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ABSTRACT The topography of crazes in polystyrene films was studied by scanning force microscopy (SFM), 
and evidence of micronecking operative during crazing was observed. I t  was found that crazing not only 
generates fibrillar structures but also creates an unexpectedly large surface depression in the crazed regions. 
The depression was found to  initially increase linearly with the craze width but leveled off to  approximately 
35% of the original film thickness when the craze width became larger than a critical width w,. This behavior 
is independent of strain rate, aging time and the total applied deformation. The micronecking process during 
crazing indicates that the newly drawn fibrils were continuously deformed even after the fibrillation. Due 
to the large depression, the surface-to-surface distance between the craze fibrils is much smaller than that 
previously realized. This discovery may help to explain the fast fibril coalescence at room temperature and 
to examine the process of solvent-induced crazing. The mechanics of craze initiation and breakdown were 
then studied on the basis of necking theories of Considere construction and Bridgman's plasticity theory. 
The results from the stress analysis are in excellent agreement with the fibril breakdown behavior observed 
experimentally. 

Introduction 
The phenomenon of crazing, i.e., the formation of narrow 

fibrillated regions surrounded by elastically deformed 
material in stretched polymer glasses, is of paramount 
importance because it is responsible for the brittle failures 
in glassy polymers.l-16 Crazes have been extensively 
studied in the past, particularly by transmission electron 
microscopy (TEM), and it was commonly accepted that 
the formation of the craze fibrils is probably by a surface 
drawing mechanism. Namely, a craze widens by drawing 
fresh material from the "active zones"? the narrow regions 
of softened material a t  the craze/bulk boundaries, and 
once the fibrils are drawn into the craze, the fibrils 
thereafter maintain their geometry, spacing, and the state 
of deformation. However, the information obtained by 
TEM is flawed by the fact that the data are a two- 
dimensional projection of a three-dimensional structure 
in which the information about the spatial distribution of 
features in the viewing direction is missing. We have 
recently used scanning force microscopy (SFM), which 
allows very high resolution in all three dimensions, to study 
the craze topography. This paper reports the three- 
dimensional structure of crazes in polystyrene films for 
the first time and showed evidence of a different mech- 
anism that also is operative during crazing. As strongly 
suggested by the SFM data, craze growth follows a 
micronecking process. This result not only sheds light 
into the fundamental crazing mechanisms but also provides 
new information regarding the mechanics of craze initi- 
ation, growth, and breakdown. 

Experimental Techniques 
A monodisperse polystyrene (PS; M,/M, = 1.06) of molecular 

weight M ,  = 2 OOO OOO from Pressure Chemicals Co. was used in 
all experiments reported here. The polymer films were spin cast 
from toluene solutions onto clean glass slides. Films of three 
different thicknesses were prepared: 0.12,0.55, and 2.6 pm. The 
thickness was measured by a profilometer (Alpha-step, Tencor 
Instruments) and was cross checked by using techniques of 
ellipsometry (Auto EL) and SFM (Nanoscope, Digital Instru- 
ments). The polystyrene film was floated off the substrate on 
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distilled water and bonded onto supporting copper grids.6 The 
PS films were deformed by stretching the copper grids to grow 
crazes in the films using a hand-operated strain jig or, for a better 
control of strain rate, a Minimat I1 Mechanical Tester (Polymer 
Lab Inc.). Immediately after crazing (usually within 1 h), the 
films were imaged and studied by the SFM as well as by a 
transmission electron microscope (TEM). 

For scanning force microscopy, a contact mode SFM (Nano- 
scope 11, Digital Instruments, Inc.) was used. All SFM imaging 
was done a t  ambient conditions. The SFM tip diameter of the 
SiaNl cantilever (Microprobes, from Digital Instruments), esti- 
mated from the SEM images, was around 3&40 nm. During the 
SFM scanning, the axis of the cantilever was tilted with a fixed 
angle of approximately loo with respect to the plane of scanning. 
Due to the t ip geometry, the measurement of the topographic 
slopes was limited by the tip face angles a and 0, as shown in 
Figure 1. The maximum measurable slope of the topographic 
features was 65O. However, except for the very narrow crazes, 
the depth measurements in the crazes were not limited by this 
tip geometry. In order to minimize any tip-induced damages, 
the smallest contact force was used. Usually a minimum contact 
force of approximately 140 nN was required to scan across the 
craze boundaries. The scan rate was between 1 and 2 Hz. 
Calibration for the in-plane length measurements was carried 
out with a diffraction grating whereas the height was calibrated 
using a series of VLSI standards. The TEM used was a Philips 
400T (Philips, Eindhoven, The Netherlands). The microscope 
was operated a t  100 kV and calibrated with a cross grating. 

b S U l t S  

1. General Craze Topography. When a PS film was 
stretched uniaxially a t  room temperature, crazes devel- 
oped.14 Figure 2 shows a typical topography obtained by 
SFM on crazes in a stretched PS film. A huge depression 
was observed at the craze region. The depression was 
found to increase linearly with the craze width and 
eventually reached a plateau of approximately 35 9% of the 
original film thickness. The depth measurement by SFM 
was confirmed by an independent measurement using a 
TEM shadowing technique.l7J* In that experiment, a 
crazed PS film was coated with tiny Pt-Pd particles (ca. 
2 nm) by evaporating the alloy at a fixed angle of loo 
between the particle beam and the film surface. Due  to 
the depression, a "shadow" formed inside the crazes, as 
shown in Figure 3. It  is clear that the craze length had to 
be oriented perpendicular to the particle beam in order 
to measure the correct values for the shadow length. By 
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Figure I. Geometry of the tip used in Nanoscope 11. 

measuring the shadow length from the TEM images, the 
depression depths were calculated using the equation d = 
S tan 01 (Figure 3). As shown in Figure 4, excellent 
agreement was obtained between SFM and TEM results. 
This agreement indicates that the SFM measurements 
are not effected by the contact force used in the scanning. 

The fine craze fibril features, however, were quite 
sensitive to the scan contact force under certain conditions. 
Althoughthefihriltopographywas insensitivetothescans 
in the parallel direction (to the craze fibrils), permanent 
tip-induced damages were noticed when scans in the 
normaldirection proceeded. Figure 5ashows acrazeimage 
obtained by scanning in the parallel direction. This image 
was quite reproducible even after 30 scans at the same 
spot. The average period of surface fluctuation perpen- 
dicular to the fibril direction was determined from this 
image (Figure 5a) to be around 50 nm, on the same order 
of magnitude as that of fibril spacing reported by X-ray 
and TEM.8J2-" However, the period of surface fluctuation 
increased from 50 to 80 nm as the scans in the normal 
direction continued. Figure 5b shows a craze image after 
25 times in the normal direction, where the tip-induced 
fibril aggregation is evident. 

Due to a convolution effect from the finite SFM tip 
diameter, unfortunately the fibril diameters cannot be 
evaluated as clearly as fibril spacing. However, in the 
present case we can estimate the fibril diameters from the 
height difference on the surface by assuming that some of 
the fibrils are imaged as if they are lying on top of a flat 
surface. In that case, the height of the fibril corresponds 
to its diameter. The observed heights are in the range of 
6-10 nm (Figure 5a) and are in very good agreement with 
values reported in the l i t e r a t ~ e . ~ J ~ - ~ '  

2. Micronecking during Craze Growth. Figure 6 
shows the craze depression plotted against the craze width 
for films of different thickness. A universal behavior was 
found for all the film thicknesses investigated. The 
depression was found to increase linearly as the craze 
widened. It leveled off, however, when the craze width w 
became larger than a critical width w,. The level-off value 
of the depression is unexpectedly high, approximately 30- 
40% of the original film thickness. If the craze depression 
is assumed to be identical on the other side of the film, 
the total thickness in the crazed regions with w 2 w. is 
only ca. 30% of that of the film. Taking the volume 
fraction in the crazes to be around 0.2-0.25, as determined 
by TEM microden~itometry.'<~J the fibril packing density 
in the crazes can he as high as the closest packing density 
of parallel cylinders (ca. 70%). 
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Figure 2. SFM topography across a typical craze: (a) a narrow 
craze (w < wJ;  (h) a wide craze (w > wc). 

The maximum craze depression, when normalized to 
the original film thickness, is independent of the film 
thickness. The critical width w, however, increases almost 
linearly with the film thickness. As shown in Figure 6, w, 
is approximately 4-5 times the film thickness. However, 
as the film thickness increased, it was impossible to obtain 
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Figure 3. TEM micrograph of a craze shadowed with tiny Pt- 
Pd particles. 
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Figure 4. Depressions measured by the TEM shadowing 
technique compared with the data by SFM scanning. 

wide crazes which were mechanically stable. In the bulk 
specimens, crazes usually broke down before reaching w,. 
As will be shown later, this observation can be explained 
by a stress increase within the craze with the sample 
t h i c kn e s a. 

It is difficult to measure the width of the shoulder at 
the crazelbulk boundaries. However, the shoulder width 
was found to be approximately constant with the craze 
width but increases linearly with the film thickness. 

From Figure 7, where craze depression is shown versus 
the craze width for different applied strains, it is clear 
that the htal applied strain essentially bas no effect on 
the craze depression. It indicates that craze depth is not 
controlled by the total amount of deformation in the 
specimen; rather it is controlled by the actual width of the 
craze. Similarly, no effects were observed due to the strain 
rate and r c "  temperature aging, as demonstrated in 
Figure 8. 

The universal behavior of craze depression with craze 
width indicates a necking process during craze growth. 
Contradictory to that predicted by the surface drawing 
mechanism, clearly, as a craze widens, the newly drawn 
fibrils are still being deformed continuously even after 
fibrillation. This continuous deformation resulta in a 
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Figure 5. SFM image and height profile of a section of craze: 
(a) scanned approximately parallel to the fibrils; (h) scanned 
approximately perpendicular to the craze fibrils. 

Sincecrazevolume fractionisapproximatelyconatantwith 
craze ~idth,",6>~ a plausible mechanism for this necking 
process is that the length and the diameter of the fibril 

contraction in the craze regions, creating a depression. segments remain approximately constant but the fibril 
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Figure 6. Maximum depth in crazes as a function of craze width 
for different film thicknesses. 
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Figure 9. Schematic drawing of the cross section of the craze 
fibril structure in the regions near the craze boundaries and at 
the craze center where the fibril structure has been fully 
compressed. 

the bulk. Due to the large observed w, and the limited 
extensibility of this hinge deformation, surface drawing, 
however, should also take place concurrent to this fibril 
contraction. From the magnitude of w,, information 
regarding the competition between surface drawing and 
fibril contraction can be obtained. 

3. Micromechanics of Craze Initiation and Growth. 
Since crazing is a micronecking process, the mechanics of 
crazing can be examined by the classical necking theories. 
The relationship between the true stress u and true strain 
t at the location where a craze is to be initiated can be 
approximated by following the approach of the conven- 
tional Considere constru~tion.*~, In a simplified model, 
consider a very narrow slab of polymer, with a length of 
L, thickness 70, and width W, which is subject to a constant- 
rate uniaxial elongation in the width direction. When 
crazing starts, the load P (P = aA, where A is the cross- 
sectional area) reaches a maximum, i.e., dP = d(aA) = u 
dA + A du = 0; therefore, 

-dA/A = da/a (1) 
During the deformation, an increase of the sample width 
d Wshould be related to the width changes in the polymer 
bulk and that in the incipient craze. If we denote dx to 
be the width reduction in the polymer bulk due to fibril 
drawing and dH the width increase of the fibrillated 
structure due to the continuous deformation, d W can be 
expressed as 

d W = (A dx + dH) - dx = (A - 1) dx + dH (2) 
where X is the extension ratio of the craze fibrils. Since 
the sample length L is constant throughout the necking, 
the volume change dV corresponding to dW should be 

(3) 
where 7 the thickness of the fibril structure. Moreover, 
the force acting in the fibril structure, f,, should be equal 
to the drawing force, f d ,  that drew fresh fibrils from the 
active zones. The force f c  can be approximated as 

dV = LT,(X - 1) dx + LT dH 

dH 
X dx f, = E,TL - 

where E, is the effective Young's modulus of the fibril/ 
void structure in the stretch direction. The force f d  can 
be expressed in terms of the craze widening rate v and the 
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Figure 10. True stress versus engineering strain curve: a 
modified Considere construction. 

viscosity q of the active zone according to the following: 

f d  = tlOuLro 
where fl  is a geometric constant. Letting f c  = fd ,  we have 

Substituting eq 4 into eqs 2 and 3, we obtained 

Since dV = W dA + A dW, we have 

Substituting eq 1 intoeq 6 and using dt p d W/ W, we finally 
have 

du/dt = ut (7) 
where [ 5 1 - [(A - 1) + q@uA/Ecl/[(A - 1) + q@U~ro/E,r]. 
This form is identical to the Considere construction except 
the factor [ which is less than 1. We can use eq 7 to examine 
the necking point analytically in the same fashion as that 
using the Considere construction for the classical yielding 
problems. We can further replace the true strain e with 
the engineering strain e and rewrite eq 7 as 

du u 
de (I + e) 
-=- 

If the width W is sufficiently small, the stress Q and strain 
e described above can be regarded as the local stress and 
local strain near the craze boundaries. The condition for 
craze initiation can in principle be determined from the 
curve of u-e by drawing a tangent, as shown in Figure 10, 
from the point e = -(1 + e(1- [)/[) on the strain axis to 
the curve. For stable neck propagation, strain hardening 
must take place during craze widening such that a second 
tangent can be drawn from the same point to the curve. 
The strain hardening exponent n, for the fibril contraction, 
can be obtained from n = tcrazingt where ecrazing can be 
determined from the u-e curve. Moreover, the u-e curves 
shown in Figure 10 can be viewed qualitatively as the true 
stress distribution along a craze. The stress distribution 
suggested by these curves agrees with the results by TEM 
stress ana l~ses .~9~J~ 

4. Stresses inside a Craze. The stress distribution 
inside the crazes was obtained by using an approximation 
by Bridgman's necking t h e ~ r y . ' ~ . ~ ~  Although the micro- 
necking described here is a sheet-thinning process rather 
than a symmetric fibril drawing geometry originally 

0, 
Figure 11. Schematic drawing showing the shear plane in a 
neck. 

assumed by Bridgman, his results nevertheless should be 
similar and therefore applicable to our case. Following 
Bridgman, the stress system inside the necked region (the 
craze) consists of a constant tension F in the stretching 
direction and a hydrostatic tension Uh which varies with 
the through-thickness distance r from the central plane. 
The hydrostatic tension Uh and the total tensile stress uz 
(=Uh + F) can be expressed respectively as 

2dR 

for a neck with a thickness 4 and a radius of curvature R. 
The shear stress us in the neck region can also be 
expressed20 as 

(11) us = - 
2 cos2 CY 

where CY is the surface tangent at  any point P in the 
considered region as shown in Figure 11. 

Craze breakdown can be analyzed using the information 
of stress distribution inside a craze. Due to the maximum 
uZ at the central plane (r = 0), the fibrils may preferentially 
break down at  the craze center. Once a tensile fracture 
starts in the center, shear can take place around the crack 
along the shear planes to form the so-called "cup and cone" 
fracture. Another possibility, however, is that the fibrils 
break down from the top surface at the craze/bulk 
boundaries where the shear stress us is maximum. To 
demonstrate this, us can be divided into two parts. The 
first part, uz, decreases slowly as the position moves toward 
the craze boundary because of the slow increase of r in the 
logarithm function. The second part, 1/(2 cos2 a), however, 
increases more than compensating the decrease of u, due 
to the rapid increase of CY near the boundaries. 

QZ 
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For numerical estimations, consider a polystyrene craze 
with a width w larger than w,. According to the SFM 
data, the surface contour a increases from zero at the craze 
center to more than 65' at the boundaries. In fact, the 
a at the boundaries is possibly higher than 65' because 
the measurement of 01 was limited by the facet angle of the 
SFMtip (65"). SincethereducedthicknessQ - 0.3roand 
R - 2.2570, the excess of ai, in the craze center is only 
approximately 7% of F. On the other hand, due to the 
increase of the factor 112 cosza, a. increases to more than 
2.8Fat the boundaries. Evidently, due to the large stress 
concentration of us. craze fibrib would preferentially break 
down at the boundaries. This is in fact exactly what was 
observed.21 

The effect of film thickness on craze breakdown cnn be 
examined by using eq 11. Clearly, for a given surface 
tangent a, the shear stress us increases with the film 
thickness through the dependence on Q. When the shear 
stress exceeds the fibril breakdown stress ob. craze 
breakdown and catastrophic fracture occur. Since ob is 
essentially constant with sample thickness, the maximum 
attainable a, hence the maximum craze width, of a 
mechanically stable craze decreases with the sample 
thickness. In a bulk specimen, the maximum craze width 
and maximum depression is much smaller than those 
permitted by a complete micronecking. This effect has 
to be taken into account when thin films and bulk 
specimens are compared for the fracture toughness that 
is directly related to the craze breakdown strain. 

Discussion 
From the dependence of craze depression on film 

thickness, it is clear that micronecking is the intrinsic 
behavior of polymer crazing, not a special surface effect. 
The maximum film thickness investigated here is more 
than 200 times the fihril diameter8J2-14 and should be well 
above the regime where the surface effect is important. In 
the case of bulk specimens, crazes usually form as thin 
"plates" running perpendicular to the stretch direction. 
Evidence of micronecking can be found on the free surface 
at the interceptions with these plates, where surface 
depression can be detected. The development of the 
surface depression, however, is often terminated prema- 
turely due to the hastened fibril breakdown and cata- 
strophic fracture by stress increase within the crazes with 
sample thickness. If the craze is initiated from the interior 
of the bulk, the nucleation site must be associated with 
a triaxial tension large enough to open up the deformed 
materials and provide the free space for the micronecking 
to take place locally. In a separate experiment, it was 
found that when the micronecking process is prohibited, 
crazing in PS films is "switched off"22 completely. We 
have also looked at poly(2,6-dimethyl-l,4phenylene oxide) 
which is known to form shear deformation zones, rather 
than crazes, prior to cracking. It was found that the shear 
deformation zones also follow similar micronecking pro- 
cesses. The role of micronecking will be investigated 
further in the fracture of polymers and polymeric com- 
posite systems. 

From the large craze depression, it is evident that fibril 
packing in the crazes is much denser than that previously 
realized. The much smaller fibril spacing may explain 
partly the extraordinarily fast fibril coalescencea when 
crazesare agedat the ambientconditions. The tightfibril 
packing also should be taken into account in the study of 
solvent crazing where the crack propagation is controlled 
by the solvent diffusion in the craze. The diffusion is 
strongly driven by the capillary force between the solvent 

Figure 12. TEMmicro~raphufawidecr~~ahowinp,ihepsrallel  
lines along the rrare Imgth.' 

and the fibrils, and smaller fibril spacing should increase 
the diffusion rate. 

The micronecking observation can also explain, among 
others, some mystery of craze microstructure. Under 
TEM.sometimes equispaced lines that run parallel to the 
craze boundaries? as shown in Figure 12, were observed. 
These parallel lines possibly are the result of adiabatic 
heating generated by drawing during the micronecking 
process. As reported in the cases of cold-drawing of 
polymer filame11ts,2'-~~ this adiabatic heating under some 
specific conditions can trigger a stress oscillation at the 
craze bulk boundaries,establishingaperiodicallychmlging 
fihril drawing condition that gives rise to these almost 
equispaced parallel lines. 

Conclusions 
From the craze topography and the dependence of craze 

depression on the craze width, it has been shown that 
crazing is amicronecking proceaa. This discovery indicates 
that a continuous fihril deformation takes place in 
concurrence with surfacedrawing duringcraze fibrillation. 
A hinge deformation mechanism was proposed for this 
continuous fibril deformation. Due to the large surface 
depression in the crazes, the surface-to-surface distance 
between craze fibrils is much smaller than that previously 
realizedfromtheTEMimages. This result helpstoexplain 
the fast fibril coalescenee at room temperature and to 
examine the process of solvent crazing. The mechanics of 
craze initiation and breakdown can be studied using the 
necking theories. It isshown that thecraze initiation and 
growthcan bestudiedon the basisofamodifiedConsidere 
conatruction and that the st ress distribution within a craze 
can be investigated by using Bridgman's theory. The 
results from the stress analysis are in excellent agreement 
with the fibril breakdown behavior observed experimen- 
tally. 
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