JOURNAL OF MATERIALS SCIENCE 22 (1%87) 2739-2750
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Dilute 3-component 1-phase solutions in methylene chloride of poly(styrene—acrylonitrile)
PSAN and polycarbonate PC are used to cast phase separated thin films. Films of pure PSAN,
pure PC and five intermediate compositions are examined. The films are bonded to copper
grids and strained at a constant rate of 4.1 x 10™®sec™". The median tensile strain ¢, for void
formation is determined using an optical microscope and the regions surrounding the voids are
examined by TEM. At room temperature and slow strain rates both PSAN and PC plastically
deform by shear yielding. For pure PSAN ¢, was found to be ~0.13 whereas for PC ¢,
exceeds 0.23. The addition of the more ductile polymer PC to PSAN at weight fractions x for
x < 0.4 decreases ¢,. In this case voids form in crazes at the boundaries between the PC-rich
inclusion and the PSAN-rich matrix. When the PC content is increased to x = 0.8, ¢,
approaches 0.23. The effect of physical ageing (annealing below T, the glass transition tem-
perature) on the mode of plastic deformation was also examined over the same compositional
range. Physical ageing was found to suppress shear deformation and favour crazing in PSAN
and PSAN-rich phases. Because crazes are more susceptible to breakdown than DZ’s (shear
deformation zones), physical ageing results in a marked decrease in ¢,. The breakdown stat-
istics of these phase separated partially compatible blends was found to follow a Weibuli dis-
tribution in strain from which two parameters may be extracted: ¢ the Weibull modulus and &,
the Weibull scale parameter. ¢ is a measure of the breadth of distribution of void initiation and
&, is @ measure of the median strain to void formation in the films. The behaviour of ¢, was
found to approximately mirror ¢,. The Weibull modulus ¢ appears to be primarily controlied by

the matrix phase.

1. Introduction

Due to the low entropy of mixing for long chain
polymers most polymer pairs are at best only partially
compatible and will phase separate [1-9]. For the case
where the T, the glass transition temperature, of each
of the components is well above room temperature a
phase separated glassy material results. These phase
separated blends have the potential to offer many
unique and useful mechanical properties unattainable
in either a pure homopolymer or copolymer. However
before these materials may be reliably used an under-
standing of the plastic deformation mechanisms in the
blend is essential. Unfortunately most studies of
mechanical properties in glassy blends have focused
on the bulk macroscopic deformation and not on the
more fundamental microscopic plastic deformation in
each of the phases (which is usually on a scale of the
order of 0.1 to 100 um).

In this paper we use both optical microscopy and
TEM to study the plastic deformation behaviour in
thin films of glassy blends of two commercially
important polymers, polycarbonate and poly(styrene—
acrylonitrile). These polymers are only partially com-
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patible. In addition we make use of a simple test
{10, 11] to quantitatively determine the statistics of
void and crack formation in the thin films. Lastly we
examine the effects of physical ageing (annealing
below T,) on the plasticity in these films and its effect
on the void formation statistics.

2. Experimental details
Dilute 3-component 1-phase solutions of poly(styrene—
acrylonitrile) (PSAN) (Dow Chemical Co., Midland,
Michigan, USA) and polycarbonate (PC) in meth-
ylene chloride were prepared with the following
PSAN,_,/PC, weight ratio where x = 0.0, 0.2, 0.4,
0.5, 0.6, 0.8 and 1.0. The PSAN used was a random
copolymer having a weight average molecular weight
M,, = 160K and an acrylonitrile content of 25%. The
PC resin was a GE Lexan having an intrinsic viscosity
[7] = 0.661dlg™' and a weight average molecular
weight M, = 39K. Methylene chloride is a good
solvent for both the PC and the PSAN.

Prior to casting the glass slides were cleaned with
acetone to remove grease and pressurized N, gas was
used to blow away dust from the surface of the slides.
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(a)

40 um

To further reduce the dust concentration the polymer—
solvent solutions were filtered through a porous
ceramic filter to remove any particles greater than
20 gm in size. Uniform films were produced by draw-
ing glass slides from the solution at a constant rate. In
all cases the film thickness, measured by a Zeiss inter-
ference microscope, was held constant at 0.4 yum. This
control is achieved by adjusting the total polymer to
solvent concentration while maintaining the desired
ratio between the two polymers. After solvent evap-
oration the resulting phase morphology on the glass
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Figure 1 Optical micrographs of the cast film morphology on glass
slides. (a) PSAN, (b) 80% PSAN, 20% PC, (c) 60% PSAN, 40%
PC, (d) 50% PSAN, 50% PC, (e) 40% PSAN, 60% PC, (f) 20%
PSAN, 80% PC, (g) PC.

slide for each of the compositions examined is shown
in Fig. 1. Using this cleaning procedure reproducible
morphologies were always obtained. PC and PSAN
rich phases can be distinguished under an optical
microscope due to the difference in their refractive
indices, npsany = 1.569 and npe = 1.586.

Each film was floated off on the surface of a water
bath and picked up on a well annealed copper grid
previously coated with the same polymer [12]. A short
exposure to the methylene chloride vapour served to
remove any slack in the film and ensure bonding
between the film and the grid. The grid subdivides the
film into ~ 40 independent grid squares each having
an area of 1 mm?

One day after preparation the grids were mounted
in a strain frame coupled to a motor drive and strained
in tension at a strain rate of 4.1 x 10 °sec™'. Any
grid squares that were poorly bonded or had traces of
dust were eliminated from consideration. As the film



TABLE I Types of phase separation resulting from casting from dilute solution at room temperature

PSAN (wt %) Phase Multiple phase Continuous Average diameter
separation separation phase of minority phase
100 No No PSAN -
80 Yes No PSAN-rich 0.4-0.7 um
60 Yes No PSAN-rich 1.4-1.9 ym
50 Yes Yes PC-rich PSAN (islands)
1020 ym
PC-rich (incl.)
0.4-0.6 um
PSAN (incl.)
0.25-0.35 um
40 Yes Yes PC-rich PSAN (islands)
5-8 um
PC-rich (incl.)
0.4-0.6 um
PSAN (incl.)
0.25-0.35 um
20 Yes No PC-rich 0.2-0.4 ym
0 No No PC —

was strained, the initiation of void formation was
observed in each grid square using an optical micro-
scope at 50 x magnification. Observations were made
at roughly 1h intervals to determine the number
fraction of grid squares exhibiting void formation p,
[10]. Although the phase morphology differs markedly
for the various compositions a consistent criterion was
used to determine the onset of void formation. Void
formation (detected as a dark spot in reflected light)
was chosen to be any equiaxed hole of at least 50 um
in diameter. In this manner a quantitative breakdown
strain &,, defined as the median strain to produce at
least one void in one half of the grid squares, could be
determined.

The effect of physical ageing on the plastic defor-
mation mechanisms and breakdown statistics was also
studied. Samples were prepared in the manner
previously described for fresh (unaged) films but prior
to straining were subjected to an anneal at 85 to 90°C
for 1 h and allowed to cool to room temperature. Since
the ageing temperature is below the T, of the lower T,
component no change in phase morphology occurs
due to ageing. The same criterion used to determine &,
for unaged samples was used to determine ¢, for this
class of samples. Since the low magnification
employed in determining &, does not allow for the
earliest possible determination of void formation all
the compositions examined (both aged and unaged)
were observed in the TEM. In this case the samples
were strained up to p, ~ 0.4, a selected grid square
was cut out and the void initiation site was examined
more closely by TEM.

3. Results

3.1. Morphology

For all the intermediate compositions examined here
it was found that PSAN and PC blends phase
separate. Table T shows the type of phase separation
resulting from casting from dilute solution at room
temperature. The addition of PC to PSAN to form
PSAN,_,.PC, blends results in a simple phase separ-
ation up to x = 0.4 with a PSAN-rich continuous
phase containing roughly equiaxed inclusions of PC-

rich phase. Further additions of PC result in a more
complex morphology. For the blends of PSAN, ;PC, 5
and PSAN,,PC,,, a PC-rich continuous phase con-
taining both PSAN-rich ‘“islands” and PSAN-rich
inclusions form. The PSAN-rich “islands™ however
contain even smaller PC-rich inclusions within them.
This phase inversion probably occurs because the
initial PSAN-rich phase which separates as the solvent
evaporates contains too much PC which subsequently
precipitates within the PSAN as more solvent is
removed. When x is increased to x = (0.8 a simple
morphology again results, with a PC-rich continuous
phase containing roughly equiaxed PSAN-rich
inclusions.

3.2. Microdeformation of unaged samples

At a slow strain rate of 4.1 x 10 %sec™’ fresh
(unaged) films of pure PSAN deform by shear defor-
mation with little or no crazing present. When the
strain rate is increased the propensity for both strain
localization and crazing increases. At a strain rate
4.1 x 107*sec™' competition between crazing and
shear deformation results. Crazes are typically found
to nucleate from dust particles where the stress is
highest and then as the stress in the film drops shear
deformation is favoured. This behaviour has been
noted previously for PSAN [13]. As the strain rate is
increased to 4.1 x 107*sec”' only narrow defor-
mation zones form in addition to crazes, but many of
the craze tips are blunted by shear deformation. The
typical forms of local deformation found at these three
strain rates are shown in Fig. 2.

By contrast the deformation in pure PC films was
found to be insensitive to strain rate over the same
range. Even at the highest strain rates of 107?sec™!
only diffuse shear deformation zones [14] were found
with no crazes present.

For the quantitative tests to determine the break-
down strain ¢, for void formation the slowest strain
rate of 4.1 x 10 %sec™' was used. Optical micro-
graphs of a single grid square of unaged PSAN,
PC and the five intermediate blend compositions
at p, = 0.5 are shown in Fig. 3. Although the phase
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Figure 2 TEM micrographs of plastic deformation in PSAN as a function of strain rate. (a) é = 4.1 x 107%sec™!, (b) é = 4.1 x 107*sec™’,

(©) & =41 x 107*sec™!, (d) ¢ = 4.1 x 102gec™".

morphology can not be seen at this low magnification,
large differences in the resulting plastic deformation
are apparent between one blend and the next. Com-
paring the neat PSAN and PC it can be seen that at a
strain of 0.16 the PC exhibits only diffuse deformation
whereas the PSAN has considerable void formation
within DZ’s. Fig. 4 shows how ¢, changes as a function
of weight fraction PC for unaged films (open dia-
monds). For pure PSAN ¢, was found to be approxi-
mately 0.13 whereas for pure PC g, exceeds 0.23, the
strain at which the copper grid usually fails. At this
strain the percentage of grid squares having at least
one void was usually less than 20%. Extrapolation of
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&, for pure PC using the Weibull analysis to be discussed
later yields a value greater than 0.50.

The addition of the more ductile PC to PSAN init-
ially decreases its ¢,. Although crazes were not present
in the fresh films of PSAN the addition of PC causes
crazing in the PSAN-rich phase and subsequent void
formation via craze breakdown at the boundary
between the two phases. TEM micrographs of selected
regions in a given grid square for two pure polymers
and each of the blends are shown in Fig. 5. Profuse
crazing can be seen in the PSAN, ; PC,, blend (Fig. 5b)
and to a lesser extent in the other intermediate com-
positions. The arrows in Fig. 6 point to small voids



resulting from craze breakdown at the interface
between the PSAN-rich phase (light) and the PC-rich
inclusion (dark)* for an x = 0.2 blend. Note that in
all cases these voids do not result from direct deadhe-
sion of the PSAN/PC interfaces; rather a craze which
grows in the PSAN-rich phase adjacent to the PC-rich
inclusion undergoes craze breakdown. As shown in

Figure 3 Optical micrographs of single grid squares of unaged
PSAN, PC and five intermediate compositions strained (up to
p, ~ 0.5) at a strain rate of § = 4.1 x 10~%sec™!. (a) PSAN, (b)
80% PSAN, 20% PC, {(c) 60% PSAN, 40% PC, (d) 50% PSAN,
50% PC, (e) 40% PSAN, 60% PC, (f) 20% PSAN, 80% PC, (g) PC.

Figs 5d and e the morphology of the PSAN “islands”
formed in the PSAN, ;s PC,; and PSAN,,PC,; blends
are similar to the uniform morphology of the
PSAN,;PC,, blends. In all of these cases the local
deformation occurs in the PSAN-rich phase and
crazes breakdown at the two-phase boundary, causing
void formation. However these microstructures differ
in that voids formed in the “islands” do not propagate
into catastrophic cracks; in this case the growth of a
void is arrested at the PC-rich continuous phase bound-
ary. No crack arrest mechanism exists for the PSAN-
rich blends and therefore the voids grow relatively
rapidly to form cracks of critical size.

In the PSAN,,PC,; blends no crazing was observed.
Presumably crazes could not nucleate in the small

*In the TEM micrographs of the undeformed films the PC-rich phase will appear darker than the PSAN-rich phase due to the mass thickness
contrast caused by the higher oxygen content of the PC phase. This difference in contrast is enhanced in the deformed films because under
uniaxial extension the PSAN-rich phase will be “thinned” relative to the PC-rich phase. This relative thinning results from a higher draw

ratio A in the PSAN-rich crazes and DZs than in the PC-rich DZs.
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isolated PSAN-rich spherical domains*. In these sam-
ples, like the neat PC, only diffuse shear deformation
was found. These samples also had an ¢, that exceeded
0.23. Extrapolation to determine e, gives values near
0.50.

3.2. Microdeformation of aged samples
The breakdown strain &, was determined for films
aged for 1 h at 85 to 90° C, for the same compositions

as the unaged films. Shown in Fig. 7 are the optical
micrographs of individual grid squares for the aged
samples strained (up to p, ~ 0.5) at the same slow
strain rate of 4.1 x 10 ®sec™'. It is apparent that the
nature of the plasticity is changed from that of the
unaged samples for all the compositions. For pure
PSAN the predominant mode of deformation was
crazing; shear deformation was almost completely
suppressed. The PC exhibited strain localization

Figure 5 TEM micrographs of selected regions in a given grid square (at p, = 0.4) for unaged samples. (a) PSAN, (b) 80% PSAN, 20% PC,
(c) 60% PSAN, 40% PC, (d) 50% PSAN, 50% PC, (e) 40% PSAN, 60% PC, (f) 20% PSAN, 80% PC, (g) PC.

*Due to the small size of the PSAN-rich inclusions (~ 200 nm) the formation of craze fibrils at the craze tip is suppressed. In order for craze
fibril spacings (which are typically ~ 20 to 100 nm) to form the voiume of the inclusion must be around an order of magnitude larger than

the fibril spacing.
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resulting in wide plane stress deformation zones with
sharp shoulders [14]. The breakdown strain &, is plotted
as a function of composition for the aged samples
(filled squares) in Fig. 4. For all compositions except
pure PC physical ageing causes a significant decrease
in ¢,. Although a change in the strain localization in
the pure PC can be seen (cf. Figs 3g and 7g), no
decrease in &, was measured. The TEM micrographs
of selected regions of individual grid squares are
shown in Fig. 8. Crazes were found to nucleate from
dust particles and the grid bars for pure PSAN and
voids formed at the boundary between the craze and
the undeformed bulk polymer. This behaviour is simi-
lar to that previously reported [10, 11] for polystyrene
crazes, but differs from that reported for polymethyl-
methacrylate crazes [15], the latter breaking down in
the oldest portion of the craze, the centre or midrib.

The addition of PC to PSAN for x < 0.4 decreases
&,. Again even though pure PC is much more ductile
than pure PSAN the addition of PC makes the blend
more fragile. In the blends with a continuous PSAN-
rich phase as the craze advances through this matrix it
encounters PC-rich inclusions and attempts to grow
around them. The arrows pointing in the direction of
the path of such a craze tip are shown in Fig. 9. A
non-planar craze tip path results in large strains in the
matrix around the inclusion and may induce void
formation at the boundary. For the PSAN,,PC,; no
void formation was observed at the two-phase bound-
ary. Here voids formed at the dust particles which
served to first nucleate the deformation zone. In these
samples it appears that the voids form when the poly-
mer debonds from the ““dust” particles. The break-
down voids in these samples were similar to those
voids of pure PC, which appeared as small diamond
shape cavities [14, 16-18].

Figure 5 Continued.

3.3. Breakdown statistics

The breakdown of these polymer films to form voids
follows Weibull statistics [10, 19, 20]. Under the
assumption that void formation is a Poisson process
uniformly distributed over the volume of the film, the
probability p of at least one void forming in one grid
square may be expressed as a Weibull distribution:

pe) = 1 — exp [=(Vo/Vy)(e/e, )] (1)

where V; and V, are the initial volume of a grid square
and a reference volume, respectively (for these grids
Vo/Vy = 1), ¢ is the total strain and ¢ and ¢, are the
Weibull modulus and scale parameter respectively.
Equation 1 may be rewritten as:

In {In [1/1 — p)} =

glne — g lIneg,
+ In (Vo/ V) ()

A plot of In {In [1/(1 — p)]} against In & should yield
a straight line from which the Weibull scale parameter
&, and the Weibull modulus ¢ can be determined from
the y-intercept and slope, respectively. The Weibull
scale parameter g, is a measure of the stability of the
local plastic deformation in the film. Previously &, has
been shown to be a measure of craze fibril stability
in polystyrene [10, 11]. The Weibull modulus ¢
is a measure of the breadth of the distribution of
either craze or deformation zone breakdown. Narrow
distributions produce high ¢ and vice versa.

Figure 6 Arrows pointing to small voids formed in crazes at the
boundary between the PC-rich phase and the PSAN-rich phase for
a x = 0.2 blend.
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Fig. 10 shows typical Weibull plots for aged samples
of pure PSAN, pure PC and a blend with x = 0.5.
Clearly the data follow a Weibull distribution*. Simi-
lar plots were made for all the compositions, aged
and unaged, to determine ¢ and ¢,,. A plot of g against
x, the weight fraction of PC in the blend, is shown in
Fig. 11. The open and closed circles correspond to the
unaged and aged samples, respectively. The difference

Figure 7 Optical micrographs of single grid squares of aged PSAN,
PC and the five intermediate compositions strained (up to p, = 0.5)
atastrainrate of § = 4.1 x 10 °sec™’. (a) PSAN, (b) 80% PSAN,
20% PC, (¢) 60% PSAN, 40% PC, (d) 50% PSAN, 50% PC, (e)
40% PSAN, 60% PC, () 20% PSAN, 80% PC, (g) PC.

between the pure polymers is evident. For PSAN ¢ =
4.2 whereas for PC ¢ = 2.2. For the unaged samples
the addition of PC to PSAN has little effect on ¢ until
x = 0.5. For x > 0.5 ¢ decreases, approaching the
value for pure PC. For the aged samples a similar
behaviour is observed with the decrease in g occurring
at x ~ 0.6. The change in deformation mechanism
from shear deformation to crazing in the PSAN-rich
blends upon ageing is reflected in a 50% increase in g.
This difference is maintained as long as the continuous
phase is PSAN. It disappears for the PC-rich blends
where there is no change in deformation mechanism
on ageing. The Weibull scale parameter ¢, is plotted as
a function of x in Fig. 12. The open and closed circles
correspond to the unaged and aged samples, respectively.

*For unaged samples of pure PC and the blend PSAN,,PC,; which have immeasurably high ¢ s, the Weibull plots typically had only a
few points. This small number of data points will of course reduce the accuracy of both ¢ and &, for these two samples.

2746



For unaged samples ¢, decreases slightly with x for
x < 0.5 and then increases markedly as x is increased
further. A similar trend is found for aged samples with
the increase in ¢, occurring between x = 0.6 and
x = 0.8. The behaviour of ¢, approximately mirrors
that of ¢,.

4. Discussion

The higher ductility of pure PC relative to pure PSAN
is reflected in the higher values of ¢, for PC in both the
aged and unaged samples. Examining the deformation

Figure 8 TEM micrographs of selected regions in a given grid
square (at p, ~ 0.4) for aged samples. (a) PSAN, (b) 80% PSAN,
20% PC, (c) 60% PSAN, 40% PC, (d) 50% PSAN, 50% PC, (e)
40% PSAN, 60% PC, (f) 20% PSAN, 80% PC, (g) PC.

in the neat compositions will shed light in understand-
ing the deformation in the phase separated systems. It
has been shown [13, 21] that the entangiement density
v, of a polymer controls the type(s) of plastic defor-
mation it undergoes, either crazing and/or shear
deformation. Typically polymers having a high v,
(>10.0 x 10®strandsm~>) deform by shear defor-
mation and polymers having a low v, deform by
crazing [22]. For polymers having v, between these
values both types of deformation have been observed
in the same film. The v, in PSAN and PC are 6 x 10%
and 29 x 10”strandsm™>, respectively. The v, will
also control how rapidly the polymer will strain harden
while plastically deforming, the high v, polymers
strain hardening more rapidly than the low v,
polymers.

The effects of dissimilar strain hardening rates in
phase separated systems will control the stresses at
the phase boundary in the deformed state. Consider
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Figure 9 Arrows pointing in the direction of a craze tip in a PSAN-
rich matrix that grew around a PC-rich inclusion for a x = 0.4
blend.

the unaged samples with 0.2 < x < 0.6 shown in
Figs 5b to e. When the applied stress o exceeds the
yield stress o, of the PC-rich inclusion, it will plas-
tically deform and begin to strain harden. The strain
hardening within the inclusion will require the applied
stress to increase if the plastic flow is to continue. If ¢
continues to increase and exceeds o, of the PSAN-rich
matrix, this phase will also plastically deform. Now as
both phases plastically deform the PC rich inclusion
will strain harden more rapidly than the PSAN-rich
matrix that surrounds it. The incompatibility in plas-
tic strain that develops between the PSAN-rich matrix
and the PC-rich inclusion leads to high tensile stresses
at the poles of the PC-rich inclusion. (We define the
poles of the inclusion as the points on its surface where
the axis of maximum principal strain is normal to the
surface.) This high tensile stress results in craze forma-
tion which is favoured in the PSAN-rich matrix at
higher stresses and strain rates. This behaviour is
different from that found in the rubber modified
PSAN, ABS (acrylonitrile-butadiene-styrene). In that
case crazes nucleate at the equator of the rubber
inclusion [23]. The behaviour observed for the

Strain, €
0.05 0.10 0.15

0.20 025 030 035
¥ T T T

PC-PSAN blends is that expected when there is good
adhesion across the boundary and the inclusion is
“stiffer” than the matrix [24]. When x was increased to
x = 0.4 less crazing was observed around the PC rich
inclusions. It appears that the larger inclusions can
better accommodate the total strain. At x = 0.5 and
x = 0.6 voids formed in deformation zones contained
within the PSAN-rich “islands”. Here too the defor-
mation zones encompassing the PC-rich inclusions
form crazes and the crazes break down to form voids
at the two-phase boundary. An early stage of void
formation within a PSAN-rich “island” fora x = 0.6
blend is shown in Fig. Se. At x = 0.8 only diffuse
shear deformation zones were observed producing
only a small decrease in &, for this blend relative to
pure PC.

A different behaviour is found in the aged samples.
Physical ageing is known to suppress shear deforma-
tion and favour crazing in PSAN [13]. Similar ageing
treatments in PC do not cause crazing but do cause
strain localization [14] and embrittlement [25-27] in
impact tests.

The embrittlement in macroscopic samples of
PSAN due to ageing is mirrored by a decrease in e,
from 0.138 to 0.078 in the thin films. In pure PSAN
this decrease reflects the difference in breakdown
mechanism occurring during ductile (shear) and brittle
(crazing) deformation. Crazing in the continuous
PSAN-rich phase has the effect of decreasing ¢, for
all compositions. Crazes are more susceptible to
breakdown than DZs in the PSAN-rich phase. For the
blend PSAN,,PC,; ageing results in marked strain
localization in the deformation zone. In this case how-
ever no crazing was found in cither the PSAN-rich
inclusion or the PC-rich matrix. Although &, for this
composition was decreased on ageing, preferential
breakdown was not observed in the inclusion or at its
boundary with the PC-rich phase.

The voids formed by the breakdown of either a
craze or DZ in PSAN are quite different. In the case
of crazing fibril breakdown occurs when the craze
bulk interface encounters a flaw or “seed” which is
severe enough to produce a void. In contrast the
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Figure 11 Weibull modulus g as a function of x, weight
fraction PC. (O) unaged, (@) aged.
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formation of a void in a DZ (in both PC and PSAN)
usually occurs at its initiation site by the debonding of
the polymer from a “dust” inclusion. Although the
precise mechanism for void formation in either a craze
or DZ is not well understood, it is reasonable to
assume that it depends on the local stress at the flaw.

In what follows we postulate that the drawing stress
in either the craze-bulk or DZ-bulk interface increases
as a power law of the strain ¢, i.e.,

ao(e) 3

where g, > 0 and y > 0 are constants. We further
assume that the breakdown to form a void in either a
craze or DZ occurs at natural flaws or “seeds” in the
film and that the “seed” density A for void formation
depends on a power law of the stress, ie.

Ao) = (o/o)’|Vy, >0 4)

where V,, o, and 6 are positive constants for each
blend. (For convenience V, will be chosen to be the
volume of one grid square (0.4 x 10~>mm?®) in which
one breakdown seed will be encountered at a stress
Oy.)

Substituting Equation 4 into Equation 3, A may be
rewritten as

g =

A(o)

(00™)/ V0%, ®)

I 1 1 i 1
03 04 05 06 07 08 09

Assuming all void formations are statistically indepen-
dent, ¢ may be related to 6 and y by the following
expression [10]:

e = o +1 (6)

Now if the seeds are randomly distributed within the
initial volume, and the strain rate in the film is con-
stant, the hazard rate of encountering a seed should be
constant with the strain as more material is plastically
deformed. Assuming that the weak spots are time
independent and that the drawing stress is constant
with increasing strain, the strain at void formation
should follow a Weibull distribution, Equation 1, with
Weibull modulus ¢ = 1. However values of g greater
than one are consistently observed for the film
squares. Therefore in these experiments it appears that
the drawing stress ¢ increases with strain &,* so that
the term (g/e,)’ in Equation 1 actually reflects
the stress dependence of void formation through
Equation 3.

The data in Fig. 11 suggests that the deformation
mechanism in the matrix primarily controls the Weibull
modulus g. In the unaged samples g( = 4.4) is constant
with x for 0 < x < 0.4 and then at x = 0.5p
decreases (to ¢ = 2.8) and approaches the value for
pure PC. In the aged samples ¢ also appears to be
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1.0 Figure 12 Weibull scale parameter ¢, as a function of x,
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*The increase in drawing stress with strain has been corroborated in thin films (~ 2.0 pm thick) of pure PC using an Instron testing machine.
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controlled by the deformation mechanism in the
matrix.

Comparing Figs 4 and 12 shows that the Weibull
scale parameter ¢, closely mirrors the median strain
for void formation &,. Unlike ¢,, ¢, is a material
constant and is independent of sample size [11]. Thus
the Weibull analysis may be used to predict the
median breakdown strains in macroscopic samples
several orders of magnitude larger than our thin
films.*

The slow strain rates employed in these experiments
allow us to simplify the complicated process of void
formation in phase separated systems. By examining
the two pure polymers and each of the blends in the
TEM, the mechanisms of the early stages of void
formation in each phase may be determined at the
submicrometre level. These experiments strongly
suggest that dissimilar strain hardening rates for
blends of glassy phases can control the breakdown
mechanisms at the interface between the phases. To
produce a high ¢, blend one requires a ductile matrix
that strain hardens more rapidly than the inclusions.
In addition we have also shown that by using a simple
test the effects of physical ageing on void formation in
thin films may be quantitatively determined.

5. Conclusions

1. PSAN and PC are only partially compatible and
will phase separate.

2. Using a simple test quantitative information
on the statistics of void and crack formation in thin
films of homopolymers, copolymers and partially
compatible blends may be determined.

3. In PSAN the median tensile strain for void
formation ¢, was found to be ~ (.13 whereas ¢, for PC
exceeds 0.23.

4. In PSAN and PSAN-rich phases physical ageing
suppresses. shear. deformation and predisposes the
polymer to crazing. Because crazes are more suscep-
tible to void formation than DZs physical ageing
causes a decrease in ¢,. Similar ageing treatments in
PC cause strain localization.

5. While the PSAN-PC interface does not fail by
direct deadhesion craze breakdown to form voids in
PSAN and PSAN-rich phases always occurs at the
craze—bulk interface. Void formation in DZs (in PSAN
and PC) occurs primarily by the debonding of the
polymer from a dust particle at its initiation site.

6. The void formation statistics for partially com-
patible blends of PC and PSAN follow a Weibull
distribution in strain.

7. Dissimilar strain hardening rates in glassy blends
of phase separated polymers can control either craze
or DZ breakdown to form voids. To produce a high ¢,

blend requires a ductile matrix that strain hardens
more rapidly than the inclusion.
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*The thin film nature of these experiments must be emphasized. In these samples only a small lateral constraint develops normal to the film
surfaces (i.e. o, = 0) whereas for macroscopic samples a non-zero o, may change the deformation mechanism from shear (ductile) to crazing

(brittle).
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