Analysis of the Internal Crazes in Notched SAN
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SYNOPSIS

Crazing in styrene-acrylonitrile copolymer (SAN) under a triaxial stress state was examined.
The damage zone that formed ahead of a semicircular notch under slow tensile loading
consisted of two kinds of crazes: internal notch crazes that grew out from the notch root
and discontinuous surface crazes. Examination of the damage zone in the optical and scan-
ning electron microscopes revealed that the internal notch crazes sometimes extended
through most of the thickness but never penetrated the free surfaces, whereas the surface
crazes penetrated about 10-50 um inward from the surface. Initially, the internal craze tips
defined a crescent-shaped zone. The plane strain elastic stress distribution at the zone
boundary satisfied a constant mean stress condition, and the critical mean stress for craze
tip growth was determined to be about 35 MPa. This value varied slightly for different
resins but was independent of thickness. Propagation of the internal notch crazes occurred
in a straight line parallel to the minor principal stress vector at the point of origin on the
notch surface, whereas the surface crazes followed the minor principal stress trajectories.
The presence of the internal notch crazes resulted in significant stress redistribution, the
stress redistribution was described quantitatively using both the deviation of the craze
trajectory from the minor principal stress trajectory, and the deviation of the zone shape
from the critical elastic mean stress condition.

INTRODUCTION

Irreversible prefracture deformation and damage of
polystyrene (PS) and styrene-acrylonitrile copol-
ymer (SAN), as with many brittle glassy polymers,
is characterized by crazing. Several major reviews
describe the complex nature of crazing, including
such aspects as craze initiation and growth, craze
structure and morphology, stress and environmental
effects, temperature dependence, kinetics and vis-
coelastic behavior, and crazing in heterogeneous co-
polymers and blends.'™ The present understanding
of the crazing phenomenon is based primarily on
observations of crazing in thin films or of surface
crazes in thicker sheet.

Crazing in a triaxial stress state is facilitated by
use of a notched geometry. Deformation of some
glassy amorphous polymers at a round notch has
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been comprehensively described by the initial for-
mation of a plastic zone, followed by nucleation of
an internal craze at the tip of the local plastic zone
when a critical condition is achieved.>® The craze
initiation condition can be quantitatively described
by slip line analysis of the plastic zone and related
directly to fracture toughness. Under conditions
where the craze initiation stress is smaller than the
shear yield stress, a situation that might be achieved
by varying the temperature, for example, crazes ini-
tiate at the notch root before shear vielding occurs
and grow radially from the notch root.!® This type
of damage zone has not been as extensively studied.

The goal of this study was to characterize the
nature of crazing in SAN under a triaxial stress state.
A notched geometry was employed to create a triax-
ial stress state under uniaxial loading. The semicir-
cular notch geometry is particularly attractive for
studying prefracture damage since an exact numer-
ical solution of the elastic stress field distribution
over a fairly large region around the notch is avail-
able. Furthermore, the moderate stress intensifica-
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tion and relatively smooth stress gradient at the
notch tip minimize the tendency for premature brit-
tle fracture. Finally, the semicircular notch geometry
can be machined accurately while causing minimal
predamage in the region of the notch root.

EXPERIMENTAL

Two SAN resins were used in this study: TYRIL
867-B (trademark of The Dow Chemical Co.) with
25% acrylonitrile (AN) by weight was supplied by
Dow in the form of 1.1 mm-thick extruded sheet,
and Lustran 31 (trademark of Monsanto Chemical
Co.) with 25% AN by weight was obtained from
Monsanto in the form of pellets. Specimens of var-
ious thicknesses were compression-molded from the
Lustran in a preheated press at 200°C at 600 psi for
10 min and cooled slowly under pressure. Attenuated
total reflection-Fourier transform infrared spec-
troscopy (ATR-FTIR) confirmed that the AN con-
tent in both SAN resins was the same.

Tensile tests of notched rectangular specimens
100 X 20 mm? were carried out on an Instron Testing
Machine. A single 1 mm radius semicircular notch
was machined midway along one edge using a sharp,
high-speed steel end mill. The mill was air-cooled
and only 0.1 mm was removed on each pass in order
to minimize thermal effects and possible residual
stresses at the notch surface. Some of the specimens
from the extruded sheet were annealed at 105°C for
1 h after machining.

The damage zone at the notch was photographed
during deformation with a traveling transmission
optical microscope. Typically, photographs were
obtained both with the focus on the surface and ad-
justed to the center of the thickness. A final mag-
nification of 130X was achieved in the photographic
prints used for analysis.

In some cases, specimens were loaded to specific
positions on the stress-displacement curve and re-
moved from the Instron for further characterization
of the damage zone. For the optical microscope, a
small section containing the damage zone was
trimmed with a fine jewelry saw; the section was
then microtomed to the desired depth in either the
xy or yz plane. An RMC ultramicrotome (MT86000-
XL) was used for this purpose.

For the scanning electron microscope (SEM), a
procedure similar to that described in the literature
was used.!’"* A rectangular section 5 X 20 mm con-
taining the damage zone was trimmed from the ten-
sile specimen and cut through the center of the
thickness with a low-speed, water-cooled I[somat

diamond saw. The cut surface was polished on a
polishing wheel with a fine grade of sandpaper and
mounted on the SEM stage with a slight bend. The
specimen was coated with about 90 A of gold and
viewed in the JEOL (JSM-840A). Fracture surfaces
of notched tensile specimens were also examined in
both the optical and scanning electron microscopes.

The optical micrographs were analyzed for the
positions of the craze tips and for the craze trajec-
tories. In both cases, the origin of the coordinate
system was determined in each micrograph by se-
lecting an x-axis about which the damage zone was
symmetrical in both shape and direction. After the
positions of the craze tips were determined in
Cartesian coordinates, the local stresses were cal-
culated using the appropriate equations. A four-step
procedure was used to obtain the tangent to the craze
line: (1) the craze lines were copied from the 130X
optical micrographs onto transparent graph paper,
(2) the coordinates of points every 2.5 mm along
the craze line were determined using an optical mi-
croscope with a Graticule which gave a resolution
of 0.01 mm, (3) the equation of the craze line was
determined using nonlinear regression analysis, and
(4) the first derivative of the equation at each point
was taken to obtain the slope of the tangent.

RESULTS AND DISCUSSION

1. Damage Zone

The typical stress-displacement curve of notched 1.1
mm-thick SAN in uniform tension [Fig. 1(a)] was
linear until catastrophic fracture. The points on the
curve indicate the positions at which the photo-
graphs of the notch region in Figures 1(b)-(d) were
obtained. The first damage was observed near the
notch tip at a remote stress of about 20 MPa and
consisted of discontinuous surface crazes that fol-
lowed curved trajectories [Fig. 1(b)]. At a slightly
higher stress, about 25 MPa, a second type of line
damage was observed; this damage emanated from
the notch surface and grew away from the notch as
a family of continuous straight lines [Fig. 1(¢)] at
a remote stress of 33.6 MPa. This line damage was
most clearly visible when the focus was adjusted to
the center of the thickness and, consequently, was
referred to as internal notch crazing. The damage
zone defined by the internal notch crazes was ini-
tially crescent-shaped, but as the remote stress in-
creased further, the damage zone acquired a trian-
gular shape with the longest crazes in the center
[Fig. 1(d)] at a remote stress of 40.7 MPa. With
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the relatively slow crosshead speed used in these occurred catastrophically at a remote stress of 41.7
experiments, 0.1 mm/min, the damage zone grew MPa for this particular specimen.
some distance away from the notch before fracture The crazelike microstructure of the internal line

{6ku: - %300 108vn ND32

.
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Figure 2 Scanning electron micrographs of the internal craze damage zone after the 1.1
mm-thick SAN was loaded to 35 MPa and sectioned in the xy plane through the center of
the thickness: (a) low magnification view; (b, ¢) higher magnification views at position A;
(d, e) higher magnification views at position B.
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damage was confirmed by scanning electron mi-
croscopy. The low magnification micrograph in Fig-
ure 2(a) shows part of the damage zone of a speci-
men that had been loaded to 35.1 MPa and subse-
quently sectioned on the xy plane through the center
of the thickness. During viewing in the SEM, the
specimen was held under a slight bend; the small
tensile load this created in the y direction opened
up the damage lines to reveal the internal structure.
Higher magnification micrographs of a pair of dam-
age lines at the two positions identified in Figure
2(a), one near the notch [Fig. 2(b) and (c)] and
the other at the tip of the lines [Fig. 2(d) and (e)],
revealed microfibrils with diameters on the order of
50 nm and microvoids that are characteristic of the
craze microstructure. There was no evidence even
close to the notch to suggest that cracks had been
initiated by fibril fracture; it appeared that prior to
catastrophic fracture, fibrils spanned the crazes
along their entire length, which enabled them to be
load-bearing.

A microtomed cross section of the damage zone
about 70 um from the notch tip (Fig. 3) showed that
the internal notch crazes often extended through
most of the thickness. The discontinuous surface
crazes were also visible in the cross section where
they penetrated about 10-50 um inward from both
surfaces. Profiles of the internal notch crazes of a
typical damage zone were constructed by locating

P i e

each craze in successive cross sections, one of which
is shown in Figure 3. The cross sections were sep-
arated by 20-50 um and a total of 13 were used in
the analysis. By drawing connecting lines through
the positions of the craze tips in successive cross
sections, the profiles in Figure 4 were obtained. In
this figure, the point of craze initiation on the notch
surface was identified by the perpendicular distance
from the x-axis given by h (mm) = sin # [insert,
Fig. 4(a)]. Crazes in the center of the damage zone
with growth planes close to the x-axis [Fig. 4(a)]
included the longest crazes, but there were also nu-
merous shorter crazes. Figure 4 (b) shows crazes that
were located midway between the x-axis and the edge
of the damage zone, while those in Figure 4 (c) were
near the edge of the zone where the crazes were the
shortest.

Although the craze length depended on the angle
0 of the craze plane, it was characteristic that for
any particular angle the maximum craze length did
not vary through the thickness of the sheet. This
suggested that the degree of triaxiality did not vary
through the thickness and supported an assumption
of the plane strain-stress state. In general, there
was a wide range in both craze length and width.
The internal notch crazes were able to grow in two
directions and often were as wide or wider than they
were long. Although they frequently grew very close
to the free surface, they never penetrated it. This

Figure3 Microtomed crosssection through the damage zone about 70 um from the notch
tip. The damage zone was created by loading the specimen to 37.9 MPa. The grooves on
either side are markers to facilitate identification of individual crazes in sequential cross

sections.
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Figure 4 Profiles of internal notch crazes: (a) crazes in the center of the damage zone
close to the x-axis (the insert shows the coordinate system used to locate the craze positions);
(b) crazes located midway between the x-axis and the edge of the damage zone; (¢ ) crazes
near the edge of the damage zone.
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feature of the internal notch crazes was confirmation
that they initiated only from the notch surface, not
from the free surface, and also suggested that their
growth required some degree of triaxiality.

2. Condition for Internal Notch Craze Growth

The elastic stress field distribution was used in the
analysis since the bulk glassy polymer could be
treated as a linear elastic solid. Furthermore, because
the crazes were load-bearing, it was assumed that
they did not affect the stress distribution signifi-
cantly when the damage zone was small. The elastic
stress field distribution of a single-edge semicircular
notched body published previously!® was derived
from Maunsell’s exact numerical solution.!®* From
the stress field equations for the two-dimensional
stress state, o; = f (oo, r, §), the principal stresses
o1 and o, were obtained from classical continuum
mechanics relationships:

Omaxs Omin = 01, 02

o, 1t 0 0, — Ogp\?
=T M(T”) +o% (1)

and in the case of plane strain,

O+ 0t 0, o1+ 00t 03
Om = = (2)

-
~. —
———— ———

where g3 = v( 6, + 02). The resulting isostress con-
tours, normalized to the remote stress, are plotted
with the major and minor principal stresses in Figure
5(a) and the mean stress in Figure 5(b). The max-
imum normalized value of ¢, was 3.06 at the notch
tip, whereas that of g, was 0.413 and was located
0.47 mm from the notch tip on the x-axis. The max-
imum normalized mean stress depended on the
Poisson’s ratio and for v = 0.35, a typical value for
SAN, " was equal to 1.375 at the notch root.

The positions of the internal notch craze tips are
plotted in Figure 6 for several values of the remote
stress. The locus of these points, particularly for the
lower stresses, defined a crescent shape that resem-
bled both the ¢, and o, contours, suggesting that a
constant stress condition characterized the damage
zone boundary. T'o distinguish between the two pos-
sibilities, values of ¢; and o,, at the tip of each in-
ternal notch craze were plotted as a function of the
angle 6 for six damage zones from three different
experiments (Fig. 7). The positions of the craze tips
fit a constant o,, condition, and for this SAN resin,
the critical mean stress for internal craze growth
0m, . was 35.1 MPa. The standard deviation in ¢, .
values from a single damage zone was about 5%, and
for the data from all six zones, was about 8%. On
the other hand, the major principal stress exhibited
a decreasing trend from the edge of the zone to the
center with an overall variation of about 15%. The
observation that the position of the internal notch
craze tips was determined by a mean stress condition

112 ONy.01 ' '
1.19
1.26
1.373
10 12 14 16
mm

(b)

Figure 5 Normalized isostress contours: (a) major principal stress (solid lines) and
minor principal stress (dashed lines); (b) mean stress.
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08— T T T T 7T cular notch that is described by a constant mean
1 " stress.’® In this case, the corresponding elastic vol-
0.6 - ume strain V, was calculated by
0.4 . - _
035‘-.. ] chamyc=3(1 2v)an, (3)
o 1 nk LIS K E
] '...v:‘ 4 . l. ]
E o0- evs a " i where K is a bulk modulus; and E, Young’s modulus.
E “gye 2 .'. ] Because V. was independent of temperature, the
_ 2_: fov e A ] amount of CPE in the blend, and also the physical
) A "A‘_ . properties of the CPE, it was suggested that in this
1 ?’5‘-' 1 instance the critical condition for cavitation is a
—47 ®s 5 o=32.44Pq | volume strain. It has also been suggested that crazing
_1 . :’::i:: 1 of polycarbonate follows a critical volume strain
-8 o gm361 ] condition.'® The value of V., for SAN obtained from
1 . :-jig; ] Om,. was 0.95, in the same range as that of PVC
‘~8°8 L e L P '?o "212 (0.8) and PC (1.2).
’ ‘ " ’ : ) ’ On the other hand, several well-known theories
mm

Figure 6 Positions of the internal notch craze tips for
severa)l remote stresses.

derived from the plane strain state suggested that
cavitation was the controlling microdeformation
mechanism in the craze growth process.
Stress-whitening of PVC blends with chlorinated
polyethylene (CPE) impact modifier also produces
a crescent-shaped damage zone ahead of a semicir-

of craze growth are based on stress criteria. In the
meniscus instability model, **% craze growth is con-
trolled by the principal stress o,. Two other fracture
mechanics approaches also predict a critical prin-
cipal stress condition for craze growth.”** Other
models require a dilational mean stress condition,
including the stress-activated devitrification hy-
pothesis?*?* and an isolated void mechanism® that
is supported by recent experimental observations.?®
There is presently no agreement on a single model;
in fact, there may be more than one mechanism of
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Figure 7 Mean stress (o,,) and major principal stress () at the positions of the craze
tips for lower remote stresses as a function of the angle 6.
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craze growth and the most appropriate model may
therefore depend on the particular polymer and ex-
perimental conditions. In the present case, growth
of internal notch crazes in SAN was more closely
described by a dilational mean stress condition than
by a principal stress condition.

3. Mean Stress Redistribution

The shape of the damage zone conformed best to
the mean stress condition at the lower remote
stresses. Although the average value obtained for
om, . did not change as the remote stress increased,
the standard deviation was larger and some curva-
ture was apparent in the dependence of o,, on 6.
This reflected a change in shape of the damage zone
as the presence of the internal notch crazes began
to significantly affect the stress distribution around
the damage zone. It is well known that when crazing
is profuse the stress distribution, and thus the craze
propagation behavior, is affected.?”? To magnify the
effect of stress redistribution, which could not be
easily discerned in Figure 7, it was assumed that
craze growth was controlled by the mean stress con-
dition at all remote stress levels and the deviation
from the elastic stress distribution was character-
ized. The mean stress deviation, Ac,,, was defined
as the difference between o, ., the mean stress cal-
culated from the craze tips when the zone was small,

which was equal to 35.1 MPa for this resin, and ¢, &,
the apparent elastic mean stress at the craze tip if
stress redistribution were neglected, which was cal-
culated from eq. (2).

The stress redistribution resulted in the zone be-
coming increasingly longer than the reference along
the x-axis, § = 0, and increasingly shorter at the
edges. The trend became more pronounced as the
remote stress increased. Normalized values of Ao,
are plotted in Figure 8 as a function of the angle
for several remote stresses. The degree of redistri-
bution was highest at § = 0°, decreased with in-
creasing angle 6 to zero at about § = 11°, and became
increasingly negative toward the edges. A cross-plot
of the data from Figure 8 showed that the normalized
quantity Ag,,/ o, g increased linearly with the re-
mote stress at all angles and the slope depended on
# and ranged from about 0.0127/MPa at § = 0° to
about —0.011/MPa at § = +20°. By extrapolation
of the linear dependence to As,, /o, g = 0, it was
estimated that stress redistribution started to affect
the shape of the damage zone at a remote stress of
about 31 MPa. This compared with a remote stress
for the beginning of damage zone growth of 25.5
MPa, which was estimated from o,, . (35.1 MPa)
and the elastic mean stress concentration factor. The
value 25.5 MPa was also close to the stress at which
the internal notch crazes were first observed with a
traveling optical microscope. Together, these two

v ¥

—l L v
0,=32.4MPa

v T

o

—

o

II_LJ
0O<4 o> O + 7

e aa b 2 g0 0424

Ao _/o_ .
o
(@]
Q

i s e aal s ea

6 (°)

Figure 8 The normalized mean stress deviation at the positions of the internal notch

craze tips.
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values, 25.5 and 31 MPa, defined the range in remote
stress over which the elasticity equations adequately
described the stress distribution at the boundary of
the damage zone.

There are several possible explanations for de-
viation in the positions of the craze tips from the
mean stress condition. Stress intensification at the
craze tip would cause the craze length to exceed the
length determined by the mean stress condition.
This effect would be most pronounced where the
0m, . condition requires the crazes to be longest, at
6 = 0°, since the stress intensification is proportional
to the square root of the craze length.?® On the other
hand, overlapping stress fields can retard craze
growth.”” The cumulative effect of stress or strain
release in neighboring crazes would be most pro-
nounced where the crazes are initially the shortest,
that is, those at the largest § angles. The two effects
would tend to reinforce each other so that crazes at
small § would become increasing longer and crazes
at large 0 increasingly shorter than the mean stress
condition as the remote stress increased. In this case,
the result was actually symmetrical about an angle
f=11°.

4. Elastic Stress Trajectories

It is well established that surface crazes in glassy
polymers generally follow the minor principal stress
trajectories.?* "3 Furthermore, the elastic stress tra-

jectories closely describe the crazes for many notch
geometries including the sharp notch, various angled
notches, and the circular hole. The stress trajectories
can be obtained experimentally from photo-
elasticity® or analytically from the principal stress
vectors.”? The trajectories are continuous and dif-
ferentiable, and by definition, the stress vector is
tangent to the trajectory so that at every point the
direction of the stress vector and the trajectory are
the same.

The directions of the principal stress vectors at
a given position are given by the relationship

20,
tan 2vy =ﬁ— (4)
rr ]

where v is the angle between the principal stress
direction and the x-axis. The elastic stress field
equations of Maunsell were used to obtain the vec-
tors of the minor and major principal stresses at and
near the notch surface. The minor principal stress
vectors were directed radially from the origin of the
coordinate system at the notch surface and gradually
curved away from the notch, eventually becoming
perpendicular to the loading axis.

The trajectories were obtained from the stress
vectors as follows: At a given position on the notch
(x4, ¥1), the vector of the minor principal stress was
obtained using eq. (4). This was the starting point
of the trajectory. A second point (x,, ys) was chosen

0.8
P
£
£
-
>_
1 Ar = 2mm
() 2 Ar = .1
notch 3 Ar = .01
surface 4 Ar = 001
5 Ar = .0005
0.5 T T T T
0.8 0.9 1.0 1.1 1.2

X (mm)

Figure 9 Representation of the principal stress trajectory in terms of the increment Ar.
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as the incremental distance Ar = {(x; — x1)2 + (v
— v1)2}1/% along the vector and the minor principal
stress direction calculated again at this new position:
(x2, ¥2). The process was repeated again at (xs, y3),
and so on. When the increment Ar was small enough,
an accurate trajectory was obtained by this method.
The trajectories calculated for several values of Ar
are shown in Figure 9; no significant changes were

observed when the increment was smaller than 0.01
mm. For the purposes of this analysis, Ar was chosen
to be 0.0005 mm.

5. Craze Trajectories

Profuse surface crazing was produced by applying a
crazing agent, machine oil, to the surface. In this

Figure 10 Surface crazes produced with machine oil: (a) optical micrograph of the notch
region loaded to 31.8 MPa; (b) optical micrograph at 36.0 MPa; (c) lower magnification
optical micrograph at 36.8 MPa with the major and minor principal stress trajectories
superimposed.
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case, surface crazes originated from the notch at a
remote stress of about 20 MPa. These crazes, to-
gether with some secondary surface crazes, are
shown at a somewhat higher stress, 31.8 MPa, in
Figure 10(a). The focus was on the surface in order
to view the surface crazes, but the beginning of the
small, crescent-shaped internal craze zone was also
apparent in the micrograph. The secondary surface
crazes became more numerous at 36 MPa [Fig.
10(b)] and extended further from the notch; the
multiple internal crazes that composed the out-of-
focus crescent-shaped zone had also lengthened. The
region ahead of the notch is shown again in Figure
10(c) after the remote stress was increased to 36.8
MPa. A lower magnification was used and the elastic
principal stress trajectories were superimposed to

demonstrate that growth of both primary and sec-
ondary surface crazes conformed to the curved o,-
trajectories.

Multiple internal notch crazes that differ from
surface crazes by following linear trajectories have
previously been observed in thick notched specimens
of various other polymers.}®#33 The xy section
through the internal notch craze zone in Figure 11
was obtained by sectioning a specimen through the
center of the thickness after it had been loaded to
35 MPa. Superimposed are the major and minor
principal stress vectors at the positions on the notch
where the internal notch crazes initiated. It is clear
that growth of the internal notch crazes followed
the straight line defined by the o,-vector at the point
of initiation on the notch.

Figure 11 Microtomed section in the xy plane through the center of the thickness. The
damage zone was created by loading the specimen to 35.0 MPa. The vectors of the principal
stresses at the position of craze initiation on the notch surface are superimposed.
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To quantify the relationship between craze compared with the slopes of the o,-trajectories. The
growth direction and the elastic stress distribution, calculated slope of the os-trajectory was virtually
the craze slopes, defined as the slope of the tangent independent of 6 over the range of interest, |#| < 20°
to the craze line at any point on the craze, were and r < 1.3 mm, when normalized to tan §, the slope
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Figure 13 The slope of several internal notch crazes normalized to the slope of the a,-
vector at the position of craze initiation on the notch surface.
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TableI Conditions for the Craze Tip Growth

Ome Vc

Sample Thickness (MPa) (%)

1.1 mm (TYRIL) 35.1+£2.0 0.95
1.1 mm (TYRIL) annealed 35.5+1.5 0.96
3.1 mm (Lustran) 312+ 1.2 0.84
1.1 mm (Lustran) 325+ 1.5 0.87
0.6 mm (Lustran) 30.5+ 1.0 0.82
0.5 mm (Lustran) 323+ 1.0 0.87

at the starting position of the trajectory on the notch
surface. The calculated normalized slope, repre-
sented by the solid line in Figure 12, decreased grad-
ually from unity as the trajectories curved away from
the notch surface. Values obtained for the normal-
ized slope at a number of points along several surface
crazes are also included in Figure 12. Crazes were
selected from optical micrographs obtained at var-
ious remote stresses in order to make certain that
the craze direction was not affected significantly by
the small notch opening at the higher stresses. Fur-
thermore, only crazes that initiated at positions de-
scribed by larger # angles were analyzed since both
craze trajectories and minor principal stress trajec-
tories were nearly parallel to the x-axis when 0 was
within + 10°. The correspondence in Figure 12

shows that the surface crazes followed the o,-tra-
jectories.

The normalized slope of several internal notch
crazes is compared with unity in Figure 13. The craze
slopes were normalized to tan 6 at the position where
the craze originated on the notch surface, and unity
corresponded to the normalized slopes of the g,-vec-
tors at the notch surface. The linearity of the in-
ternal notch crazes was apparent from the constant
values of the normalized slope. However, the crazes
did not always initiate perpendicular to the notch
surface, probably because of irregularities in the
machined notch, and this accounted for values of
the normalized slope that were constant but different
from unity for certain crazes. The difference between
growth behavior of surface and internal crazes was
clear from a comparison of Figures 12 and 13; the
growth directions of the former closely followed the
oo-trajectories, while growth of the latter proceeded
in the direction defined by the g,-vector at the po-
sition of craze initiation on the notch.

6. Effect of Thickness

The assumption that the internal notch crazes grew
in a plane strain-stress state was tested by varying
the thickness of specimens molded from the Lustran
resin. A damage zone created by internal notch

0.20 Y | —
@ Lustran , 3.1Tmm
::] Lustran®, 1.Tmm
. Lustrang, 0.5mm
0.154 4 TYRIL®, 1.17mm
v TYRIL®, 1.1mm, annealed
Y 0.104
<)
~
)
<3 0.054
0.00 e
_.05 T T T T
1.0 1.2 1.4

1.6 1.8 2.0

Position of Craze Tip, r, (mm)

Figure 14 The normalized mean stress deviation at the positions of the internal notch

craze tips at § = 0° for various SAN samples.
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Figure 15 Maximum length of the damage zone of the
internal notch crazes at fracture as a function of sample
thickness. Macroscopic remote displacement at fracture
is also plotted for different SAN samples.

crazes was observed in notched specimens with
thicknesses of 3.1, 1.1, 0.5, and 0.01 mm; except for
the 0.01 mm thin film that fractured after the first
few crazes formed, the zone defined by the craze tips

was described by a constant mean stress condition.
The value obtained for ¢,, . was, within experimental
error, independent of thickness (Table I). At 31.6
MPa, the average value of ¢,, . for the Lustran resin
was slightly higher than that obtained for the ex-
truded TYRIL sheet: 35.1 MPa; the small difference
might have resulted from differences in the resins
or from residual effects of processing.

At higher stresses, the shape of the zone defined
by the craze tips deviated from the constant o, cres-
cent shape in essentially the same way for all the
thicknesses examined with the exception of the thin
film that fractured before enough crazes had formed
to define a damage zone. The similarity was dem-
onstrated by comparing the normalized mean stress
deviation Ao,/ 0, g at § = 0°. In all cases, the same
linear dependence on the remote stress was observed
(Fig. 14). In general, the length that the damage
zone achieved before catastrophic fracture increased
as the thickness increased with a corresponding in-
crease in the macroscopic remote displacement at
fracture (Fig. 15). Annealing also resulted in an in-
crease in the length of the damage zone.

7. Fracture

Catastrophic fracture occurred when the internal
craze zone reached a critical length that depended
on the thickness. Bifurcation was always observed
(Fig. 16), a phenomenon that is frequently observed
in conjunction with high-velocity, brittle fracture of
glassy polymers. It has been suggested that bifur-

-

0.1mm

-

Figure 16 Optical micrograph of the fractured 1.1 mm-thick SAN sample.
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Figure 17 Optical micrograph of fracture surface of 1.1 mm-thick SAN sample.

cated crack growth in homogeneous glassy polymers
is a consequence of the stress redistribution that
occurs at the tip of the rapidly moving crack.6?7

The corresponding fracture surface (Fig. 17)
showed the features typical of brittle glassy polymers
such as polystyrene®® and poly (methyl methac-
rylate).?” Three distinct regions were distinguishable
on the fracture surface: a textured region abutting
the notch surface where crack initiation occurred; a
smooth mirror region of faster crack growth that
surrounded the initiation region and extended the
length of the preexisting damage zone, about 0.6 mm
from the notch for the 1.1 mm-thick sheet; and an
irregular, banded hackle region further from the
notch.

These features of the fracture surface are related
to the processes that accompany crack propagation
in crazing materials.** The crack initiated by cavi-
tation of the preformed craze and propagated along
the center of the craze by tearing of the fibrous ma-
terial in the craze layer. Secondary fracture features
gave the initiation region its characteristic texture
[Fig. 18(a)]. As the crack continued to propagate
through the preformed crazes of the damage zone,
the mode of crack propagation changed as the ve-
locity increased. Splitting along the interface be-
tween crazed and uncrazed material created the
smooth mirrored appearance that characterized the
remainder of the precrazed region. At higher mag-
nification, small islands of material were seen in this
region of the fracture surface where the crack jumped
from one interface to the other [Fig. 18(b)]. These
markings are referred to as mackerel or patch pat-

terns depending on whether they are regular or ir-
regular.®® The solid dark bands through the mirror
region suggested that occasionally the crack also
jumped from one craze to another as it propagated.
The hackle pattern was observed when the crack
passed beyond the tip of the damage zone and prop-
agated through initially uncrazed material. The
hackle resulted when the crack nucleated a set of
crazes close to its tip and then propagated along one
of these crazes. Rapid propagation allowed the stress
to relax locally and the crack slowed enough for a
new set of crazes to form at the new position. Rep-
etition of this process caused the crack to propagate
by jumps and created the characteristic banding of
the hackle pattern.*!

CONCLUSIONS

The nature of crazing in SAN under a triaxial stress
state has been studied. Analysis of the damage zone
that formed at a semicircular notch during slow ten-
sile loading led to the following conclusions:

1. The damage zone is composed of continuous
internal notch crazes and discontinuous sur-
face crazes. The internal notch crazes grow
in two directions but never penetrate the free
surfaces, while the surface crazes penetrate
about 10-50 um inward.

2. Initially, the internal craze tips define a cres-
cent-shaped zone. The plane strain elastic
stress distribution at the zone bhoundary in-
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Figure 18 Scanning electron micrographs of fracture surface of 1.1 mm-thick SAN sam-
ple: (a) high-magnification view at position a in Figure 17; (b) high-magnification view at

position b in Figure 17.

dicates that internal craze tip growth is de-
scribed by a critical mean stress condition.

. The internal notch crazes propagate in a
straight line parallel to the minor principal
stress vector at the point of origin on the
notch surface while the surface crazes follow
the minor principal stress trajectories.

. Stress redistribution associated with the in-
ternal notch crazes is significant and can be
described quantitatively using either the de-
viation of the craze trajectory from the minor
principal stress trajectory or the deviation of

the zone shape from the critical elastic mean
stress condition.
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