl alpha-chloroacry­
late sheets it is also apparent throughout the matrix . 
In the two latter materials, th e interior craze cracks 
appear to be associated with impurities. However, 
the surface craze cracks of these two materials were 
similar in shape and orientation to those observed 
in polymethyl methacrylate. 

Flow lines were observed in some crazed specimens 
of polymethyl methacrylate, emanating from the 
ends of craze cracks. These flow lines were observed 
after the cr:;J.ze cracks appeared, and formed at angles 
of 35 ° to 45° to the cracks . The craze cracks did not 
appear to grow after the flow lines appeared . 

Tapered tensile specimens which had been stress­
solvent-crazed for use in another investigation were 
also examined. These specimens tapered in wid th 
from 0.500 to 0.333 in . over a 3-in . reduced sectio~ . 
The methods of crazing were the same as those 
described in the previous paragraph. 

Solvent-crazed surfaces were al so prepared by 
placing 2-in. squares cu t from cast sheets of poly­
methyl methacrylate in boiling water for 2 or 3 
min and then exposing them to monomeric methyl 
methacrylate until they were visibly crazed . 

Flexural specimens were stressed statically as 
cantilevers to produce crazing. 

3.2. Preparation of Surfaces for Interferometric 
Studies 

Exposed surfaces of the plastic sheets qu ickly 
accumulated a film of dust p articles from the sur­
rounding air. These particles were thoroughly 
removed to facili tate the microscopic examination 
and permit the deposition of suitable metallic films 
on those specimens used for multiple-beam inter­
ferometry. Cleansing was canied on with extreme 
caution, as even gentle wiping with commercial 
cellulose tissues or with absorben t cotton was suf­
ficient to produce surface marks that could be de­
tected microscopically. Immersion in a stream of 
tap water followed by blotting with a good grade of 
lens tissue caused little apparent surface degradation. 
Such a procedure, however , is not adequate for re­
moving all detri tus, and foreign bodies were con­
stantly encountered during the eXfLminations. 

The glass optical flats and other reference surfaces 
were handled by washing in soap and water and dry­
ing with lens tissue or boiled cotton or linen cloths. 
Old silver coatings were removed wi th a 30-percent 
solution of hydrogen peroxide. 

The cleansed specimens and r efer ence surfaces for 
multiple-beam interferometric studies were then 
placed in a metal evaporator. A film of silver was 
deposited on the crazed and uncrazed surfaces to be 
examined an d on the optical or other glass surface 
to be used as the reference flat . 

Plastic specimens on which the fringes were ob­
served in transmission were coated wi th a layer of 
silver 400 to 500 A in thickness. Such films approach 
a reflectivity of 90 percent. Tolansky [9] presents 
considerable detail of the technique for evaporating 
a layer of the proper thickness and reflectivity . 
The films applied to these specimens were formed 
in a vacuum of 1 X lO - 4 mm Hg or better. The 
heated tungsten filament was held at least 20 cm 
from the plastic to avoid overheating the specimen . 
A film of the desired thickness range was a deep 
blue color when viewed in transmission. With 
experience it was possible to make a visual estimate 
of the film thickness by its color and transmission. 
Observing the image of a small piece of white paper 
placed beneath the specimen also assisted in evaluat­
ing the layer of metal during its deposition. The 
extinction of the image can be used as the end poin t. 
Alternately, a measured amount, of silver computed 
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to be sufficient to produce a film of tb e desired thick­
ness at the distance of the specimen from the fil a­
ment can be evaporated in i ts en tirety . 

Silver films of the same thickness were evapora ted 
on all reference surfaces. 

A layer of silver sufficiently thick to b e totally 
r eflecting (at least 1000 A ) [12] was deposited on 
the plastic surfaces used for mul tiple-beam inter­
ferometric studies by reflec tion. 

3.3. Preparation of Replicas for Electron Microscope 
Studies 

Specimens were prepared by a slight modification 
of a r eplica techniquc described by Zworykin and 
Ramberg [1 3]. Crazed specimens of polymeth~-l 
methacrylate were placed in a vacuum unit which 
was pumped to 1X 10- 4 mm of H g or less. Silver 
was evapora ted perpendicularly on the specimens 
from a distance of 20 cm. A totally r eflecting sur­
face of silver was ob tained (thickness of 1000 A 
or more). The specimens with t heir evaporated 
coatin gs were r emoved from the uni t a nd m elted 
paraffin was applied to the edges of t he surface 
bearin g the silver la:ver . The coated plas tic was 
then placed in an electropla ting solu tion and a 
layer of copper abou t 0.01 in . thick was deposited 
on t he back of the silver film . The solu t ion con­
tained 4 g of copper sulfate and 0.6 mg of sulfuric 
acid per 20 ml of water . D eposition of th e copper 
was accompli shed with 0.1 to 0. 2 amp/in .2, but 
this value can be varied over wide limi ts. The 
metal layer was then cl eanl~T stripped from the 
plastic specimen. The paraffi n prevents t he elec­
t ropla ting soluLio n from attacking Lhe evaporated 
film at t he edges and elimin ates t he right-angle 
fins that te nd to grow over the edge of Lhe plas tic 
during plating, thus complicating removal of the 
metal. The mctal replica was washed in dist illed 
water and dried. 

The replicas were sh adowcd wi th chromium while 
displaced 4 cm ver timdly and 16 cm horizon tally 
from t be heated fil ament con taining lhe metal. A 
thin layer of collodion in amyl acetate (abou t a 1 % 
solu tion) was flowed over the replica, the excess 
allowed to drain , and the metal replica permitted 
to dry in a dus t-free location . Then a 25-percen t 
(by volume) solution of ni tric acid was used to d is­
solve away the copper and silver, leaving a positive 
shadowed replica of collodion . The replica was 
washed in several changes of distilled water and 
mounted on wire grids. Steps involved in replica­
tion arc shown schematically in flgure 1. 

3 .4. Microscopic Techniques 

F or brigllt-field observations, the crazed specimens 
were examincd with a compound microscope equipped 
with 16-mm or 4-mm objeclives and a lO X ocular. 
Some tensile specimens were also studied with a 
dark-contrast 4-mm 1)base con trast objective. H ow­
ever, it was fo und t,h at the methods of mul tipl e­
beam interference we ·e most valuable for determining 
structures present in ·:he plastic surfaces. 

F 

(a) 

(b) 

COPPfR L AYER 

SILVER LAYER 

PLASTIC SPECIMEN 

COLLODION FILM 
CHROMIUM FILM 
SILVER LAYER 

COPPER LAYER 

~ ~ CHROMIUM FILM 
0-------- COLLODION FILM 

(e) WIRE SUPPORT 

F I GUR E 1. PTepamtion of electron mic1'OSC01Je specimens. 

(a) Silver is vacuLi m-cLepos itec1 on the plastic sheet. A thicker layer oC copper 
is electrodeposiLCd on the silver. (b) TIle silver and copper layer is stripped [rom 
the plas tic and shadowed with chromi um. Collodion is thell nowed o\' er the 
chromium , formLng a fi lm replica. (c) Silver and copper f1i lll s arc removed with 
acid and the chromium shaclow is mowlted on a supporting grid. 

a. Multiple-Beam Interferometry 

(1) Theory. Observa tions wilh mulLiple-beam in­
terfer ometry augmented the details revealed by 
transmission microscopy. The in terference fringes 
formed in the thin film of air between a reference 
surface (op tical flat) and the surface of a plastic 
sheet are governed by the well-known expression 
n A= 2t cos 8J..!, where n isLhe order of interference 
with a film of thickness t, A the wave leng Lh of the 
ligh t used, J..! the refractive index of the air layer, 
and 8 the angle of ligh t incidence. When fringes 
are formed between unsilvered surfaces, only two 
light beams interfere. The lines of maximum 
in tensity in such fringes arc often difficul t to de­
termine and precise topographical delail cannot be 
measured. Multiple beams fi re produ ced by coating 
the surfaces producing interference wi th a highly 
refl ecting, thin film of silver . The absorption of the 
film is held to t be minimum possible at refl ecting 
coeffi cien ts of 0.7 to 0.9. The successive refl ecting 
of the beams between the silvered surfaces is suf­
ficien t to influence the resulting in terference. This 
leads to a great increase in precision through sh arpen­
ing of the fringes when all the beams are collected 
a t the fo cus of a lens. The theory of in terference 
by multiple beams is discussed in detail by Ditch­
burn [14] and Tolansky [9]. 

Th e equivalen t positions of the fringes in the 
interferograms m ark the loci of points separaled by 
ch anges in the thickness of Lhc inlerferometer air 
wedge equal to A/2. Throughout this inves Ligation 
A= 546 m J..!. The interferogram , then, is a series 
of lines or fringes tha t reflect the surface con tours 
of th e specimen surface. When th e frin ges are 
straigh t par allel lines, the spec imen surface ap­
proximates the fl atness of the reference surface with 
whi ch it is compared. Changes in Lb e distance 
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between these lines are due not only to changes in 
microscopic magnification but are also dependent on 
the wedge angle between specimen and reference 
surface. Because the reference surface may be 
considered perfectly plane over the limited areas in 
a single field , all deviations in parallelism or direc­
tion of the fringes are a measure of the change in 
height of the specimen surface along the length of 
the fringe . Because of the fringe sharpness and the 
known geometric relations between fringe and surface 
contour, the specimen surface contour can often be 
determined with a high degree of accuracy. 

For example, if we consider the interferogram in 
figure 7 and indicate the signifi cant features by 
letters , the method of analysis will be obvious. The 
cr aze crack , which in this case is no t a straight line, 
is indicated by XY. Because the linear distance 
from fringe I to fringe II also represents a change in 
t he air wedge height of "A j2 or 273 mil, then the surface 
con taining point B has ri sen, or fallen , approximately 
this amount in the distance AB. Similarly, the 
surface containing D h as risen (or fallen) approxi­
m ately four-fifth s of 273 mil in the distance CD, and 
point F about one-third of 273 mil in the distance 
EF. The fringes, then , y ield a contour map of t Il e 
surface topography wh erever the fringes are propa­
gated. In figure 7 it is obvious that the changes in 
surface heigh t occur close to the craze crack i tself 
and appear to decrease at the end of the crack 
length. Readjustment of the reference surface and 
the wedge angle will displace or change the fringe 
pattern, permitting the acquisition of more detailed 
information or of measurements at other points on 
th e surface. The fringe separation will affect both 
sensitivity and precision of the measurements. 

From the in terferogram alone it is impossible to 
determine whether a discontinui ty in the surface is 
a heigh t or a depth. This can be ascertained, how­
ever, by pressing lightly against the plates of the 
interferometer. The fringes in this interferometer 
move in the direction of the thid::er par t of the air 
wedge. The consider ations involved are shown 
schematically in figure 2. Othf'r methods are avail-

r 

CRACK 

FIGURE 2. H eight or depth indication in inte1ferograms when 
wedge angle is changed. 

If the wedge angle is decreased, the fringes move toward tbe wedge opening, 
indicating dilcction of decreasing distance between sUl'[accs. rrhis is the direction 
of tbe arrow. 'rhus the h umps in the fri nges are heights. 

able and were used for checking the direc tion of 
surface discon tinuities. For example, a step wedge 
consisting of a thin layer of plastic is applied to 
part of the surface. Where the fringes reach the 
edge of the film they are deflected in direction by 
the thickness of the plastic film, thus indicating the 
direction for a heigh t. Brossel [15] has described 
an extended source method of determining fringe 
clu'ection which is easily applied to the specimens. 

(2) Transmission. Specimens with semireflecting 
films of silver wer e used. An inver ted universal 
microscope was modified to accept an AH- 4 high­
pressure mercury arc lamp in the transmission­
source housing. The specimen was mounted in the 
microscope as shown in figure 3b. The parallel 
beam from the mercury lamp passes through a 
filter combina tion (Wratten 55 and Corning didym­
ium) and enters the interference system, consisting 
of a semireflecting specimen an d a semireflccting 
reference surface. The m etal films WCl'e face to 
face. The microscope was focused on the frin ge 
formed between the silvered surfaces of the specimen 
and th e reference plate. 

A c o 

(01 

A B 

(bl 

FIGURE 3. Optical arrangement for multiple-beam interference. 

(a), Reflect ion; (b), transm ission. A, Ligbt source; E, condenser; C, slit;lD, 
collimator; E, objective; F, specimen; G, reference surface; I-I, beam splitter. 

(3) Reflection. Specimens with totally r eflec ting 
silver fi lms were used. The same universal micro­
scope was used as~with the transmission method 
described above. However , in this case the high­
pressure mercury lamp was inserted in the reflection­
source housing and the specimen viewed as shown 
in figure 3a. The parallel beam of the lamp was 
filtered, and fell on the interference system of the 
totally reflecting specimen and the partially reflecting 
reference plate from the semu>eflector. The micro­
scope was focused on the fringe system between the 
specimen and the r eference surface. 

342 



b . Electron Microscopy 

The electron microscope used was a 50-kv, per­
ma nen t -magnet table mod el. 

4. Observations and Discussion 

4.1 Dimensions of Craze Cracks 

M any of the individual cracks in the crazed 
specimens were easily distinguished by bright-field 
microscopy. Cracks observed by this technique are 
shown in the work r epor ted by Russell [5] and others 
[2,3 ,4]. This docs no t mean tha t all cracks, par­
t icularly those in " blushed" or finely crazed areas, 
can be well resolved bv this method. Chromium­
shadowed collodion repiicas were preparcd from the 
surfaces of specimens of cast polymeth}"l meth­
acrylate that had been crazed in shor t-time tensile 
tests. Specimens wer e chosen that had excep tionally 
fine cracks in the crazed areas. Figure 4 is an elec­
tron micrograph of one of th ese replicas. D espi te the 
number of steps involved in its production, these 
replicas provide good resolu tion, and the craze crack 
appear s as a heigh t wi th the evaporaLed metal piled 
up on the side nearest th e fil ament (black line) and 

F IG U R E 4. E lectTon micrograph oj a crack in a stress-crazed 
sw face oj polymethyl methacrylate. 

Collodion replica, chromium shadowed 4:1. 

the ligh t shadow appearing as a whi te or gray line. 
It is possible to make some accurate determinations 
of the dimensions from these replicas since the depth 
of the crack is given by the shadow, the maximum 
half-width by the black line of piled-up clu'omium, 
and th e length directly from th e impression . The 
craze . cracks examined in the elec tron microscope 
varied in length from 2 Lo 10 f.l . 

Their widths ranged from 0.10 to 0.25 f.l and their 
dep ths from 0.05 to 0.15 f.l . In no case did the 
cracks appear to approach dimensions unresolvable 
by the electron mi croscope. The small est cracks 
were al 0 mu ch larger than the stru cture observed 
in the replica substrate. This implies a minimum 
craze-cr ack length. One possible interpretation is 
tha t a certain minimum amount of energy is r equired 

to ca li se epara tion of the chain segmcn ts leading 
to craz ing, and this energy threshold resul ts in a 
minimum crack size. Al ternately, there could exist 
a gra in structure analogous to tha t of metal , whi ch 
deLermin es th e tlU'eshold crack size. Further studi es 
will be mad e Lo determine exactly the minimUin 
crack size uncleI' various conditions. 

4 .2 . Surface Dislocations Associated With Cracks 

D ncrazed plas tic surfaces yielded interferogram 
' of the type shown in figure 5. Commercial samples 
of polymethyl methacryla te showed S0me fine de tail 
along th e frin ges but no gross details other than 
those attributable to contamina tion or body dcfor-

'mation. 

• 

• 

, 
. .. 

-

I mm 

FIGUR E 5. Multiple-beam in te1Jerograrn oj an uncrazed 
surJace oj cornrnercial cast ]Jol yrnethyl m ethacrylate. 

Some fine detail is observable along the fringes, and bod y defor mations also 
exert a measurable eITect on the over-all fringe pattcrn . '1'he rOllllCled detail is 
typical aud ap parentl y duo to a mOlln t of adhesive from tho masking p aper. 
Source is the 546-m" linc of a mercury lamp. 

Interferograms of crazed surfaces, whether stress­
crazed, solvent-crazed, or stress-solvent-crazed, ex­
hibited fundamentally the same surface topography 
in the region of the craze cracks (fi gs. 6, 7, 8) . The 
individual cracks could be see n to occupy an area. 
that is displaced from the rest of the surface. This 
displacement appeared to increase with the size of 
the crack . It followed the crack very closely , as can 
be seen in the interferogram of the ullOl'ientecl solvent­
produced cracks (fig. 7) . 

The surface dislocations caused by the craze cracks 
varied considerably in magnitude, not only from cr ack 
to crack but along the length of the crack as well . 
Because the fringes can lbe best resolved by v ery 
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FIGURE 6. JI![uliiple-beam inte1ferogram of the sUlface of a 
sheet of polymethyl methacrylate crazed in jiexw·e. 

The discontinuities in the parellel fringcs show the loci of the cracks which 
themselves are practically invisible. Source is the 546-ml' line ofa mcrcury lamp. 
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FIGURE 7. Nlultiple-beam interferogram of the surface of a 
sheet of polymethyl methaC1'ylate crazed by exposure to 
solvent. 

The numerous sharp discontinuities in the fringes mark the loci of the craze 
cracks which themselves are practically invisible. Source is the 546-ml' liue of 
a mercury lamp. . 
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FIGURE 8. Multiple-beam inte1ferogram of the sUlface of 

a sheet of polymethyl methacrylate crazed by application of 
stress and solvent. 

The sharp discontinuities in thc fringes mark the loci of the craze cracks. Be­
cause the specimen was stressed to failure, the long period fringe contours arc the 
result of body deformatiou. Source is the 546-ml' line of a mercury lamp. 

low-powered objectives in the simple technique pre­
viously described, the very fine cracks are somewhat 
difficult to study quantitatively, but the longer, 
coarser cracks are easily measured. For this reason, 
the stress-solvent-crazed material provides better 
demonstrations of the observations than the stress­
crazed specimens. 

Dimensions of the de tails of one of the cracks 
shown in the intcrferogram in figure 8 are shown 
schematically in figure 9. Although, as indicated 
previously, there is considerable variation, the maxi­
mum change in height for areas around stress-solvent­
produced cracks was found to b e about }6 i\ or ap­
proximately 270 mJ.L. For stress-produced craze 
cracks the elevation is much less, apparently only a 
few hunch'ed angstroms. 

By using the techniques previously described, it 
was shown that the area around each crack was ele­
vated and not depressed . Tho phase-contrast micro­
scopo was also usod for this purpose. 'With a dark­
conLrast diffraction plato in the objective, tho part 
of the spocimen having tho greater optical path will 
be darker than the surrounding parts having shorter 
paths. Thus, the crack itself appears bright, and 
the thickening adj acent to it is darker than the sur­
round. 

The behavior of tho plastic sheet in forming these 
surface discontinuities around each crack can be 
simulated in the following experiment with a sheet 
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FIGURE 9. Schematic representation of a craze crack from 

figure 8 (slightly idealized). 
The encirclcd portion sho\\'s the surface area afTccted X 100. 

of rubber. A JI6-in.-thick strip of rubber was super­
ficially notched on one face with a sharp razor blade, 
the notch not extending to the edges, and with its 
long axis normal to the major axis of the specimen 
skip . 'When a tensile load, sufficient to cause con­
siderable elongation, was applied parallel to the 
specimen's major axis, a raised area appeared around 
the notch. On releasing Lhe Lension the raised area 
subsided. 'VVhen the specimen was observed on the 
unnotched side jusL opposite the notch while the 
tension was applied, it could be seen thaL a concavit~T 
formed at this point. The material of the rubber 
strip was apparently pulled up around the lips of 
the cracks at the expense of material from the oppo­
site side. The rubber, being above the glass transi­
tion at room tempera Lure, recovered on removal of 
the load, there being no delayed elasticity or flow. 
Recovery in the plastic sheets, which were below the 
glass transition , was much slower and incomplete 
because of these viscoelastic properties. 

A compleLe explanation of this phe nomcnon of 
slll'fftce dislocation would require a lengthy and 
highly deLailed stress analysis. Qualitativcly, it can 
be said that the cen tel' axis through the cross sec­
tion of the specimen is displaccdlocally by Lhe for­
mation of a craze crack due to the decrease in thick­
ness at the point of the crack. The ce nLer axis 
moves Lo realine with the load lille, and maLeri al on 
either side of the crack is displaced away from the 
center axis. In the case of the rubber sheet, this 
realinement also produces a concavity in Lhe sLirface 
opposite the notch. However, the concavity ob­
served on the reverse side of the rubber specimen 
could not be detected in the crazed plasLic. Crazing 
is a phenomenon that for practical considerations is 
restricted to a th in surface membrane. Botb the 
high modulus of elasticity and the thickness of the 
plastic specimen hinder the formation of the con­
cavity observed in the rubber strip. 

4.3. Surface Dislocations Under Load 

The t~"pical fringe contour showing a rise in the 
surface in the vicinity of cra?e cracks can be shown 
to be presen t while U'w crazed specimen is st ill under 
load. A series of observations was made on one 
s tress-crazed and one sLress-solvent-crazed specimen 
while still under load. Each specimen was clamped 
in a specially designed jig, which could be pJac.ed on 
Lhe microscope sLage and which would penUlL the 
application of a load to the specimen by means of a 
bolt at one end. An unmeasured load was applied 
for several months to Lhe stress-crazed specimen . 
The stl'ess-solvent-crazed specimen was under load 
for several weeks prior to the ftpplication o[ solven t 
to the surface. WiLh the specimen sLill under load , 
the silver film was applied in vacuum and th e speci­
men examined in the interferometer. Under load , 
the co ntour fringes indicated much tbe same L~Tpe of 
displacement as in the other crazed specimens. For 
the sLress-solvenL-crazed specimen (fi g. 10), the 
fringes were somewhaL exaggeraLed when compared 
to specimens solvent-crazed in short-Lime loading. 
It is doubtful that the increased deformation was 
due to the fact thaL the specimen was still under 
stress because on the removal of Lhe load there was 
little,' if any, recovery. Increasin g the ~urati.on of 
the loading increased the size of the surface (l1scon­
tinuities. It can be seen from figure 10 thaL there 
arc portions of the cra?e cracks that rise more 
steeply than the remainder, as if the lips of the 
cmeks had yielded locally. 

4.4. Recovery in Crazed Surfaces 

Some recovery of crazing undoubtedly does occur 
in crazed specimens over long periods of time after 
the stress is removed. Crazed specimens of poly­
methyl methacrylate that were stored at room tem­
perature for several months were found to have lost 
all or much of the visual evidence of crazing. On 
microscopic examination some residual evidence of 
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FICURE ]0. llIultiple-bemn inte1fe1'ogram of the swface of 
a she~t of polymethyl methacrylate crazed by application of 
stress and solvent. 

'rho s tress has not been rcm o\~cd. IIorizontal l in es intersectin g the rringes 
were caused by abrasion resulting from wipill g the sill'face with lens t iss lle. 
Source is t.he 546-m,u line of a mercury lamp. 

crazing could be detected. A number of tensile 
specimens that had been stress:.crazed some months 
earlier were silvered and exammec! 111 the mul tiple­
b eam interferometer. Although these specimens 
appeared u ncrazed to th e unaided eye and even in the 
bright-field microscope, the si tes of the crn,ze cracks 
were easily distinguished by multiple-beam inter­
ferometry . This residual crazing was eviden tly too 
slight to affect t.he optical properti es of the sheet suf­
ficientlv to reveal the crazed condition without the 
aid of optical tools. 

Some further observations on a number of crazed 
plastic specimens that had been h eated , indicated 
the general aspects of this optical recovery. Tensile 
specimens of various types of eommerc i f~,l polyme~hyl 
m ethacrvlate sheet were stress-crazed 111 short-time 
tensile tests . One of the hn,lves of each specimen 'Ivas 
heated for various periods of time up to 15 hours at 
150 0 C in an air-circulating oven. IVhen examined 
with the bright-field microseope, the half of the 
specimen that was not heated showed the typical 
cracks oriented with their long axis, normal to the 
principal stress (fig. ll ). However , the half that had 
been heated appeared clear and uncrazecl. Multiple­
beam in terferometry of the heated portion also re­
vealed no indication of the surface dislocations 
associated with crazing. 

Somewhat differen t resul ts were obtained wi th 
specimens that were crazed by exposure to solvent 
while under stress. After erazing, loading was con­
t inued until failure oecurred. Half of eaeh broken 
specimen was given the same h eat treatment as de­
scribed for the stress-er'azed plastic. The h eated 

FIGURE 11. SwIace of stress-crazed polymethyl methacrylate. 
'rhc stress \\-as applied norm al to Lhe long axis or the crack s. Vertical lines are 

the result of wip ing the surface with lens tissues. 

specimens ftgain showed no ev i~enee of crazing '\,~hen 
viewed wi th the bright-fi eld mIcroscope. M llltiple­
beam interfeJ'ometry of the heated portion, however, 
revealed sllrfaee dislocations similar to tbose ob­
served on unheated stress -solvent-crazed specimens. 
These dislocations were more rounded and gradual in 
contour and lacked for the most part, the abrupt dis­
continuity at the c~'ack (fig. 12). In addition, there 

I mm 

FI GUHE 12. JV[ult t ple-beam mte1ferogram of the swjace of 
a stress-solvent-c1 azed spectmen of polymethyl methaaylate 
sheet after heating to 150 0 C. 

Source is the 54l}-m" line of a mercury lamp. 
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appeared to be a widening of the crack itself, forming 
a trough along the crest of the dislocation (of. fig. 8) . 

These experimen ts indicate that when the crazed 
surface is heated above the glass transition tempera­
t ure, the surface tends to :£lO\v. Because the crack is 
largely responsible for the changes in optical path of 
the transmit ted light, any change el iminating these 
physical discontinuities would improve t he optical 
properties of the sheet . The slight and gradual 
thickenings of the sheet caused by the d isloca tions 
around t.he crack would be expected to impair the 
optical properties of the crack in less obvious fashion. 
In the stl'ess-cra,zed surfaces the {lOIV at 150 0 C is 
sufficient to erase all evidences of crazing in a rela­
t ively short period of t ime. At room temperature, 
the I'ecovery is much slower. Stress-solvent craze 
cracks also te nd to "recover", b ut the recovery is in­
complrte. The disconLinuity- of the crack is largely 
obl it erated and the sharp edges arc round ed, Some 
relaxation of Lh e edges of th e crack also occurs, form­
ing Lbe trough in the crest. Flow is less efl'cclivc in 
eradicating t he comparatively broad smface d is­
locations sUlTounding Lhe crack. 

TJlC difl'erence in brhavior for the two types of 
craz ing is probably due to the nature of the deforma­
tions associated with each type. In thc case of 
stress-crazing in shor t-t ime te nsile tes ts, a "frozen­
in" clasti c deformation is apparently involved, which 
would be completely recoverable. In stress-solvent 
crazing, hO\vever, considerable {low, at oJ' near the 
surface, probably occurs, due to the plasticiz ing 
action of th e solv(mt. This deformation is permanent. 
and complete r ecovery is not observed as a result of 
heating. 

In view of the great sensitivity of the multiple­
beam technique in revealing evidence of crazing, ex­
p eriments were conducted to determine if crazing 
could be detected by th is method prior to its observa­
tion by the unaided eye. In thc standard tcnsilc 
tests described previously, specimens of cast poly­
m ethyl methacrylate crazed at strains of slightly 
more than 3 percen t. T ensile specimens were 
strained, therefore, to only 1, 2, and 3 pOl·cent., and 
the load removed. These specimens, which appeared 
uncrazed to the eye, exhibi ted no craze cracks when 
observed by multiple-beam interferometry an d phase 
or bright-field microscopy. Similarly, unstressed 
polymethyl methacrylate sheet showed no crazing 
when examined by these sensitive techniques, These 
results indicate that the observation of the onset of 
crazing by th e eye is an adequately sensitive 
technique. 

4 .5. Loci of Craze Cracks 

' Distribution of the cracks across the section of 
the specimens differed with t he polymer involved. 
All of the craze crades observed in pol}rmethyl 
methacrylate involvcd the surface, that is, t he sur­
face plane intersected th e cracks. While some sur­
face crazing was observed in polystyrene and in 
polymethyl alpha-chloroacrylate, there was also 
considerable internal crazing, i. e., cracks that did 
not _ open on the surface. However , the surface 

craze cl'a,el.;:s of the polyst yren e and t he polymethyl 
alpha-chloroacrylate wcre similar ill shape t o those 
of poly methyl meLhacrylate. 

Internal cracks in the polystyrene specimens were 
distributcd fairl y homogencously t hroughout the 
section. Cracks would occur in groups of two or 
more, and in most instances the group was associated 
with a visible partiele of fore ign matter (fi g. 13). It 

I00f! 

F J GURE 13. Crazing in polystyrene , 
A slnglc craze crack associated with a visib le inhomogenei Ly . 

I 
1 

would appeal' that internal crazing appeared ill the 
polystyrcne specime ns at p iw sical discontinuities, 
such as fragme nts of impurities, which were visible, 
or minute areas of inhomogcnei ties, w hich were not 
visible. 

Crazing in t he polymethyl alpha-chloroacrylate 
was mainly rest ricted to the cenLel' of Lhe spccimen 
section . Just undcr cach cast surface was a clear 
scction containing few, if a ny, cracks as shown in 
figure 14, When viewed wit h a mi(']'os('ope equipped 
with a double di ap hragm [16], the cracks could be 

I I 
I I I 

I 

I 

I I 
10010 

FIGURE 14. Crazing in polymeth yl alpha-chlol'oacl'ylate. 
The cast surface of the specimen is at the top of the photograph; the interior oC 

the specimen is viewed through a machined and poli shed edge of Lhe specimen . 
Note the clear area immediately adjacent to_the edge, 
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seen to b e areas of much lower index than the sur­
rounding matrix. This would indicate that the 
cracks may be voids in the resin. 

It is inter esting to observe that the crazed speci­
mens of polymethyl alpha-chloroacrylate, with a 
clear area n ear each surface, bear a striking r esem­
blance to specimens of polymethyl methacrylate 
that had been subjected to atomic radiation in a pile 
and h eated [1 7]. In the latter case, bubbles were 
formed in the interior of the specimens with a clear 
section extending inwards approximately 1 mm from 
all external surfaces. The authors explained that 
the bubbl es in the interior of the material are due to 
gases that are evolved in the d egradation of poJy­
m ethyl m ethacrylate by irradiation. Bub bles do 
not occur n ear the surface b ecause the gases produced 
there can escape. 

4.6. Flow Associated With Cracks 

During the studies of crazed surfaces with the 
optical microscope, a n etwork of diagonal lines which 
appeared to emanate from the ends of craze cracks 
was observed in some stress-crazed tensile specimens 
of polymethyl m ethacrylate. The lines arc more 
easily seen and photographed if the microscope is 
focused b elow the surface of the specimen (fig . 15). 
The lines wcre not observed on all crazed specim ens 
of polymethyl methacrylate, even though the concli­
tions of crazing wcre duplicated in replicate sp eci­
m ens. The angle between the trace of these flow 
lines on the surface and the cr aze cracks was some­
what variable. Values from about 35° to 45° were 
obtained on different specimens (fig . 15). Flow lines 
were also noted in one of the crazed specimens which 
had apparent ly "recovered" when examined without 
optical aids. 

l'IOqp~ 
FIGU R E 15. Surface of a stress-crazed tensile specimen of 

polymethyl methacrylate. 
The image has been slightly dofooused to emphasize the flow liues at the ends 
the craCKS. 

An optical microscope with appro)"imately 100 X 
magnification was set up in a horizontal position on a 
hydraulic testing machine to permit the observation 
of t ensile specimens during the application of load. 
The relation between the appearance of craze cracks 
and flow lines could thus b e observed. Of a number 
of specimens observed in this manner, only three 
exhibited flow lines. Two of these three specimens 
broke at strains of approximately 20 percent, which 
is higher than the usual average strain for this ma­
terial. The other specim en broke at the usual aver­
age value, which is about 9 percent. The specimens 
crazed at strains of approximately 3 percent as 
observed in previous tests. The flow lines were 
first observed at strains of 8 to 10 percent. The 
lines clearly originated at the ends of craze cracks, 
forming an X-figure at each end. It was observed 
that many of the flow lines passed through the ends 
of several cracks. The growth of craze cracks was 
not observed after the appearance of the flow mark­
ings. This would seem to indicate that crazing may 
b e the m echanism of stress relaxation in these 
particular cases up to a point, beyond which surface 
flow b ecomes the relaxation m echanism. 

The network of flow lines noted in the bright -field 
microscope and shown in figure 15 can also be studied 
to advantage with multipl e-beam interferometry. 
When the r eference surface and the specimen surface 
are made as parallel as possible and the filters re­
moved, high dispersion fringes result. For parallel 
plates, Fizeau fringes yield a uniform tint of given 
intensity. Local changes in plate separation pro­
duce changes in intensity . In the specimen in 
figure 16 there were r esidual angles due to surface 

FIGURE 16. I nterferogram of a surface of polymethyl metha­
crylate showing flow at crack nuclei as indicated by changes 
in intensity. 

The reference plate and specimen are nearly parallel. The flow liues arc visible 
as crosses. The broad friuge is a result of body deformation of the specimen. 
Source is the 546-m" line of a mercury lamp. 
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features , bu t over mu ch of the area shown ill th e 
photomicrograph, the flow lin es are clearly visible' as 
changes in intensity. Tola n sk~r [9] has shown t hat 
for a given phase lag and reflec tivity a 10-percellt 
change in intensity is equal to 3 A. Although qu a n­
titative in terpretation of this order would r equire 
precise densitometric determinations, which were 11 0t 
attempted in this study, it is obvious t hat t hi s 
technique provides a powerful tool for the study of 
plastic surfaces and of surface structures. H owever, 
even a superficial examination revealed t hat these 
flow lines involved the surface and permitted a rough 
approximation of their height above t he surface of 
t he order of 25 to 50 mil. 

Similar flow lines were observed on the surfaces of 
biaxially stretched acrylic plastic sheet tbat had been 
stressed to failure without crazing. In this case, the 
nu clei consisted of bi ts of adhesive from t he masking 
paper (fig. 17) . Surfaces that craze are also sensi­
t ive to t be prese nce of co nt aminants, such as ad­
hesive, because the most severe erazi ng and opening 
up of t he craeks is often associated wi th aggregations 
of adhesive (fig. 18). 

N adai [18] has shown t hat flow lines (Luder 's lines) 
are produced by notches or holes. At a sharp reen­
tran t edge t he stresses are theoretically infinite, and 
local yielding in the neighborhood of such discon­
tinuities may result . The resemblance of the flow 
lines in metal and paraffin specimens illustrated by 
Nadai bear a ma,rked resemblance to th e lines not ed 
in the crazed polymethyl methacrylate tensile speci­
mens. In the case of the uncrazed stretched material 
shown in figure 17, if th e drop of adhesive on th e 
surface is considered as formin g a small round area 

'j 
I 

I mm 

FIGUHE 17. Photomicrograph of the surface of a specimen of 
biaxially stl'etched polymethyl alpha-chloroacrylate that has 
been loaded to failure. 

\ 

\ 
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F lGUHE 18. S tress-crazed sUljace of a sheet of polymethyl 
methacrylate showing severity of crazin g associated with sur­
face contamination by adhesive. 

or a small circular hole in the surface fllm of the sheeL, 
it is also possible to assume a m echanism for the 
development of the flow li nes in these specimens. 

For a small hole in a wide plate t he tensile stress 
distribution is well known [19] . Further, the effect 
of stress concentration is not uniformly disLributed 
around the hole but starts at two points on t he bound­
ary of t he hole and progresses along a cross-shaped 
area. From N adai's exposition it is shown that t hese 
two points are t he location of peaks of the maximum 
shear stress on t he hole boundary at (J = 7r/2 and 
37r/2 and located in a plane p erpendicular to the 
direction of t he applied t ension. Because this pri­
mary yielding is very much localized, it is rarely seen, 
but as the tensile stress is increased , yielding spreads 
and soon progresses along two lines symmetrically 
oriented to the direction of the tensile str ess and at 
an angle of about 45° with it. The contour lines of 
the maximum shearing stresses can be checked by 
photoelastic techniques. Angles of lines observed in 
t he crazed specimens are in fair agreement with 
those indicated. 

In the case of a notch (such as the crazing crack 
in the surface plane) subj ected to tension, much the 
same result is obtained [18]. F. van Herson [20] has 
analyzed the s tress situation in a h airline crack 
across a small part of the section by means of the 
plastic sector. The solution is also in agreement 
wi th the observed angles of the crazing cracks. 

The authors acknowledge the assistance of Sf1,llluel 
Levy and Charles Proffer Saylor in the course of 
th is work. 
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