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Electron and optical microscopy studies of the modes of deformation and failure of polycarbonate are
reported. The high toughness of glassy polycarbonate is controlled by the ease of shear-band deforma-
tion and the surface craze characteristics. Such crazes form in tension prior to macroscopic necking
and cold-drawing and serve as sites for ultimate fracture. The surface craze characteristics and the role
they play in the fracture processes are reported as a function of strain-rate {(10=2—10*2 min—") from
scanning electron microscopy studies of the fracture topographies and edges of polycarbonate speci-
mens fractured in tension at room temperature. The mechanism by which surface crazing in polycar-

bonate is enhanced by handling is also reported. The surface regions that come into contact with
islands of finger-grease are plasticized, and fabrication stresses within these regions refax near T, at a
faster rate than in the unplasticized surroundings. Microcracks which are produced at the boundary
between the plasticized and unplasticized regions serve as sites for craze initiation and growth. The
craze processes in thin polycarbonate films strained directly in the electron microscope are also re-
ported. Undeformable ~10 nm sized nodular regions were observed during the craze flow processes

in these thin films.

INTRODUCTION

Polycarbonate is a tough thermoplastic with good impact
properties. This amorphous but crystallizable glass is, how-
ever, susceptible to solvent-crazing‘_8 and, also, can embrittle
on annealing below T,°~*. To predict the durability of
polycarbonate in a service environment with confidence re-
quires a knowledge of (a) the physical arrangement of the
macromolecules in the bulk, (b) the microscopic modes of
deformation and failure, (c) the structural parameters that
control the modes of deformation and failure, (d) the effect
of the modes of deformation and failure on the mechanical
response and () how these interrelations are modified by
fabrication procedures, specimen geometry and environ-
mental and stress exposure.

Precrystalline or crystalline structures do not form in bulk

polycarbonate below T, (T = 150°C)'*2%**~%%, Indeed, anneal-

ing polycarbonate below T, produces only changes in free
volume which are reversible for reversible thermal anneal
cycles'®?%2, Polycarbonate does, however, crystallize im-
mediately above T}, which allows precrystalline or crystal-
line entities to grow below the bulk T} in thin films and on
free surfaces of thick films where mobility restrictions are
less severe than in the bulk'®?%?¢" 3! The surface structures
consist of aggregates of 56 nm diameter nodules, which
are the size of ordered molecular domains'®~2%2>»?°, There
is, however, no evidence that similar morphological entities
form in the bulk above T during the initial stage of crystal-
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lization. Although these surface morphological entities do
not play a direct role in the bulk flow processes of polycarbo-
nate, such structures could affect the failure initiation pro-
cesses which generally occur at surfaces.

Polycarbonate is a tough, ductile material which deforms
by shear yielding, even at cryogenic temperatures, in the ab-
sence of flaws of critical geometries®. Surface flaws are, how-
ever, often produced during the fabrication of polycarbonate
specimens by, for example, machining, drilling or sawing.
Also, exposure to organic environments, such as handling,
together with interaction with fabrication stresses are suffi-
cient to generate critical surface flaws. Polycarbonate, typi-
cal of a ductile thermoplastic, is extremely notch sensi-
tive??3?. This glass embrittles as a result of the cessation of
shear yielding and reverts to a crazing deformation mode
with a corresponding decrease in molecular flow and energy
to failure!2:16:20,23,33

In addition to surface flaw characteristics, the embrittle-
ment of polycarbonate is dependent on specimen thickness,
molecular weight, thermal history, strain-rate and test tem-
perature. The mechanical response of a polycarbonate speci-
men containing a critical flaw is sensitive to specimen thick-
ness as a result of plane-strain conditions in the deformation
zone because lateral contraction becomes inhibited with
increasing thickness'®1%!718:20.21,34=37 £, plane-stress
conditions, shear-band deformation is favoured; for plane-
strain conditions, crazing and premature fracture is favoured.
Indeed, Mills*! reports that notched polycarbonate bars
> 5 mm thick are always brittle from —196° to 115°Ciin the
impact strain-rate region. Fraser and Ward® have found
that the fracture toughness of notched polycarbonate speci-
mens depends on molecular weight in addition to the notch-
tip radii. They suggest that lower-molecular-weight poly-
carbonates possess lower crazing stresses and, therefore,
exhibit more brittle mechanical responses. For polycarbo-
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nate specimens < 5 mm thick, a transition from ductile to
brittle behaviour has been observed with increasing strain-
rate and/or decreasing temperature’®®:2022:3%3 Thijs em-
brittlement is also affected by thermal history because

above 80°C, polycarbonate has sufficient molecular mobi-
lity to allow decrease in free volume. These liquid-like pack-
ing decreases in free volume inhibit molecular flow associated
with both shear yielding and crazing and cause the glass to

be more sensitive to craze/crack growth!®2%23,

Hence, the embrittlement and durability of polycarbonate
depend on a complex number of interacting phenomena,
not all of which are completely understood.

This study addresses three areas related to the modes of
deformation and failure of polycarbonate which are perti-
nent to its embrittlement and durability:

(1) In previous studies we observed a ductile-brittle transition
in tension at a strain-rate of ~102/min for 1 mm thick, un-
notched polycarbonate specimens that had been annealed at
125°C'82%33 Atlower strain-rates and greater free volumes
(i.e., quenched or 145°C equilibrium-state glasses), shear-
band deformation was the predominant mode of deforma-
tion, whereas crazing became the predominant mode on
embrittlement at higher strain-rates. Kastelic and Baer® have
reported that at room temperature and above, crazes form in
polycarbonate prior to shear-band deformation and cold-
drawing at strain-rates of ~10~2/min. Such crazes appear

to be blunted by micro-shear bands and do not readily nuc-
leate fracture. They also noted that subsequent shear-band
formation and propagation is unhindered by the presence of
these crazes. In earlier studies on polycarbonate, Spurr and
Niegisch' also reported that crazes are carried through and
survive the necking process virtually unchanged in size or
shape. However, more recently Cornes, Smith and Haward*
reported that such crazes formed at 70°C in polycarbonate
develop into diamond-shaped cavities during cold-drawing,
and final fracture occurs by the interconnection of adjacent
diamond cavities.

In this study scanning electron micrographs of the frac-
ture topographies and edges of 1 mm thick polycarbonate
specimens fractured at room temperature as a function of
strain-rate from 10~2 to 10*%/min were investigated. Such
studies reveal how the modes of deformation and failure,
including surface crazes, vary with strain-rate. The charac-
teristics of these surface crazes can control directly the stage
of deformation at which fracture occurs and, hence, the me-
chanical response of polycarbonate.

(2) The initiation and propagation of crazes in polycarbonate
are enhanced by exposure to certain organic chemicals'~®.
Polycarbonate crystallization is enhanced by the presence of
plasticizers which allow the greater chain mobility necessary
for crystallization®*?#2%*=%_ Neki and Geil* report that
even a fingerprint will cause crystallization on the surface of
polycarbonate after annealing at 110°C. Miller et al.? have
suggested that the solvent crazing of polycarbonate is caused
by stresses arising from the crystallization process. Certainly
surface crystallization can cause sufficiently high surface
stresses to produce micro-cracks. We have observed directly
surface micro-cracks along the enges of prespherulitic arms
on the surface of polycarbonate'®'®. Kambour® notes,
however, that solvent crazing behaviour of polycarbonate is
too similar to that of non-crystallizable polymers to involve
a separate and distinct mechanism dependent on crystalliza-
bility. Caird® has documented that handling the surface of
polycarbonate followed by exposure to 130" C under stress
causes crazing and seriously deteriorates the mechanical res-
ponse relative to untouched glasses exposed to the same
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temperatures and stresses. In this study we investigated the
embrittlement of polycarbonate caused by handling, using
optical and scanning electron microscopy to elucidate the
primary mechanisms responsible.

(3) Electron microscopy has been used to investigate the
microscopic deformation modes of polycarbonate by study-
ing microtomed sections**~*® or replicas of prestrained
films*52":28:%°  However, we have found polymer films
strained directly in the electron microscope can also gene-
rate useful information on the modes of deformation of
polymers?>>50=52 and, therefore, have conducted similar
studies on polycarbonate.

EXPERIMENTAL
Materials and sample preparation

The bisphenol A polycarbonate (poly4,4'-dioxydiphenyl
2,2-propane carbonate) (Lexan, General Electric Co.) had a
viscosity-average molecular weight of 30 000 and contained
no significant additives. The polymer in the powdered form
and prior to any sample preparation was preheated at 125°C
overnight in vacuum to remove moisture.

For the fracture topography specimens, compression-
moulded sheets (~1.0 mm thick) of polycarbonate were
prepared by moulding the dry polymer powder at 180°C for
15 min at ~35 MPa and then cooling under pressure to room
temperature at 2°C/min. Dogbone-shaped specimens, suitable
for tensile fracture, were machined from the sheets, and the
edges were polished along the gauge length. These speci-
mens were then vacuum annealed at 160°C for 1h, which
minimized fabrication stresses, and then annealed below
Ty at either 145° or 125°C.

Discs, ~3 ¢m in diameter and ~1.0 mm thick, to be
utilized in the studies of the embrittlement of polycarbo-
nate as a result of handling were prepared in circular moulds
under the same conditions as those used for the fracture
topography specimens. These specimens, however, were not
annealed after moulding.

Polycarbonate films, ~1 um thick, suitable for straining
directly in the electron microscope were prepared by spread-
ing a few drops of a 1% solution of the polymer in methylene
chloride onto NaCl crystals. The films and substrates were
exposed to vacuum for 12 h at room temoperature, and any
remaining solvent was evaporated at 160 C for 30 min.
under vacuum. The salt crystals were dissolved in water,
and the films were washed with distilled water. Specimens,
2 mm square, were cut from the polycarbonate films.

Experimental

For the fracture topography studies, the dogbone-shaped
samples were fractured in tension at room temperature in a ten-
sile tester (Instron TM-S-1130) at crosshead speeds of 0.05 to
100 cm/min. A scanning reflection electron microscope
(Jeol model JEM-100B) was used to study the fracture to-
pographies and edges of these specimens. For these studies
the fracture surfaces and edges were coated with gold while
the sample was rotated in vacuum.

To study the effects of handling on the embrittlement
of polycarbonate, a single thumbprint was placed on the
surface of the polycarbonate disc. This disc was then stres-
sed at ~10 MPa (at its maximum cross-section) for 1h at
130°C. The disc was then examined at room temperature
by reflection and transmission optical microscopy, using an
optical microscope (Zeiss Ultraphot II), and scanning reflec-
tion electron microscopy. The disc was coated with gold
prior to the scanning electron microscopy studies.
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Scanning electron micrographs of fracture surfaces of
polycarbonate that deformed and failed under a strain-rate of
~10-2 min~!illustrating (a) paralle! planes that intersect at the
flaplike structures (f) and {b) microcracks within these planes
(arrows indicate direction of crack propagation).

Figure 1

Bright-field transmission electron microscopy was used
to monitor the modes of deformation of the ~1 um thick
films that were strained directly in the electron microscope.
The 2 mm square polycarbonate specimens were fastened to
standard cartridge specimen holders with cement (Duco E. I.
duPont). The specimen holder was attached to an EM-SEH
specimen elongation holder which was introduced into the
microscope through the side-entry goniometer. The speci-
mens were deformed in the microscope at a strain-rate of
~10-2 min—1.

RESULTS AND DISCUSSION

Variation of modes of deformation and failure with strain-
rate

The fracture topographies and edges of the 1 mm thick
polycarbonate specimens fractured at room temperature
were monitored as functions of strain-rate from ~10~2 to
10*2min~1. The fracture topographies and edge features

of these specimens were similar for both the 125° and 145°C

annealed polycarbonates, with the exception that only the
125°C annealed glasses deformed predominantly by crazing
in the ~10*2 min~! strain-rate region.

In the 10~2—1 min ! strain-rate region, polycarbonate
deformed predominantly by macroscopic shear-band defor-
mation, and all specimens exhibited necking and cold-
drawing prior to fracture by fast crack propagation through
the oriented neck. The fractured specimens decreased in
width, thus indicating plane stress fracture conditions. The
fracture topographies exhibited striations parallel to the
direction of crack propagation'®2!3%5° The striations are
steps formed by the subdivision of the crack front into seg-
ments running on parallel planes as illustrated in Figure la.
A similar subdivision of the crack front produces river mark-
ings in the more brittle polymeric thermosets®!***. The
flaplike striations [designated by (f) in Figure la]that occur
at the intersections of the crack planes are a result of tearing
and cold-drawing of the polymer and have been observed by
Mills?! for polycarbonate and Murray and Hull®® for poly-
styrene. The parallel planes shown in Figure 1a exhibit finer
striations which are situated parallel or perpendicular to the

direction of carck propagation, as illustrated in Figure 1b.
These finer striations appear to be fine cracks which could
result from the relaxation of a surface layer of polymer that
has been swept onto the fracture surface and oriented in the
direction of crack propagation. Elongated fractured fibrils
that have been swept down onto the fracture surface have
been reported by Doyle*®**” and Hoare and Hull®® for poly-
styrene and by the authors for epoxies®®*®. Indeed, in cer-
tain areas of the polycarbonate surface we observe 100—
200 nim diameter fibrils that have been swept onto the fracture
surface and aligned in the direction of crack propagation, as
illustrated in Figure 2.

Examination of the edges of the polycarbonate specimens
that deformed in the 10~“—1 min—" strain-rate region re-
vealed a network of cavities as illustrated in Figure 3a. These
cavities propagated from surface crazes which had developed
prior to cold-drawing and had passed into the necked region.
The formation during the cold-drawing process of diamond-
shaped cavities that initiate from either crazes or surface de-
fects has been reported for a number of polymers, including
polycarbonate*®®®~®2. Such cavities propagate by tearing at
the pointed tips of the diamond resulting in a cavity consis-
ting of two straight edges and two pointed extremities**°,
The remnants of such cavities are found in Figures 3a and b.
However, many of the surface cavities illustrated in Figure 3a
are too irregular to be associated with original diamond-
shaped structures. Cornes et al.*>® report that the nature
of this plastic deformation is controlled by the presence of
four shear bands which propagate from each end of the
straight edges of the cavity. These cavities grow to thicknesses
that are many times that of the original craze. Fracture of the
polycarbonate specimens occurs by interconnection of the
cavities illustrated in Figure 4a. Cornes, Smith and Haward*®
have noted that fracture by this process is controlled by the
stress concentrations associated with the cavities, which de-
pend on the cavity size and tip radii, the stored elastic energy
within the specimen, and the strain-hardening characteristics
and crack resistance of the oriented polymer. Cornes and

Figure 2 Scanning electron micrograph of fibrils that have swept
onto the fracture surface of polycarbonate that deformed and
failed under a strain-rate of ~10~2 min-!
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Figure 3 Scanning electron micrographs of the edge of cold drawn
polycarbonate that deformed and failed under a strain-rate of ~10-2
min—1 illustrating {a) numerous edge cavities and {b) the topography
within a cavity

Haward®® associate the smoothness of the cavity walls
(Figure 3b) with a slow tearing process. The fractured fibrils
on the cavity walls near the specimen surface in Figure 3b
originate from the original craze that formed prior to cold-
drawing. A distinct boundary is evident in this micrograph
between the interior smooth surface associated with the tear-
ing of non-crazed material and the exterior fibrillar, crazed
region of the cavity. The latter region has propagated to a
depth of 5—10 um into the specimen prior to the onset of
the tearing process.
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Hence, polycarbonate specimens that were strained in
the 10~2—1 min—! strain-rate region deform predominantly
by shear-band deformation and cold-drawing. However, sur-
face crazes that form prior to macroscopic necking and cold-
drawing serve as sites for subsequent plastic tearing and ulti-
mate fracture.

In the 1 to 10*2 min—! strain-rate region, polycarbonate
still deforms predominantly by macroscopic shear yielding
and subsequent cold-drawing. The crazes that form prior to
the cold-drawing process are, however, 2 100 um in length
which is tenfold larger than those that grew in the 10-Zto
1 min~! strain-rate region. Such crazes act as sites for crack
growth and ultimate failure of the glass.

The fracture topography of an edge craze in the 1 to 1
min~! strain-rate region is illustrated in Figure 4 in which a
curved, cusp separates the edge craze topography from that
of the cold-drawn region. In the regions where the craze was
thickest, nearer the specimen edge, a patch pattern in the
fracture topography is observed as illustrated in Figure 5a.
The protruding patches and depressions on one fracture sur-
face match the reverse pattern of protrusions and depressions
on the opposite fracture surface. This type of topography is
associated with crack propagation along the boundary bet-
ween the crazed and uncrazed material with the crack g];ump-
ing irregularly from one boundary to the other'®3%$%¢% Ip
previous studies the patches, whose thicknesses are those of
the original craze, were generally found to be smooth with
no fine structure. In this case, however, the protruding
patches exhibit a distinct topography of fractured fibrils in-
terdispersed by voids as illustrated in Figures 5b and c. The
depressions on one fracture surface that match the protrud-
ing patches on the opposite fracture surface are relatively
smooth with the exception of a few fractured fibrils which
are perpendicular to the surface (Figure 5a). Similarly
situated fibrils have been observed by Doyle® in the fracture
surfaces of preoriented polystyrene. The voids on the pro-
truding patches were largest in the regions associated with
the thickest portion of the original craze and exhibited a
dimple-like structure with dimple diameters of 1—5um
(Figure 5b). (In metallurgy a dimpled fracture topography
is associated with a ductile fracture mode that involves nuc-
leation, growth and coalescence of voids by internal
necking®~®".) The dimples in the polycarbonate fracture
topography are separated from one another by a single

0*2

Figure 4 Scanning electron micrograph of the fracture topography
of an edge craze in polycarbonate (strain-rate of ~2 min—1)
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Figure 5 Scanning electron micrographs of the patch-pattern fracture topography of an edge craze in polycarbonate that deformed and failed
under a strain-rate of ~2 min—lillustrating (a) overall, (b) dimpled and {(c) fibrillar topographies

boundary of fractured fibrils which are < 500 nm in dia-
meter. The surfaces of the protruding patches develop a
more fractured fibrillar appearance as the voids decrease in
size with decreasing thickness of the original craze (Figure
5¢).

The overall fracture topography nearer the tip of the
craze is shown in Figure 6a. The patch pattern persists in
this region, but the patches are much thinner than those
nearer the specimen edge because the craze tapers to a thin
section. In this region 100—300 nm diameter voids and
poorly developed fibrils are evident (Figures 6b and c).

These voids are considerably smaller than those observed in
the thicker regions of the original craze. This observation is
consistent with other fracture topography studies that also
reported a decrease in void size as the craze tip is
approached®® ™. The voids and poorly formed fibrils taper
to a series of fine fingers near the craze tip as illustrated in
Figure 6a. These regions are shown in more detail in Figure
7. Highly drawn, thin films of polymer that are perpendicu-
lar to the fracture surface and parallel to many of the fine
craze fingers are evident in Figure 6a. These highly drawn
regions are caused by the crack propagating at a slower rate
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Figure 6 Scanning electron micrographs of craze tip fracture topography of edge craze in polycarbonate that deformed and failed under a
strain-rate of ~ 2 min—1 illustrating (a) overall, (b} microvoid and (c) poorly developed fibrillar topographies of this region

through the crazed fingers and thus lagging-behind the gene-
ral crack front. No evidence of significant ductile tearing
of the craze as a result of cold-drawing was found in the
fracture topography crack tip region in Figure 6a.

Crazes normally grow preferentially by areal growth
rather than by a thickening mechanism caused by drawin
new material across the craze-matrix boundary interface®.
In the 1 to 10*2 min—1 strain-rate region, however, after
cold-drawing occurs, the oriented material at the craze tip
inhibits further areal craze growth in polycarbonate. Crazes
do not propagate easily through polymeric material oriented
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perpendicular to the craze growth direction™ ., Also, no
significant growth of the craze occurs by the ductile tearing
process that was observed at lower strain-rates. Therefore,
during cold-drawing the craze extends by further internal
void growth, coalescence and fibrillation. The strains pro-
duced during cold-drawing will be greatest in the thicker
regions of the original craze thereby causing larger voids
in these regions because of fibrillar fracture and void
coalescence.

The distinct porous-fibrillar structure present on the sur-
faces of the protruding patches in the thicker craze regions
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Figure 7 Scanning electron micrograph of fracture topography of
craze fingers at tip of edge craze in polycarbonate that deformed and
failed under a strain-rate of ~2 min-!

results from crack propagation along the craze-matrix boundary
interface. This structure is unusually distinct possibly be-
cause of abnormal stresses in the craze, and at the craze-
matrix boundary interface during crack propagation caused
by the oriented state of the surrounding material. The mag-
nitude and distribution of the stress fields in the vicinity of
these crazes during fracture will be different than those that
exist in polymers which deform only by crazing.

The fracture topography of the crazes that initiated frac-
ture in polycarbonate in the 1 to 10*2 min~! strain-rate
region did not exhibit any characteristic slow crack-growth
regions on matching fracture surfaces. Initial crack propa-
gation generally proceeds through the median of the
craze®!:¥55:57:3%:64M broducing a fractured fibrillar or
rough topography on matching surfaces®>**#%°. The absence
of a slow crack-growth region suggests that significant crack
growth occurred only under the influence of the highly
strained surrounding cold-drawn material rather than prior to
the onset of cold-drawing.

Hence at room temperature in 1 to 10*2 min~! strain-rate
region, polycarbonate still deforms predominantly by shear-
band deformation and cold-drawing. However, the surface
crazes that form prior to cold-drawing and cause ultimate
fracture are tenfold larger than those that form in the 10~2
to 1 min—! strain-rate region. Also, significant plastic tear-
ing does not occur from these larger crazes prior to catastro-
phic crack propagation.

In the 102 min—1 strain-rate region, many 125°C annealed
polycarbonate specimens cease to cold-draw and fail by
either neck rupturing or crazing. Such specimens are em-
brittled because of a corresponding decrease in molecular
flow and energy to failure.

In neck rupture, failure occurs prior to neck formation
but after macroscopic shear zones have propagated to appro-
ximately the centre of the specimen. The intersection of the
shear bands, which occurs at right-angles, causes a stress
concentration®™ sufficient to cause a crack to propagate
through the planes of the shear bands. Recently, we have

-1

observed that this fracture mechanism produces microsco-
pic right-angle steps in certain thermoset resins?*3% 7.

The specimens that deform and fail by crazing alone
exhibit large fracture topography initiation regions which
often extend up to ~500 um from the specimen edge. The
initiation topography is a porous structure containing 50—
100 nm diameter fractured fibrils as illustrated in Figure 8.
A slow tearing process through the median of the craze
produces this topography*!:5%5557:59:67  Craze and/or
crack growth is not inhibited in these specimens by the pre-
sence of any cold-drawn oriented material at the craze tip.
The absence of the constraints of oriented material in the
craze tip region allows the slow-crack growth process to
occur.

An overall view of the faster crack-growth fracture topo-
graphy region of polycarbonate specimens that deformed and
failed by crazing is illustrated in Figure 9a. A distinct patch
pattern is observed in the topography immediately adjacent
to the initiation region (Figure 9b). This topography is
caused by the crack propagating along the craze-matrix boun-
dary interface and jumping irregularly from one boundary to
the other!®3%6367  Eyrther removed from the initiation
region, the topography consists of alternate bands of smooth
valleys and rough hills (Figure 9¢). The bands of rough hills
consist of the patch topography which is associated with
crack propagation through pre-existing crazes. The patches
are, however, on a finer scale than those observed nearer the
initiation region in Figure 9b. Banded structures have been
observed by Jacoby and Cramer”’, Hull and Owen® and
Ravetti ef al.™ in previous studies of polycarbonate frac-
ture topographies.

Bands in the fracture topography has been observed in
many other polymers and are generally described in terms
of rib markings or striations3»>%%777193  These bands are

Figure 8 Scanning electron micrograph of fracture topography
initiation region of polycarbonate that deformed and failed by craz-
ing under a strain-rate of ~102 min-!
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Figure 3 Scanning electron micrographs of the fast crack-growth fracture topography in polycarbonate that deformed and failed by crazing
under a strain-rate of ~102 min—! illustrating {a) overall, (b} patch and (c) banded-patch topographies of this region

characteristic of relatively brittle fracture and cover a larger
area of the fracture surface, with an accompanying decrease
in band spacing, when the molecular weight and/or tempera-
ture is decreased and/or the strain-rate is increased. Two dif-

ferent mechanisms have been suggested to explain the banded

fracture topographies in polymeric materials: (1) Yoffe!®
has theoretically shown that a crack in an elastic material

is expected to accelerate to a limiting velocity and then bi-
furcate. Andrews® notes that branching would be expected
to relieve the stress and decelerate the crack. The stress will
be restored in a tensile test and, therefore, the processes of
crack acceleration followed by bifurcation will be repeated.
Craze formation rather than pure crack bifurcation has been
suggested to be an intricate part of this slip-stick process in
polymers®»64190:102 () The banded topographies could
also be Wallner lines which are formed at the loci of the
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intersection of the main-crack front with transverse shock
waves released during the fracture processes. Such lines were
first observed by Wallner'® in inorganic glasses. This pheno-
menon is complex in polymers because any perturbation in
the stress caused by shock waves can produce changes in
both crack and craze growth, and the growth changes in
these two processes may not be the same®3. In the case of
the banded topographies illustrated in Figure 9, the mecha-
nism involves a crazing process. However, it is not possible
to determine whether the banded topographies arise purely
from a slip-stock or a Wallner line mechanism. Kusy and
Turner'® have recently noted that both mechanisms could
occur in band formation in poly(methyl methacrylate).
Hence, in the 102 min—1 strain-rate region, the lower-
free-volume, 125°C annealed polycarbonate specimens ex-
hibit evidence of a ductile-brittle transition. These speci-
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Figure 10 Optical micrographs in (a) reflection, (b) transmission
and {c) reflection of crazes that initiated from a thumbprint in
polycarbonate

mens embrittle as a result of the cessation of cold-drawing
with resultant failure by either neck rupture or crazing with

a corresponding decrease in molecular flow and energy to
failure. The effect of thermal history and free volume on this
ductile-brittle transition have been considered in a previous
study'®.

Embrittlement mechanism caused by handling

Caird® has documented that handling the surface of poly-
carbonate followed by exposure to 130°C under stress
seriously deteriorates the mechanical properties relative to
untouched glasses exposed to the same temperatures and
stresses. We investigated the mechanism responsible for this
embrittlement by optical and scanning electron microscopy.

Figure 11  Scanning electron micrographs of crazes in polycarbo-
nate that initiated from islands that had been contacted with finger-
grease iltustrating (a) overall phenomena and (b) protruding islands
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face crazes often appear as linear surface depressions with
parallel cracks along their edges in scanning electron micro-
scopy (Figure 12a). Evidence of the fibrillar craze structure
was observed in isolated regions in these micrographs as
illustrated in Figure 12b.

From the preceding observations, the following mecha-
nism is suggested by which finger-grease causes surface mic-
rocracking. The regions of polycarbonate that have come
into contact with finger-grease are plasticized and, there-
fore, fabrication stresses in such regions relax at a faster rate
than those in the unplasticized surroundings. These islands
separate from their surroundings and rise above the general
surface contour when the fabrication stresses and orienta-
tion are parallel to the polymer surface. The inhomogeneous
distribution of the plasticizing agent is a significant factor in
this particular solvent-crazing mechanism. However, smear-
ing finger-grease to produce a continuous surface grease
layer still produces general microcracking, following stress
and temperature exposure, as a result of a general relaxation
of fabrication stresses. These microcracks which are illus-
trated in Figure 13 are, however, < 10 um in length which is
a factor of 10 smaller than those produced from the plastici-
zed islands.

These studies produced no evidence that solvent-induced
surface crystallization plays any role in the craze initiation
and growth processes.

Deformation processes in polycarbonate films strained
directly in the electron microscope

Polycarbonate films ~1 um thick, were strained directly
in the electron microscope. These films deformed and failed
by crazing as illustrated in the transmission electron micro-
graphs in Figure 14. Crazes initiate as thinned regions in
these films rather than by void formation. This thinning pro-
cess has been previously reported in thin polycarbonate

Figure 12 Scanning electron micrographs of surface craze induced
by finger-grease in polycarbonate

The optical micrographs in Figure 10 illustrate crazes
that have preferentially grown from a thumbprint after the
sample was stressed at 10 MPa for 1h at 130°C. Figures 10a
and b are reflection and transmission optical micrographs
respectively of the crazed region. The reflection optical
micrograph in Figure 10c illustrates the lines of the thumb-
print and crazes in more detail. In this latter micrograph the
thicker, middle portion of each craze generally coincides with
a thumbprint line which suggests that crazes initiated at this
line. The thumbprint lines, which consist of ~100 um sized
islands of thumb-grease, and associated cracks and/or crazes
are illustrated in more detail in the scanning electron micro-
graph in Figure 11a. Figure 11b illustrates protruding areas
where thumb-grease has come into contact with the poly-
mer surface; these areas are separated from the surrounding
surface, thereby producing a surface microcrack ~100 um
in length. These cracks act as stress concentrators for craze
initiation and growth which leads to premature failure prior
to the development of significant flow via shear-band defor-
mation. The parallel lines in Figure 11b are well-developed
cracks and/or crazes that have initiated from the ~100 um Figure 13 Scanning electron micrograph of surface microcracks
microcracks that surround the plasticized islands. The sur- in polycarbonate induced by a layer of finger-grease
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tion and the resultant strain-hardening characteristics of the
cold-drawn material, together with the characteristics of sur-
face crazes which form prior to macroscopic necking. The
geometry and physical structure of the surface crazes together
with the crack resistance of the oriented polymer can directly
control af what stage of deformation fracture occurs, and,
hence, toughness of the polymer. The characteristics of
these surface crazes varied as a function of strain-rate in

1 mm thick polycarbonate specimens deformed in tension

at room temperature. In the 10-2—10%2 min~! strain-rate
region, the polycarbonate specimens deformed predomi-
nantly by shear-band deformation and cold drawing. How-
ever, surface crazes that form prior to macroscopic necking
and cold-drawing serve as sites for ultimate fracture. In the
10~2—1 min—1! strain-rate region, the crazes grow to

~5—10 um in length prior to macroscopic shear-band defor-
mation. Subsequent cold-drawing leads to the growth of
these craze sites by plastic tearing. In the 1—102 min~—!
strain-rate region, larger surface crazes up to~100 um in
length develop prior to macroscopic shear-band deformation.
These crazes, however, do not significantly grow in area prior
to catastrophic crack propagation through the oriented, cold-
drawn material. In the ~102 min—1 strain-rate region, speci-
mens with low free-volumes, as a result of annealing at 125°C,
ceased to cold-draw and deformed and failed either by craz-
ing or by a neck rupture process. Such specimens are em-
brittled because of a corresponding decrease in molecular
flow and energy to failure.

Surface crazing is enhanced in polycarbonate by environ-
mental factors such as handling. The regions of the poly-
carbonate surface that have come into contact with finger-
grease are plasticized, and fabrication stresses in such re-
gions relax near Ty at a faster rate than those in the unplas-
ticized surroundings. The plasticized, relaxed regions sepa-
rate from their surroundings producing microcracks which
serve as sites for craze initiation and growth, and possible
embrittlement of the polymer.

Crazes initiated and propagated in thin polycarbonate
films that were deformed directly in the electron microscope.
Nodular regions, ~10 nm in size, which did not break-up

Figure 14 Bright-field transmission electron micrographs of a craze
in a strained polycarbonate thin film illustrating (a) overall craze and
surroundings and (b) craze structure

films by Wyzgoski and Yeh* and Thomas and Israel® and is
attributed to the lateral contraction of the film during de-
formation. Voids and fibrils develop in the later stages of
growth in these regions; the remnants of such fractured fib-
rils are evident in Figure 14.

In the thinned regions and the craze fibrils in the micro-
graphs in Figure 14, dark, ~10 nm sized nodular regions are
evident. These regions are evidently less susceptible to de-
formation and do not break-up and become thinner during
the flow processes but simply move past one another. These
less-deformable, ~10 nm sized nodular regions are illustrated
in more detail in the craze-crack tip region in the bright-field
transmission electron micrograph in Figure 15. Such nodular
regions appear dark in bright-field transmission because they
are thicker than their surroundings. It is uncertain whether
such regions are (a) precrystalline nodular structures, (b) less-
deformable regions produced by electron-beam damage or ()
thicker regions produced during the solvent evaporation pro-
cesses. Certainly precrystalline and/or crystalline entities can
form during film fabrication from solution or grow below the
bulk 7, in thin films or on free surfaces where mobility restric-
tions are less severe than in the bulk'®. Hence, if these less-
deformable regions are a consequence of surface crystalliza-
tion processes in polycarbonate, such regions could also be
present on the surfaces of bulk specimens and play a role in
the bulk craze initiation processes.

CONCLUSIONS

The flow processes and toughness of glassy polycarbonate
in tension are controlled by the ease of shear-band deforma-

Figure 15 Bright-field transmission electron micrograph of craze-
crack tip region in strained polycarbonate thin film
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during the craze flow processes were observed in these
films. :
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