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ABSTRACT In blends of high molecular weight polystyrene (PS) (M, = 1 S O O ~ )  with low molecular weight 
PS (M,  = 2000) craze microstructure and fibril stability change dramatically with composition. Because the 
low molecular weight PS is too short to form effective entanglements, crazes become increasingly fragile as 
the concentration x of the high molecular weight component decreases, and virtually no stable c r a m  are observed 
below x = 0.3. The craze fibril extension ratio is measured with optical microdensitometry of transmission 
electron microscope image plates. As x decreases from 1.0 to 0.5, A,,,, increases approximately as A,,, the 
maximum extension ratio of a single strand in the entanglement network, but for x < 0.5, A,,, becomes 
significantly greater than A,= Average craze fibril diameters D and spacings Do are measured by low-angle 
electron diffraction (LAED). The craze fibril diameter D is approximately constant whereas the fibril spacing 
Do increases modestly as x decreases. Craze fibril stability, as measured by the median strain t b  for craze 
breakdown, decreases almost linearly with x and approaches zero at x = 0.3. Dust particle inclusions significantly 
reduce craze fibril stability but do not change the shape of the q, vs. x curves. Various other molecular weights, 
M = 600,10000,17 500,20400,37 000, 50000, and 110OO0, were used as the low molecular weight component 
at x = 0.3 to investigate the effect of diluent molecular weight. While the craze fibril stability is still close 
to zero in the region 2000 I M I 37 000, it rises sharply in the region between 37 000 and 110 000. For the 
case of M = 600, however, the Tg of the blends with x I 0.5 is at or below room temperature; no crazes or 
local deformation zones form in these blends. From the measured structural parameters, D and Do, one can 
calculate the effective number of entangled strands ne in each fibril (after the entanglement loss during 
fibrillation). While no average molecular weight can correlate the fibril stability of the monodisperse PS’s 
and the blends, a plot of fibril stability vs. ne produces superposition of all the data on a single curve. Craze 
fibril stability was found to increase exponentially with ne, in accord with a model which assumes that the 
n, strands must independently break or disentangle for craze breakdown to occur. 

Introduction 
The origin of brittle fracture in many glassy polymers 

is the formation and breakdown of crazes, local microde- 
formation zones with fibrillar The fibrils in 
the crazes are drawn from the strain-softened polymer bulk 
at a constant value of fibril extension ratio A,,, (=4 for 
polystyrene (PS)) and are l~ad-bear ing .~ ,~  The first step, 
and usually the slowest, of the mechanical failure process 
in this class of materials is the breakdown of the individual 
fibrils to  form a large void in the When the void 
grows to  a critical size, i t  propagates as a crack, causing 
catastrophic fracture. The strength of polymer glasses is 
mirrored by the stability of the individual  fibril^.^,^ We 
define the craze fibril stability as the plastic strain due to  
crazing that can be achieved at the onset of fibril break- 
down to form a large void. 

To understand and control the craze fibril stability, we 
must first understand the mechanisms involved in fibril 
formation and the molecular factors governing fibril 
breakdown. A model concerning the entanglement loss 
after craze fibrillation has been proposed previously.4!8 We 
present in this paper the experimental results on a wide 
range of craze microstructures from which several im- 
portant microscopic parameters can be obtained and used 
to  correlate the craze fibril stability. 

The second major purpose of this paper is to explore the 
effectslO on craze fibril structure and stability of dilution 
of high molecular weight polymer with a short-chain 
species. Since the high and low molecular weight poly- 
styrenes do  not phase separate, fully compatible blends 
may be produced in which the entanglement network is 
diluted. The dilution has a pronounced influence on both 
craze fibril structure and stability. This result has im- 
portant implications for fracture properties of the products 
fabricated from broad molecular weight distribution 
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polymers to which a low molecular weight “tail” is added 
to  improve processibility. With the knowledge of the 
diluent effects of these short-chain species on craze fibril 
stability a blending law for fracture properties may even- 
tually be formulated. 

Experimental Procedures 
Monodisperse polystyrenes (M,/Mn C 1.3) purchased from 

Pressure Chemical Co. were used throughout the experiment. For 
the initial experiments, high molecular weight PS (M, = 1800 OOO) 
and low molecular weight PS ( M ,  = 2000) were dissolved in 
toluene to form a solution with a fixed volume fraction x of the 
1800000 molecular weight PS. In subsequent experiments, 
molecular weights of 600, 10000, 17 500, 20400, 37000, 50000, 
and 1000 000 were also used as the low molecular weight com- 
ponent to examine the effect of the molecular weight of the 
“diluent”. Films of the PS blends were prepared by drawing glass 
slides from the above solutions at a constant speed. The thickness 
of the film was measured with a Zeiss interference microscope 
and was held constant at 0.4 pm by adjusting the polymer con- 
centration of the solution. After the toluene evaporated, the PS 
blend film was floated off the glass slide onto the surface of a water 
bath and picked up on a ductile copper grid. The bars of the grid 
were previously coated with a thin layer of PS by dipping it into 
the PS solution. A short exposure to toluene vapor bonded the 
PS film to the copper grid and removed all the slack in the film.” 
When the copper grid was plastically deformed, the grid bars 
transferred the strain to the supported PS film. The grid sub- 
divided the PS film into a large number (=40) of independent 
film squares, each of which had a linear dimension of approxi- 
mately 1 mm. To remove residual solvent, all specimens were 
stored under vacuum at room temperature for 35 h before crazing. 

The crazing and fibril breakdown process were studied by 
deforming the grids in tension at a constant slow strain rate. A 
deformed film square of interest could then be cut from the copper 
grid and examined in the transmission electron microscope (TEM). 
The first task was to determine quantitative information about 
the craze microstructure. A starter “crack” (a slot of dimensions 
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120 rm x 10 rm) with ita length normal to the tensile axis was 
burned into the center of several film squares. using the intensely 
focused eleciron beam of an electron microprobe.12 Wide crazes 
muld then be grown from these starter crscka for microstructure 
determination. Each specimen was deformed at the low strain 
rate 5 X 10-'s-' to a strain of 2%. except the fragile x = 0.4 and 
x = 0.3 blends. where smaller strains were used. The crazes were 
examined by T E M  immediately after straining to minimize fibril 
coalescence.'' 

For quantitative information of craze fibril structure, optical 
microdensitometrp of the TEM image plate and low-angle 
electron diffraction (LAED)".l' were used respectively to de- 
termine the craze fihril extension ratio & and the average fibril 
diameter I) and spacing Do. The optical densities of the craze 
(@J. the undeformed PS film (&),and the starter crack (h) were 
memured by using a microdensitometer to wan appropriate areas 
on the TEM negatives. The craze fibril extension ratio A, was 
determined from' 

(1) 
LAED was carried out by using the JEOL 2OOCX electron 

microscope operating at its longest camera length, 62.6 m. The 
craze LAED pattem was scanned by a microdensitometer to sum 
the diffracted intewity along the fibril axis (the 3 axis). producing 
a slit-rmeared srattering curve i l s ) .  R is the scattering vector 
normal to the fibril axis Ithe x axis) defined ash. = m/A, in which 
0 is the scattering angle and X the elerlron wavelenflh. The 
average craze fibril diameter D was determined from the high. 
angle rep-ion of the diffraction curve using Porod'9 and 
the average fibril spacing Do WBB ohtained from the relationship' 

A" = I1 -In (&/&r)/ln ( h / m r ) l - '  

Do = (A,)"*U 12) 

which assumes constant polymer volume during fibril drawing. 
Since the craze fibrils have a broad distrihulion of fibril size and 
the diffraction intensity increases with the fourth power of the 
fibril diameter.'E the -long spacing" of craze fibrils. s--~, obtained 
from the inverse of the maximum of its). sm... is always larger 
than the fibril spacing Do obtained from eq 2. 

The second task was to deform several grids in tension while 
monitoring wth an optical micnmpe the number fraction of film 
squares which had eraid. undergone local craze fihril breakdorun, 
and catartrophically fractured. respectively. as a function of strain 
during the test. (The procedurer and mathematical methods 
parallel thoae in our earlier study? and we refer the reader to that 
work lor details.) F" plots nfthwe number fractiom the median 
strains for craze initiation ec, fur craze fibril breakdown tb, and 
for cataqtrophic frarture were determined. (The median strain 
mmponds to the strain at which the specified event has occurred 
in half the film squarer.) The plastic strain due to crazing hefore 
fibril hreakdnwn. - e., is taken as a mearure of craze fibril 
stahiliry. 

Dust particle inclusions in the PS films were found to have 
important effeda on craze fibril stability: therefore a procedure 
to prepare clean samplere was followed. A porous ceramic filter 
with an average pore size I O  pm was uspd to remove dust particles 
from the so~ulions prior to casting. No molecular weight deg- 
radation due to filtering was measured by viscometry. The fil. 
tration and the sample preparation were carried out in a rlass 
IO clean hwd in a clean r c "  of the National Research and 
Resource Facility for Suhmicron Structure (NRRFSS), Knight 
Laboratory, Cornell University. Thus we were able to mmpare 
results for both unfiltered and filtered ('ultrarleanqJ specimens. 

Experimental Results 
The addition of the 2000 molecular weight short chains 

to the high molecular weight PS decreases the craze fibril 
stahility. At a strain rate of 5 X lO-'s-'. a film square of 
undiluted PS can typically endure a tensile strain of 
greater than 25% before catastrophic fracture, whereas 
blends with x = 0.3 suffer brittle failure at a low strain of 
O.S%, as shown in Figure 1. For x 5 0.2, the blends were 
so fragile that usually no stable crazes were observed prior 
to crack propagation. 

Craze microstructure noticeably changes as the con- 
centration of the low molecular weight (M, = 2000) PS 

a. 

b. 

Figure 1. Optical micrographs 01 the craze and crack morphology 
in a film square delnrmed a t  a strain rate of 5 x 10 ' s-' in (a) 
an 1800ooO molecular weight PS ( x  = LO), strain = 2fi.5%) and 
(b) a PS blend (2000 + 1800000) (x = 0.3, strain = 0.6%). 

Table I 
Craze Fibril Long Spacings and Midrib Widths in the 

Diluted Polystyrenes 
long spacing 

1.0 27.0 0.12 
0.9 31.0 0.16 
0.7 34.2 0.25 
0.5 48.0 0.32 
0.4 47.0 0.36 

x (1 8ooooo wt fract) nm midrib width, pm 

increases. The TEM micrographs of the crazes in the PS 
blends displayed in Figure 2 show, as x decreases, a clear 
decrease in the fibril volume fraction and an increase in 
the width of the midrib, the region of high fibril extension 
ratio in the center of the craze. The midrib contains few 
cross-tie fibrils, small fibrils that  span laterally from one 
major load-bearing fibril to the next. Direct measurement 
of the midrib width from the TEM micrographs reveals 
that  the midrib width increases linearly with the concen- 
tration of the low molecular weight component; these re- 
sults are given in Table I. Ultimately at x = 0.3, there 
is no distinction between the midrib and the ordinary 
fibrils; no cross-tie fibrils are present anywhere in the craze. 

The craze fibril extension ratios A, of PS blends (2000 
+ 1 SOOOOO) are shown in Figure 3. A, is observed to 
increase as the high molecular weight concentration x 
decreases. Also shown in the figure are the values of the 
maximum single-strand extension ratio A, predicted for 
the diluted blends. This extension ratio is defined as A,, 
= LJd, where 1. is the chain contour length and d is the 
root-mean-square end-to-end distance between nodes in 
an entanglement network whose strands have molecular 
weight Me, the entanglement molecular weight." For no 
chain scission or disentanglement, A,,, is the maximum 
extension ratio of a single strand of which 1. is the contour 
chain length.'Jg For a network of such strands,' however, 
the maximum extension ratio is approximately 3''' Am- 
We can consider the blend as a solid solution of which the 
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I N 
Figure 2. TEM micmgraphs 0 1  the crazes in the I'S hlends (2000 
+ 18oOooO): (a )  x = 1.11: (h )  x = 0.i; ( c )  x = 0.k (d) x = 0.3. 

high molecular weight PS is the solute and the low mo- 
lecular weight PS the solvent. In a solution like this, the 
chain contour length I, scales as 1/x, while the entangle- 
ment mesh size d scales as x"I8 for good solution, and as 
x-'I2 for 0 solution.m Therefore, A,. for the PS blend is 
given by 

X.,(x) = A,..(x = l)/x3l8 (good solution) (3a) 

and 

Am&) = A,..(x = l)/x'/* (0 solution) (3b) 

where A,,(x = 1) is equal to 4.2, calculated from I, = 40 
nm and d = 9.6 nm for PS. For the blends where 0.5 5 
x 5 1.0, the average A, closely follows the value of A,, 
which increases modestly in this region, but for the blends 
of 0.3 5 x < 0.5 the average A,,., increases sharply and 
is significantly higher than A, predicted from the network 
model. The low molecular weight solvents act like diluents 
to dilute the entanglement network of the high molecular 
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Figure 3. Craze fibril extension ratio A,, measured by optical 
microdensitometry of TEM images, as a function of the high 
mol& weight fraction x in the PS blend. The solid and dashed 
lines are A,-3 computed by assuming the 2000 molecular weight 
PS is a good solvent and a 13 solvent (eq 3), respectively, for high 
molecular weight PS. 

weight solutes. On the basis of de Gennes' scaling argu- 
ment," the blends of (2000 + 1800000) fall in the category 
of good solutions, although screening effectsz0 may sub- 
stantially cancel the excluded volume effect in the high-x 
range, where we observe stable c m ~ s . 2 ~  However, the large 
scatter in the measured A, values makes it impossible 
to distinguish between the behavior of a good or 0 solution. 

Low-angle electron diffraction (LAED) patterns of the 
crazes grown from the 'crack" tip are shown in Figure 4 
for the PS blends x > 0.3. For x = 0.3, the crazes which 
are stable under the electron beam are not wide enough 
to produce a LAED pattem for quantitative analysis. The 
streaks along the x axis (parallel to craze length) are due 
to the scattering from the craze fibrils. The narrow sharp 
streaks along they axis (parallel to the tensile stress) result 
from electron refraction a t  the craze-bulk interfaces.14 
Figure 5 shows the corresponding i(s) curve for each 
pattem in Figure 4. The long spacing sm-I measured from 
the maximum of i ( s )  increases modestly with decreasing 
x, as shown in Table I. The typical exposure time for 
LAED is 3-10 min and the effects of electron damage are 
minimal as evidenced from the comparison between two 
LAED patterns taken one after the other from the same 
region in the craze. The average fibril diameter D is almost 
constant in the range 0.4 5 ,y 5 1.0, a t  a value approxi- 
mately 10 nm. The fibril diameter D of the crazes in the 
blend x = 0.3 can be roughly estimated from the TEM 
micrographs since the craze fibril density is so low in this 
highly diluted blend. The average fibril spacings Do of the 
PS blends (calculated from eq 2) increase slowly with 
decreasing x. Both the fibril diameter D and fibril spacing 
Do are shown in Figure 6. These values will be used later 
to estimate the microscopic parameters of a load-bearing 
craze fibril. 

The median strains for crazing ec, local fibril breakdown 
q,, and catastrophic fracture q of the blends (Zoo0 + 
1800000) are shown in parts a and b of Figure 7 for the 
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I I" 
Figure 5. Slit-smeared intensity M. the magnitude of the 
scattering vector s parallel to the craze length for the LAED 
patterns in Figure 4 (A) x = 1.0; (0) x = 0.7; (m) x = 0.5; ( 0 )  
x = 0.4. 

.. 
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unfiltered and filtered specimens, respectively. A slower 
strain rate, 5 X lO-'s-', was used for the unfiltered spec- 
imens than that, 3 X 10" s-', used for the 'ultraclean* 
specimens. For both the unfiltered and "ultraclean" sam- 
ples, the behaviors of the strains tc, tb, and tf are quite 
similar. The crazing strain tc is approximately 0.7% and 
is independent of x within experimental error. The 
breakdown strain eb and fracture strain q decrease ap- 
proximately linearly with x down to ,y = 0.5 and approach 
the crazing strain tc at x = 0.3. In this highly diluted blend 
craze breakdown occurs immediately following craze for- 
mation. Note that the craze fibril stability vanishes a t  a 
x well above the overlap concentration, -8 X 10" for 
1800OOO molecular weight PS. While there is a large 
diluent effect on craze fibril stability, the high molecular 
weight chains are still entangled when the fibril stability 
has dropped to zero. 

01 
0 03 0 4  0 5  O S  0 7  09 10 

X 
Figure 6. Average fibril diameter D (0) and fibril spacing Do 
(A) M. the high molecular weight fraction x in the PS blends (2Mx, 
+ 1 8 0 0 ~ ) .  The data are derived from a Porod analysis of the 
LAED pattern, except the values for x = 0.3, which were obtained 
from direct measurements from TEM images. 

Fibril breakdown always occurs a t  the craze-bulk 
polymer interface, forming a pear-drop-shaped ~ a v i t y ~ . ~  
connected to the interface. In the unfiltered samples, craze 
fibrils break down preferentially a t  the dust inclusions 
whereas in the 'ultraclean" films no foreign particle in- 
clusions can be identified a t  most of the breakdown sites. 
The tb and tf values for the crazes in the 'ultraclean" films 
are higher than those in the unfiltered films, even though 
a higher strain rate was used for the filtered samples, 
emphasizing the conclusion of our previous s tud9  that the 
presence of dust strongly decreases the craze fibril stability. 

The craze fibril stability has been measured previously 
for monodisperse PS's with molecular weight M = 
37000-2000000 in both the 'ultraclean" and unfiltered 
specimens using the same strain rates! The median strain 
to craze tF is constant with molecular weight M in both the 
unfiltered and filtered specimens. For unfiltered speci- 
mens, the median strain for local fibril breakdown cb and 
the median strain for catastrophic fracture q increase 
rapidly with M in the region 50000-200000 and level off 
for higher molecular weight, whereas for the 'ultraclean" 
specimens the median strains (cb and tf) manifest a similar 
sharp increase between M = 50000 and M = 200000 and 
then increase approximately linearly with the logarithm 
of molecular weight. The values of tb and tf for the 
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Figure 8. Effect of the diluent molecular weight in blends with 
1800000 molecular weight PS on craze fibril stability (cb - c,) for 
a 1800000 molecular weight fraction x = 0.3. The samples were 
unfiltered and the strain rate was 5 X lo-’&. M ,  (-2MJ is the 
critical molecular weight for entanglement effects on the zero- 
shear-rate viscosity. 

X 
Figure 7. Median strains for crazing tc (A), fibril breakdown Cb 
(a), and catastrophic fracture tf (0) of the crazes in the PS blends 
(2000 + 1800000) for (a) unfiltered specimens (strain rate = 5 
x lo-’ s-l) and (b) “ultraclean” specimens (strain rate = 3 X lo4 
s-l). In each case x is the high molecular weight fraction in the 
blend. 

“ultraclean” specimens are significantly higher than the 
values measured for the unfiltered specimens. 

In our previous studyg of crazes in monodisperse PS’s 
the statistics for the plastic strain tp a t  craze fibril 
breakdown were found to follow a Weibull distribution.22 
This distribution is given by 

(4) 

where the Weibull scale parameter t W  is an alternate 
measure of fibril stability, the Weibull modulus p is a 
measure of the breadth of the distribution of fibril stability, 
and V,, and v b  are the initial volume of a film square and 
a reference volume, respectively. These Weibull param- 
eters have been obtained for each x I 0.5 in the blends 
(2000 + 1800 000) using methodology described in our 
earlier work.g The blends x = 0.3 and 0.4 were too brittle, 
unfortunately, to allow data for a Weibull analysis to be 
acquired. 

The behavior of the scale parameter tW vs. x resembles 
that of our measure of fibril stability (Eb - tc) for both the 
filtered and unfiltered specimens. The modulus p (high 
p’s produce narrower distributions) is approximately equal 
to 4 for all the “ultraclean” blends. This value is close to 

de,) = 1 - exP[-(Vo/Vb)(‘p/‘W)Pl 

the value of p = 5, found previously for monodisperse 
PS’s.9 

The effects of the molecular weight of the diluent have 
been briefly examined. Polystyrene of each of the mo- 
lecular weights 2000,lO OOO, 17 500,20 400,37 000,50 000, 
and 11OOOO was used as the diluent for the 1800000 mo- 
lecular weight PS in blends with x = 0.3, and the fibril 
stability for such blends was measured. As shown in Figure 
8, the value of (a - €3 of the crazes in the blends increases 
sharply for M > 37000 while for the other very low mo- 
lecular weight diluents it remains very close to zero. At  
x = 0.5 and 0.7 the craze microstructures of the blends 
(2000 + 1800 000) and (20 400 + 1800 000) (at the same 
strain e = 2%) were compared. The fibril diameter and 
the fibril spacing in these blends with different diluent 
molecular weight are approximately the same at the same 
X. 

A 600 molecular weight PS, which is a liquid at  room 
temperature, was also used as the diluent for 1800000 
molecular weight PS. For x I 0.5, the 600 molecular 
weight PS strongly depresses the glass transition tem- 
perature of the 1800 000 molecular weight PS. For this 
reason the diluent effects of this very low molecular weight 
species are different from those of the other, higher mo- 
lecular weight, diluents reported above. At  room tem- 
perature these films can be uniformly deformed up to a 
very high strain without the formation of crazes or local 
deformation zones even in the presence of a starter crack. 
The reason for this behavior lies in the plasticization effect 
of the 600 molecular weight PS. For example, the film of 
x = 0.5 has a calculated Tg of 8 0C.23 The rubbery film 
can be deformed in tension to a strain higher than 27 %, 
beyond the strain at  which the copper grid breaks. How- 
ever, if the ambient temperature is lowered by plunging 
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the film into a cold environment filled with liquid nitrogen 
vapor for 3-5 min, crazes can form and break down under 
applied tensile stress. These crazes formed a t  low tem- 
perature quickly undergo fibril coalescence when heated 
to room temperature, resulting in much larger fibril di- 
m e n s i o n ~ . ~ ~  Craze breakdown again always occurs a t  the 
craze-bulk polymer interface and the voids resemble those 
observed in the other PS's. For the 600 molecular weight 
PS blends with x = 0.7 and 0.9, crazes can form a t  room 
temperature. The crazing strain tc, however, increases to 
2.1% for x = 0.7, compared to the normal value of 0.7%. 
This increase in the crazing strain t, in the blend may be 
due to the decrease in the modulus of the bulk polymer 
with plasticization so that a higher strain is needed in order 
to reach the critical stress required for crazing. AI1 the 
crazes have a much coarser fibril structure than those in 
the 2000 molecular weight PS blends, presumably due to 
the lower crazing stress and the high fibril coalescence rate. 
The fibril stability of the crazes in the 600 molecular weight 
PS blends is extremely high. For example, the value of 
( t b  - tc) is 23.5% for x = 0.7, compared to 4.1% for the 
blend (2000 + 1800000) with the same dilution. Since Do 
is much larger, the probability of survival q of each en- 
tangled strand in such craze fibrils will be higher as we 
discuss later. The higher q value, as well as the lower 
fibrillation stress of the plasticized PS, is believed primarily 
responsible for this increase in the fibril stability of the 
600 molecular weight PS blend. 

The equationz3 Tg = (100 - (1 X 105)/M,) "C was used 
to calculate the T of the PS blends. Also, a series of 
measurements of tge Tg of the blends (2000 + 1800000) 
was made with a differential scanning calorimeter (DSC). 
A single and well-defined Tg was found for each PS blend. 
The measured results generally agree with the equation 
for the blends in the range 0.3 I x I 1.0, although for 2000 
molecular weight monodisperse PS the measured Tg is 
about 13 "C higher than that calculated from the equation. 
In the blends (2000 + 1 800000), Tg decreases linearly with 
x, from 100 "C a t  x = 1.0 to 67 "C for x = 0.3. This 
depression of T may be responsible for the increase of the 
fibril spacing do in the blends. The decrease in Tg also 
implies a higher chain mobility, which in turn may explain 
partially the much larger measured values for fibril ex- 
tension ratio A,,,, than the predicted values A,,, which 
assume no entanglement loss. However, the precise effects 
of this Tg depression on craze microstructure are not yet 
understood. In the extreme case of the blends (600 + 
1800000), the calculated Tg's for various blends are 8 "C 
(x = 0.5), 23 "C  (x = 0.7), and 41 " C  (x = 0.9), which are 
qualitatively consistent with the observed deformation 
behaviors. 

Discussion 
An attempt was made to correlate the fibril stability ( tb  

- cc) for the monodisperse PS's and the PS blends by using 
the number-average, the viscosity-average, and the 
weight-average molecular weights M,, M,, and M,. Parts 
a and b of Figure 9 show the plots of ( t b  - t,) vs. a m  
molecular weights for the unfiltered and "ultraclean" 
specimens. Obviously none of the average molecular 
weights can allow one to predict the values of ( tb  - e,) for 
the blends from those of the monodisperse polymers. 

From the craze microstructural parameters, however, we 
can calculate the mean number of effectively entangled 
strands ne in each craze fibril, which is given as4J' 

ne = 4% (5) 
where q is the probability that a given entangled strand 
does not undergo chain scission during fibrillation and no 

Average Molecular Weight, fi 

Average Molecular Weight, R 

Figure 9. Craze fibril stability (cb - cJ vs. the number-average 
molecular weight M,, the weight-average molecular weight M,, 
and the viscosity-average molecular weight M ,  for (a) unfiltered 
specimens (strain rate = 5 x IO-' 8-l) and (b) "ultraclean" spec- 
imens (strain rate = 3 x IO+ s-l): (.) monodisperse PS; (A) (2ooO 
+ 1800000) PS blends. 

is the total number of entangled strands in the undeformed 
"phantom fibril" from which a craze fibril is drawn. The 
probability q can be estimated by using Gaussian statistics 
of a random or by geometrical statistics in which q 
is given ass 

for Do/d > 1 (6a) 

q = B(Do/d)" for D o / d  < 1 (6b) 

where B = 0.155 and m = 3.23. Both methods yield a 
similar result, q = 0.50 for undiluted PS. The value of no 
is given by 

(7) 

where v is the entanglement density calculated from the 
shear modulus GNo at  the rubbery plateau for PS and M, 
is the number-average molecular weight of the long-chain 
species in the bulk polymer blend. The factor (1 - Me/M,) 
is the correction for u for the finite chain lengthsaZ5 For 
diluted networks the value of q calculated from eq 6 de- 
creases approximately linearly as the high molecular weight 
concentration x decreases. While the initial number of 
entangled strands no in each fibril is approximately in- 
dependent of x (no = 52), the mean number of effectively 
entangled chains ne decreases approximately linearly with 
decreasing concentration of high molecular weight chains 
because of the decrease in q. The values of d, u, Do, q, no, 
and ne for each blend are listed in Table 11. 

Figure 10 shows that the fibril stability data for the 
crazes in both the monodisperse molecular weight PS's and 
the PS blends fall on a single curve when they are plotted 
against ne. The value of (tb - tc) rises almost exponentially 
with ne. If dust particles are present, the values of ( tb  - 
e,) are decreased but the shape of the curve (and the good 
correlation with ne) remains unchanged. 

In our earlier workg we related the Weibull modulus and 
scale parameters, p and tW, respectively, to the process of 

q = 1 - (d/Do) + B(d/Do)" 

no = aduxDoz(l - Me/M,)/8 
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Table I1 
Parameters for the Crazes in the Diluted Polystyrenes 

Macromolecules, Vol. 19, No. 7, 1986 

x (1800000 w t  fract) 1.0 0.9 0.7 0.5 0.4 0.3 
d, nm 9.6 10.1 11.5 13.6 15.2 17.5 
u, ~ 1 0 %  m-$ 3.27 2.94 2.29 1.63 1.31 0.98 
Do, nm (smoothed) 21.2 21.4 22.1 24.5 26.4 28.9 
4 0.56 0.56 0.50 0.47 0.45 0.41 
no 55 53 50 52 53 52 
n* 30.8 29.5 26.5 24.2 23.0 22.6 

0 I 1 I 

15.0 20.0 25.0  30.0 35.0 40.0 

" 0  

0 

ne 

Figure 10. Fibril stability (eb - e,) vs. the number ne of effective 
entangled strands in a fibril for the crazes in the PS blends (2000 + 1800000). The solid curves represent the theory (eq 8): (a) 
unfiltered specimens (strain rate = 5 X lo-' s-l); (b) "ultraclean" 
specimens (strain rate = 3 X lo4 s-'); (0) monodisperse Ps; (A) 
(2000 + 1800 OOO) PS blends. 

fibril formation and breakdown. Two random processes 
were involved, namely strand scission with probability (1 
- q )  in the formation of the fibril, and strand disentan- 
glement with probability 5 during drawing in the active 
zone. Under these processes the strands were treated as 
independent. Thus during fibril formation the original no 
entangled strands were reduced to a random number Nd 
following the binomial distribution with parameters no and 
q(1- 5). Fibril breakdown was assumed to result when Nd 
= 0. This analysis led to an approximately exponential 
dependence of the fibril stability (q, - tc) on ne given by9 

eb - e ,  = exp[ne(l - fbo ) ) /~ l [ (n fV0) - ' (~  - U P  In 2I'lP 
(8) 

where [(ao) is the strand disentanglement probability a t  
the drawing stress uo which corresponds to cp = 1 and nf  
is the number of fibril elements formed from a unit risk 
volume V,. All the parameters in eq 8 except t(uo) could 

0 
0 3  0 4  0 .5  0 7  09 I O  

X 
Figure 11. Fibril true stress u (A) and the average force f (0) 
on each entangled strand in the drawn fibrils vs. x ,  the high 
molecular weight fraction in the PS (2000 + 1800000) blends. 

be estimated as described previo~sly;~ ((ao) was then ad- 
justed to produce the best fit of eq 8 to the data shown 
by the solid lines in Figure 10. The values of t (uO) thus 
determined are 0.51 for the *ultraclean" films a t  a strain 
rate of 3 X lod and 0.48 for the unfiltered films at  a strain 
rate of 5 X lO-'s-I. A somewhat higher ((ao) (but still <1) 
seems necessary to describe the fibril breakdown in the 
"ultraclean" blends with low ne's.9 That the disentangle- 
ment probability increases with decreasing molecular 
weight or increasing dilution seems reasonable. From the 
comparison between the two sets of data of PS blends and 
monodisperse PS's, however, the experimental evidence 
is unequivocal that craze fibril stability is controlled by 
the mean number of effectively entangled strands ne in 
each fibril, independent of the details of the microscopic 
model for this control. 

We can check one more detail of our molecular model, 
namely the assumption that even a few entangled strands 
are sufficient to prevent fibril failure. I t  is evident that 
a lower ne would also result in a higher average force on 
each strand making up a fibril in the active zone, and this 
force alone might be sufficient to cause fibril breakdown. 
To show that this is not likely we have estimated from our 
present data the true stress u on each fibril and the average 
force f on each surviving strand. The force on each en- 
tangled strand in the fibril, f ,  can be calculated from the 
equation4 

where S is the craze surface stress, given as4 

in which p is a geometric constant on the order unity and 
r is the surface energy of craze fibrils.26 The fibril true 
stress, u, can be obtained from4 

= SAcraze (11) 
The calculated values of f  and u of the crazes in the PS 
blends (2000 + 1800000) are shown in Figure 11. As the 
high molecular weight concentration x and the effective 
number of entangled strands ne decrease, the true stress 
u is constant in the region 0.5 5 x 5 1.0 and rises sharply 
for x < 0.5. This sharp increase in u for x < 0.5 reflects 
a similar increase in the fibril draw ratio A,,,,. On the 
other hand, the average force f per strand increases con- 
tinuously from 1.9 X N at x = 1.0 to 2.6 X N 
at  x = 0.3. Even at  the lowest value of x, where the fibril 
stability has all but vanished, the force per strand is over 

f = aD,2S/(4ne) (9) 

S = 8I'/Dop (10) 
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an order of magnitude smaller than the lowest theoretical 
(3 X lo4 N)498 and experimental (6 X lo4 N)np28 estimates 
of the force required to break a PS chain. 

The low molecular weight species (A4 < 37000) in the 
high and low molecular weight PS blend dilutes the en- 
tanglement network of the long-chain species. Because the 
diluent molecules ( M  C 37 000) are too short to form any 
effective entanglements, the molecular weight Me between 
the neighboring entanglements in the blend becomes larger 
as the diluent concentration increases, causing a marked 
decline in the fibril stability and important changes in the 
fibril structure. The predicted value of A,, from the 
entanglement network model has proven to be a reliable 
reference for the true fibril draw ratio A,,, of the crazes 
of relatively high toughness (0.5 I x I 1.0). The much 
higher value of A,,,, than A,, in the blends x = 0.3 and 
x = 0.4 is believed due to the even higher entanglement 
loss in these brittle crazes. 

Finally, there are some questions unanswered. For ex- 
ample, what is happening on a molecular scale when the 
craze fibril spacing Do increases linearly as the diluent 
concentration is increased but the craze fibril diameter D 
stays virtually constant? Also, why is the total number 
of entangled strands no in each fibril essentially constant 
before crazing regardless of the dilution? The answer to 
these questions may help us to understand the response 
of the entanglement network in the glass to deformation 
and therefore provide insight into fundamental polymer 
mechanical behavior. 
Conclusions 

1. The low molecular weight component (2000 I M I 
37000) in a blend of high and low molecular weight PS 
dilutes the entanglement network of the high molecular 
weight species. Craze fibril structure and stability are 
modified due to the decrease in the entanglement density. 
The predicted A, for a strand of the diluted entanglement 
network is a useful reference for the fibril extension ratio 

2. In the diluted PS blends (2000 + 1800000), the 
average craze fibril diameter D is constant with x down 
to x = 0.4 and decreases only slightly at  x = 0.3, while the 
average fibril spacing Do increases modestly as x decreases. 

3. Craze fibril stability decreases almost linearly with 
decreasing x until for x < 0.3 the crazes are so fragile that 
the craze fibril stability approaches zero. 

4. Craze fibril stability increases approximately expo- 
nentially with the mean number ne of effectively entangled 
strands in each craze fibril in both the diluted PS blends 
and monodisperse PS’s. 

5. Craze fibril breakdown follows Weibull statistics in 
the diluted PS blends as it does in the monodisperse PS’s. 
A model of craze fibril breakdown based on these statistics 
predicts the increase in fibril stability with ne. 
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