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Thin films (~1 #m) of polystyrene and poly(para-methylstyrene) were bonded to annealed 
copper grids and crosslinked using electron radiation to increase v, the network strand density. 
At each v separate films were strained in air and in Freon 113 until the critical strain, ec, for 
plastic deformation was reached. Transmission electron microscopy observations reveal that 
both sets of films undergo a transition from crazing to localized shear deformation zones 
(DZs) as v is increased. The critical strains for both crazing and DZ formation are markedly 
decreased in Freon 113. The DZs formed in Freon 113 show abrupt changes in extension 
ratio, 2, at their interfaces while those formed in air show more diffuse changes in 2. A 
mechanism for environmental DZ formation is proposed in which the diffusion rate of Freon 
113 into the DZ is strongly enhanced by the ongoing plastic deformation. This mechanism is 
suggested by Rutherford backscattering measurements of Freon 113 diffusion into PS which 
show that such diffusion in the absence of plastic deformation is much too slow to allow the 
observed rate of growth of the environmental DZs. 

1. Int roduct ion 
1.1. Background 
Polymeric materials are being used in greater amounts 
in a variety of applications. The weight savings and 
increased strength that polymers can offer make them 
extremely attractive to the transportation industry. 
The computer industry is demanding greater amounts 
of high performance polymers for the processing and 
packaging of semiconductor devices. The low cost, 
ease of processing and low diffusivity of polymers 
make them ideal for food containers, too. 

As a result of the widespread use of polymers, they 
are being exposed to an increasing variety of harsh 
and exotic environments. An automobile part may 
come in contact with any number of organic fuels, 
hydraulic fluids and lubricants. Structural polymers 
in aircraft must withstand temperature changes of 
several hundred degrees. The failure of polymeric 
materials due to their environment must be foreseen 
and prevented. A common problem of thermoplastic 
polymers is the growth of cracks at very low stresses 
in the presence of an organic environment [1-4]. 

It is widely accepted that environmental stress 
cracking in thermoplastics involves the nucleation, 
growth and catastrophic breakdown of crazes to form 
cracks. In order to guard against environmentally 
induced failure, a better understanding of plastic 
deformation of polymers within an environment is 
needed. 

This paper examines the plastic deformation of thin 

* Freon is a registered trademark of E. I. du Pont de Nemours & Co. 

crosslinked films of polystyrene (PS) and poly(para- 
methylstyrene) (PPMS) in air and in Freon 113" 
(1,1,2-trichloro- 1,2,2-trifluoroethane), a common indus- 
trial fluid. The mode and character of plastic deforma- 
tion is related to the environment and strand density 
of the sample. The well-defined shoulders of environ- 
mental deformation zones are explained in the light of 
enhanced diffusion of Freon 113 into the plastically 
deformed material of the deformation zone. The criti- 
cal strain for plastic deformation and the extension 
ratio of the plastically deformed regions strained in air 
and Freon 113 are reported and correlated with the 
strand density of the sample. 

1.2. Competition between crazing and the 
formation of shear deformation zones 

Thin polymer films strained in tension exhibit two 
modes of plastic deformation: crazing and the forma- 
tion of shear deformation zones [5, 6]. Crazes are 
localized regions of plastic deformation that look like 
cracks optically, but unlike true cracks, crazes can 
support a load due to fibrils of highly drawn polymer 
which span the two craze/bulk interfaces. The typical 
fibril diameter in a craze is from 5 to 30 nm and the 
average fibril spacing is approximately from 15 to 
60 nm depending on growth conditions [1-3, 6]. 

Crazes typically nucleate from defects which act as 
stress concentrators. Craze tip advance has been 
modelled by the Taylor meniscus instability mechan- 
ism [6, 7]. In this model, the strain softened material 
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just ahead of the craze tip is described as a non- 
Newtonian fluid. Fibrils formed as instabilities within 
the fluid meniscus leave behind finger-like voids 
as the meniscus advances. Air-grown crazes widen by 
drawing new materal into the fibrils from the active 
zone, a region of strain-softened material at the craze/ 
bulk interface of ~ 25 nm wide [8]. Using a phantom 
fibril model, one can show that approximately one 
half of the polymer strands in the craze must break or 
disentangle during fibrillation [9]. 

The second type of plastic deformation that occurs 
in thin films strained in tension is the formation of 
shear deformation zones (DZs). DZs, in contrast to 
crazes, are regions of uniformly drawn polymer that 
do rmt contain any voids. DZs form by the realign- 
ment of short chain segments smaller than the 
entanglement length. 

DZs nucleate at local inhomogeneities which act as 
stress concentrators. Initially, the material inside the 
DZ strain softens. As the polymer strands in the DZ 
align due to the applied stress, the polymer strain 
hardens. When the flow stress of the material in the 
DZ is greater than the applied stress further plastic 
deformation can only be accommodated by drawing 
new material at the DZ shoulders. This process, which 

is similar to necking in fibres, leads to a structure of 
uniformly drawn material inside the DZ with 
shoulders of material drawn to decreasing stages of 
extension [10-12]. These structures appear diffuse by 
transmission electron microscopy (TEM) [13]. 

It has been found that the natural entanglement 
density, ve, will determine which mode of deformation 
a polymer film will undergo when strained in tension 
[5, 6]. Polymers with low entanglement densities such 
as PS (ve = 3.3 x 1025 strands m -3) craze, whereas 
high entanglement density polymers such as polycar- 
bonate (re = 29.0 x 1025 strandsm 3) typically form 
DZs. Polymers such as poly(styrene-acrylonitrile) 
with intermediate values of v e (re = 10.1 x 1025 
strandsm 3) can exhibit both types of deformation 
[5, 6]. Adding chemical crosslinks increases the strand 
density of a polymer [14] and well below the glass 
transition temperature, Tg, entanglements act as per- 
manent crosslinks. Thus, below Tg, the entanglement 
density and the crosslink density, Vx, are additive and 
the total strand density, v, can be written as 

v = ve -4- vx (1) 

The work to create a new surface during fibrillation, 
F, can be written as [6] 

V = ~ + 1Ubvd (2) 

where 7 is the van der Waals surface energy of inter- 
molecular separation, Ub is the energy required to 
break a main chain bond and d is the mesh size or 
end-to-end vector distance between entanglements. 
For uncrosslinked PS strained in air the two terms 
are nearly equal in magnitude: 7 ~ 40mJm-2  and 
�88 ~ 4 7 m J m  -2. As the crosslink density is 
increased the second term in Equation 1 will dominate 
and F will increase. At large enough strand densities, 
the energy to create new fibril surfaces will be prohib- 

itive and the formation of shear formation zones will 
be favoured. 

1.3. Ex tens ion  ratio 
Two other physical parameters which are related to 
the strand density are the strand contour length and 
the network mesh size. The contour length, le, is given 
by 

te = t,J,So)\ v ) (3)  

where l 0 is the length of the fully extended repeat unit, 
M0 is the molecular weight of  the repeat unit, Q is the 
density of the polymer and N a is Avogadro's number. 
The mesh size or end-to-end vector distance, d, 
between entanglements is given by 

d = k ( ~ N A ~  '/2 (4) 
\ v /  

where k is a constant of proportionality and may be 
determined from measurements of the molecular coil 
size. 

If  there is no chain scission or disentanglement, the 
maximum extension a polymer strand can undergo, 
,~ . . . .  can be written as [6] 

le 
)'max -~" d (5) 

Typically, the extension ratio measured experiment- 
ally, 2, never reaches the calculated value of 2ma x. 
Strain hardening of plastically deformed material 
raises the flow stress above the applied stress and the 
polymer strands never become fully aligned. Empiric- 
ally, it is found that J~craze = 0'9J~ma• and 2oz = 0.62max 

[14-16]. The extension ratio of a craze is larger than 
the extension ratio of a DZ because chains broken 
during fibrillation allow the polymer strands in crazes 
to be drawn to higher extensions than the strands in 
DZs. 

2. Experimental procedure 
2.1. Mechan ica l  propert ies 
Nearly monodisperse PS of molecular weight, Mw = 
390000 which had a polydispersity index Mw/M,~ < 
1.2 was purchased from the Pressure Chemical Com- 
pany. Polydisperse PPMS of molecular weight Mw = 
418000 was provided by the Mobil Chemical Com- 
pany. The polydispersity was measured with a Waters 
gel permeation chromatograph and it was determined 
that Mw/M n = 2.9 [17]. 

Thin films of the polymers were cast on glass slides 
by drawing them at a constant rate from a toluene 
solution. The films were determined to be approxi- 
mately 0.9#m thick as measured by a Zeiss inter- 
ference microscope. After the toluene had evaporated, 
the films were cut into rectangular sections and floated 
off the slides onto the surface of a water bath. The 
sections were picked up on annealed copper grids, the 
grid bars of  which had been previously coated with the 
appropriate polymer. A brief exposure to toluene 
vapour bonded the films to the copper grids. 

The samples were_ examined with an optical micro- 
scope and a suitable film square was selected which 
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contained few dust particles and no large defects. This 
film square was crosslinked by rastering the electron 
beam of a JEOL 733 electron microprobe across the 
sample. The electrons Were accelerated to 40 kV with 
a beam current of 1 x 10-7A. The beam was 
defocused to a diameter of 0.4 mm and the total area 
rastered across the sample was approximately 8 mm 2 
(the equivalent of about four film squares). Samples 
that were used for the extension ratio measurements 
had starter cracks burnt into them with a focused 
electron beam prior to irradiation [13]. 

The gel dose was determined by irradiating selected 
film squares for various times. The samples were 
placed in a'toluene bath to dissolve any uncrosslinked 
sol fraction and then placed successively in acetone 
and methanol baths to extract the trapped solvent in 
the fragile gel fraction. Once the.samples were dry, they 
were examined with an optical microscope to deter- 
mine whether or not any crosslinked film remained. 

Statistically, there is one crosslink per molecule in 
the film at the gel point [18]. Although every molecule 
may not be crosslinked into the network, a film irradi- 
ated with the gel dose should not dissolve completely 
in the toluene bath. Samples of  PS which were irradi- 
ated for times less than 43 sec invariably dissolved, 
whereas films which had been irradiated for more than 
47 sec typically survived immersion in toluene. In this 
manner, it was determined that an irradiation time of  
45 sec would crosslink the sample to its gel point. This 
gel time, /gel, corresponds to an incident dose of 
5 • 10 -7 Cram 2. This result is in reasonable agree- 
ment with the gel dose found by Henkee and Kramer 
[14], who determined the gel dose of PS by measuring 
the thickness of the gel fraction and constructing a 
Charlesby-Pinner plot [19]. The gel time for PPMS 
was determined in the same fashion. The crosslinked 
strand density, vx, of the sample was calculated from 
the expression 

NAG 1 
vx = t ~ , r - - - -  (6) 

Mw tgel 

where tirr is the irradiation time, NA is Avogadro's 
number, 0 is the density of  the polymer and Mw is the 
molecular weight of  the polymer. 

The samples were allowed to stand for 24h after 
they had been irradiated to the desired crosslink den- 
sity. The grids were then clamped to a strain frame 
and mounted over an optical microscope. To measure 
the critical strain for deformation in air, gc(air), the 
samples were slowly strained by hand until plastic 
deformation was first observed. The Freon 113 
environmental samples were strained incrementally in 
air and a drop of  Freon 113 was gently deposited on 
the surface of the film after each strain step until 
plastic deformation was observed. In this manner, the 
critical strain for deformation in Freon 113, Sc (Freon 
113), was determined. 

Because of the low magnification of the optical 
microscope, crazes and DZs could not be distin- 
guished from dust particles until they grew to a critical 
size (ca. 50/~m long). (The critical size for detecting 
DZs grown in high strand density samples was slightly 
larger due to their diffuse nature.) Thus, the values 

measured for ec were indicative of craze or DZ growth 
and not craze or DZ nucleation. 

The extension ratios of shear deformation zones 
and crazes were measured using the  following pro- 
cedure. The sample was strained an additional 1 or 
2% beyond gc to create a wide craze or DZ. The 
irradiated film square was carefully cut from the 
sample and observed in a JEOL 200CX transmission 
electron microscope at an accelerating voltage of 
200 kV. Micrographs were taken of  the craze or DZ 
and of  the hole that had been burnt into the film. 
These micrographs were then examined with a Joyce- 
Loebl Microdensitometer 6 to measure the optical 
density, q), of these regions. 

The thickness fraction or volume fraction of polymer 
in the plastically deformed region, vr, was determined 
from [20] 

In (~ . . . . .  /(I)film ) 
vr = 1 -  (7)  

In (Ohole/qb~lm) 

where O# ..... is replaced with q~Dz for films that exhibited 
deformation zones. Is total mass of  the polymer in 
the deformed region remains unchanged after strain- 
ing, one can determine the extension ratio, 2, of the 
craze or DZ from 

1 
= -- (8) 

vf 

2.2. D i f f u s i o n  m e a s u r e m e n t s  
A concentrated solution of  PS in toluene was used to 
create thick films (>  3/~m) for the measurement of 
diffusion of Freon 113 into PS with Rutherford back- 
scattering spectrometry (RBS). Aluminium substrates 
which had been previously etched with an NaOH 
solution to roughen them were dipped into the PS/ 
toluene solution and pulled out at a constant rate and 
allowed to dry. These samples were then placed for 
various times, t, in liquid Freon 113 at room tem- 
perature. When exposure was complete, the samples 
were quickly removed from the Freon 113 and sub- 
merged directly in liquid nitrogen to halt any further 
diffusion. The samples were transferred in a glove bag 
filled with dry nitrogen to prevent water vapour from 
condensing on the surface of  the samples, into an 
evacuated RBS analysis chamber (pressure < 10 -6 torr) 
via a load lock. Liquid nitrogen was pumped through 
a cold stage sample mount  to prevent the films from 
warming while the RBS spectra were collected. 

Computer algorithms [21, 22] developed by Doolittle 
were used to simulate concentration profiles and these 
were compared with the collected RBS spectra. It was 
found that Freon 113 diffusing into PS is charac- 
terized b,y Case II diffusion which can be divided into 
two steps: (a) a transient swelling regime at short dif- 
fusion times during which the Case II diffusion front 
becomes established, and (b) once the Case II dif- 
fusion front has formed, a steady state regime in which 
the front velocity is a constant. A standard com- 
plementary error function solution for the concentra- 
tion o fa  penetrant diffusing into an infinite medium of  
the form [23] 

c(x, t) = c 0 e r f c / ~  1 (9) 
L Z t ~ t ) - - j  

1753 



can be used to approximate the diffusion profile in the 
transient step of Case II diffusion, where co is the 
initial concentration of the diffusant, x is the distance 
from the surface of the sample and D is the diffusion 
coefficient. In the steady state step, the concentration 
profile is described by 

c(xf ,  t ) =  Co exp ( -  - ~ )  (10) 

where xf is the distance ahead of the Case II front and 
v is the velocity of the front [24, 25]. The diffusion 
coefficient was determined by varying the values of Co 
and D until the simulation best fit the experimental 
data. 

3. Results and discussion 
3.1. S o l v e n t  d i f f u s i o n  and  p las t i c i za t i on  
Fig. l a shows a typical Rutherford backscattering 
spectrum for PS exposed to liquid Freon 113 at room 
temperature for 527 100 sec. For an incident energy of 
E0 = 2.4 MeV, chlorine, fluorine and carbon at the 
surface of an RBS sample appear at channel numbers 
309, 207 and 122, respectively. The fluorine profile is 
lost in the background noise due to the relatively small 
scattering cross-section of this element. The small 
peak at channel number 175 is due to atoms of oxygen 
from water vapour that condensed on the sample 
surface during the transfer into the load lock. 

Fig. lb is an enlarged view of the chlorine peak in 
Fig. la. This diffusion profile corresponds to the tran- 
sient regime of Case II diffusion and the concentration 
profile can be approximated using Equation 9. The 
solid line in Fig. lb is a simulation of the diffusion 
profile where D = 5 • 10 -~5 cm 2 sec -~. 

Fig. lc is an RBS spectrum of PS exposed to liquid 
Freon 113 for 9 x l06 sec. This sample is well into the 
steady-state regime of Case II diffusion. The Case [I 
front has penetrated the sample to a depth of 730 nm 
and the front velocity is estimated to be v ~ 3 x 
10 ~3 msec 1. The concentration of Freon 113 in the 
Case II front for this sample is determined to be co = 
0.21 (which is equivalent to a volume fraction q5 = 
0.15). Since an identical Case II front concentration is 
determined for a sample exposed to Freon 113 for 
3.9 • l06 sec, this value is taken as the equilibrium 
value of the concentration of Freon 113 in PS. 

In practice it is difficult to measure the glass tran- 
sition temperature, Tg, of PS plasticized with Freon 
113. The boiling point of Freon 113 is 48~ [26], 
which is below the Tg of the plasticized polymer. The 
glass transition cannot be measured using differential 
scanning calorimetry because the signal from Freon 
113 boiling out of the sample overwhelms any signal 
from the glass transition. Mechanical tests to deter- 
mine the Tg of PS plasticized with Freon 113 typically 
require samples of at least several microns thick. It 
takes a prohibitively long time to saturate a thick PS 
film with Freon 113 since Freon 113 is such a slow 
diffusant; it would be necessary to soak a sample 3 #m 
thick for more than 100 days in Freon 113 to saturate 
it. Thus it is necessary to estimate Tg of the plasticized 
polymer by theoretical means. 

It is possible to estimate a value for Tg of a plastic- 
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Figure 1 Rutherford backscattering spectra of  PS into which Freon 
113 has been diffused at room temperature. (a) Diffused 527 100 see. 
(b) An enlarged view of the chlorine peak in (a), the solid line 
corresponds to a concentration profile simulation using a diffusion 
coefficient D = 5 x 10-15cm2 sec - l .  (c) Diffused 1.9 x 106sec, the 
solid line corresponds to a concentration profile simulation using a 
diffusion coefficient D = 5 x 10 ~Scm2sec-~ and a Case II front 
velocity v = 3 x 10-~3msec-L 

ized polymer from the Kelley-Bueche equation [27] if 
the volume fraction of plasticizer is known. Tg may be 
determined by 

~p(:rg)p(1 - 4,)  + ~s(rg)s4,~ (l l) 

where c~ is the thermal expansion coefficient, q5 is the 
volume fraction and the subscripts p and s stand for 
polymer and solvent respectively. The Kelley-Bueche 
equation is derived from a free volume treatment of Tg 
and is only accurate for q~ < 0.2. Substituting values 
Of~p  = 5.5 X 1 0 - 4 K - I , ~  s = 1.4 x 1 0 - 3 K  l , (Tg )p  = 

373K, (Tg)s = 238K and q5 s = 0.15, determined 
from RBS spectroscopy, into Equation 11, gives a 
value for the glass transition temperature of PS plastic- 
ized by Freon 113 of (Tg)plasticized = 5 8 ~  [28,  29]. 

3.2. Craze and DZ microstructure 
The plastic zones produced by tensile deformation of 



Figure 2 T E M  mic rographs  of  PS of  var ious  s t rand  densit ies 
s t ra ined in air. (a) Craze  for v = 3.3 x 1025 s t r a n d s m  3 (uncross-  

l inked).  (b) A craze b lun ted  at  the t ip  by a D Z  for v = 11.5 x 
1025 s t rands  m 3. (c) D Z  for v = 16.5 x 1025 s t rands  m -3. 

PS in air change character from crazes to shear defor- 
mation zones as the network strand density is increased 
[16]. These changes are illustrated in the micrographs 
in Figs 2a to c. Fig. 2a shows the typical microstruc- 
ture of  a craze grown in uncrosslinked PS (v = 3.3 x 
10 25 strands m 3) strained in air. The fibrils that span 
the craze/bulk interface are easily distinguished. The 
craze midrib, a localized zone of high extension that 
forms in the region of high stress concentration just 
behind the craze tip, is evident at the centre of  the 
craze. 

The nature of the plastic deformation changes as 
the total strand density is increased. Initially, the craze 
tips are blunted by plane stress shear deformation 
zones (Fig. 2b, v = 11.5 x 10 25 strandsm-3). At higher 
values of v, all crazing is suppressed and plastic defor- 
mation occurs by shear deformation zones (Fig. 2c, 
v = 16.5 x 1025 strands m-3). These shear deforma- 
tion zones become increasingly more diffuse as the 
strand density increases. Similar features are observed 
for the PPMS films. 

Straining the PS and PPMS samples in Freon 113 
significantly alters the nature of  the plastic zones. Fig. 
3a is a micrograph of  a craze grown in Freon 1 13 in 
uncrosslinked PS (v -- 3.3 x 1025 strands m-3). The 
fibrils in this craze have collapsed together and appear 
coarser than those of crazes grown in air. The fibril 
structure collapse and coarsening is due to forces 
exerted on the fibrils by the air-Freon 113 meniscus 
during drying of  the craze [30]. 

As the strand density of the polymer is increased, 
the character of the deformation in Freon 1 1 3 changes 
from crazing to DZs in a manner qualitatively similar 
to the changes observed in air. However, the transition 
from crazing to DZs in Freon 1 13 occurs at a lower 
strand density, v ~ 6 x 1025 strands m-3, and sur- 
prisingly the character of  the DZs formed in Freon 
113 is quite different from those formed in air. Fig. 3b 
shows a shear deformation zone grown in moderately 
crosslinked PS (v = 11.5 x 1025 strandsm-3).  Unlike 
DZs grown in air, these environmental DZs have 
well-defined shoulders. Fig. 3c reveals the sharp tip 
typical of a DZ grown in Freon 113. Deformation 
zones with these features are n e v e r  seen in samples 
strained in air. 

Because of these sharp edges, environmental DZs 
look exactly like crazes under the optical microscope. 
Fig. 4a is an optical micrograph of a single film square 
of  a PS sample. The region designated by the arrows 
is a strip of crosslinked material with strand density of 
v = 16.5 x 1025 strandsm -3. This sample was strained 
in Freon 113 and several regions of  plastic deforma- 
tion have grown from the uncrosslinked region into 
the crosslinked strip. As illustrated in Fig. 4a, the 
crazes in the uncrosslinked region of the film appear 
identical to the environmental DZs in the crosslinked 
strip. In order to prove that the environmental DZs 
grown in Freon 113 are actually regions of unfibril- 
lated shear deformation and not crazes whose fibrils 
have completely coalesced in the Freon 113, it is neces- 
sary to examine the plastic zones by TEM. 

Figs 4b to d are transmission electron micrographs 
which correspond to the points A, B, and C of Fig. 4a, 
respectively. Fig. 4b clearly shows the fibrillar struc- 
ture of  an environmental craze of  the type seen in Fig. 
3a. This micrograph is from a region well outside the 
crosslinked strip. Fig. 4c shows the typical microstruc- 
ture observed as one follows the craze into the cross- 
linked strip. The voids are isolated and begin to dis- 
appear entirely as the plastically deformed region 
enters the crosslinked strip. Only an unfibrillated zone 
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Figure 3 TEM micrographs of PS strained in Freon I 13. (a) Craze, 
v = 3.3 x 102Sstrandsm -3. (b) DZ (body) for v = 11.5 x 1025 
strandsm --3. (c) DZ (tip) for v = 11.5 x 1025 s t randsm -3. 

of  plastic deformation is observed inside the cross- 
linked strip (Fig. 4d). Since craze fibrils are evident in 
Fig. 4b and only disappear within the crosslinked 
strip, it is clear that fibril coalescence cannot account 
for the unfibrillated structure in Fig. 4d. The struc- 
tures in Figs 3b and 4d are true environmental shear 
deformation zones. 

3.3. The transition from crazes to DZs 
The transition from the formation of  crazes to the 
formation of shear deformation zones shifts to lower 
values of  v in the Freon 1 1 3 environment. Only craz- 
ing is evident for PS strained in air at strand densities 
less than 7 x 10 25 strands m -3 .  The transition region, 
where both crazes and shear deformation zones are 
present, occurs between 7 x 10 25 and 12 x 10 25 strands 
m -3.  For strand densities greater than 12 x 10 ~s 

strands m-3 only shear deformation zones are evident. 
(Henkee and Kramer  [14] found the transition region 
for PS strained in air was between 4 x 10 25 and 
8 x 1 0 25 strands m 3. Slight differences in the measured 
value of tgeJ c a n  account for the discrepancy in the 
transition region as determined in this paper.) Strain- 
ing PS samples in Freon 113 shifts the transition 
region to between 6 x 10 25 and 8 x 10 25 s t randsm -3. 
Likewise, the transition region is shifted in PPMS to 
lie from 6 x 10 25 to 14 x 10 22 s t randsm -3 for samples 
strained in air to 4 x 10 25 to 5 x 10 25 s t randsm -3 for 
samples strained in Freon 1 1 3. 
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From Equation 2 it is clear that the energy to create 
new fibril surfaces, F, will increase as the strand den- 
sity increases. I f  F becomes too large, crazing will not 
be favoured energetically. More exactly, one can show 
that the stress required to widen a single isolated 
craze, Sc, is given by [6] 

S c oc [(O'y)*F] 1/2 (12) 

where (~ry)* is the yield stress of  the strain-softened 
material in the active zone and F is the energy required 
to create a new fibril surface as described by Equation 
2. Substituting the expression for d from Equation 4 
into Equation 2 yields 

F = 7 + cvl/2 (13) 

where c is a constant. From Equations 12 and 13 one 
can write 

S c oc [(Oy)qC]l/2[]) + cyI/2] 1/2 (14) 

The stress to propagate a DZ, SDz, is proportional  
to the yield stress, o-y, and should not depend upon the 
strand density of  the polymer since DZs widen by the 
realignment of  polymer segments smaller than the 
strand length. Thus, 

SDZ OC 0"y (15) 

Fig. 5 is a plot of log Sc and log Soz as a function 
of log v. At low values of  v, So < SDz and crazing is 
the dominant mode of plastic deformation; at large 
values of  v, So > Soz and DZs are favoured. The 
transition from crazing to the formation of DZs 
occurs at a value of v where the two curves cross, vt. 

I f  the sample is crosslinked to a value slightty less 
than vt crazing will be the dominant mode of deforma- 
tion. However, the higher stresses at the craze tip may 
be enough to cause shear deformation zones to grow 
in place of a normal craze midrib [31]. Samples that 
are crosslinked to values slightly greater than vt may 
initially form crazes. As the craze grows, the stress on 
the sample is relaxed due to the plastic yielding and 
DZs will become the dominant mode of plastic defor- 
mation. Thus samples with v slightly greater than v~ 



Figure 4 (a) An optical micrograph of sample strained in Freon 1 13 containing a strip of crosslinked material (arrows) with v = 16.5 x 
10 25 strands m-3. (b) TEM micrograph of a craze from region A. (c) TEM micrograph of a craze/DZ region from the edge of the crosslinked 
strip, region B. (d) TEM micrograph of a DZ from region C. 

will produce a craze ending in a blunt D Z  tip like that  
o f  Fig. 2b. 

The dashed lines in Fig. 5 represent the stress 
required for the plastic deformat ion of  samples 
strained in Freon  l 1 3. As can be seen in Equat ion 1 2, 
there are two contr ibut ions to So: a yield stress term 
and a surface energy term. The effects o f  the Freon 1 13 
environment  on the surface energy term are only sig- 
nificant at low strand densities. Al though a Freon 1 1 3 
environment  will reduce 7 (Freon l 1 3 wets the surface 
o f  PS), this contr ibut ion becomes less impor tant  at 
larger strand densities where the second term in 
Equat ion  2 dominates  the behaviour  o f  F. Since even 
a moderate  amoun t  o f  crosslinking will trap entangle- 
ments, it is unlikely that disentanglement will reduce v 
and decrease Sc in all but  lightly crosslinked samples. 

The plasticization effect o f  Freon 1 1 3 will decrease 
the yield stress term in Equat ion 12 regardless o f  the 
sample strand density. Thus, at low strand densities 
the reduct ion in F and (ay)* will both contr ibute to the 
decrease in So, while at moderate  and high strand 
densities, only the reduct ion in (O-y)* will decrease So. 
Since the stress to propagate  a D Z  is directly propor-  
tional to O-y. SDz is reduced in the Freon 1 13 environ- 
ment  by an amoun t  [(0-y)air - (o-y)Freon] which is 
independent  o f  the strand density. As seen in Fig. 5, 
since the decrease o f  SDz is greater than the decrease 
of  So in the environment,  the transition region is shifted 
to lower values o f  v. 

3 .4 .  Cri t ical  s t ra in  for  d e f o r m a t i o n  
Increasing the total strand density o f  the polymer  also 
increases the total strain necessary to cause plastic 
deformation.  Fig. 6a shows the critical strain, Sc, 
necessary to plastically deform PS in air, as a function 
o f  the total strand density. The open circles are data  
f rom samples that plastically deformed only by craz- 
ing, the solid circles are data f rom samples that  only 
formed shear deformat ion zones, and the half-filled 
circles are data f rom samples that exhibited both types 
o f  plastic deformation.  Fig. 6b is a similar plot  for 
PPMS samples. 

q c r a z e  ~ ~ ~ 

/ 

(~t)Freon (~t)air 

L o g  ( ~ )  

Figure 5 Plot of the logarithm of stresses for crazing S c and for DZ 
formation as a function of the logarithm of strand density (in 
arbitrary units) in air (solid lines) and Freon 113 (dashed lines). It 
was assumed that (ay)* = ay = 600 in air and (ay)* = ay = 300 
in Freon 113. The constant e in Equation 14 was set to 22, and it 
was assumed that ~ = 40 in air and 20 in Freon 113. 

1 7 5 7  



5 

4 

~ 3  

~ 2  

1 

0 

(a) 
1'o 2b 3'0 

/~ x 1 025 (strands m -3) 
40 

5 

4 

~ 3  

~Y2 

1 

0 

(b) 

i i i 

10 2b 3(3 
x 1 025 (strands m -3) 

40 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ �9 _ 

o lb 

m 

0.0 2b 3b 
(c) ~' X 1 025 (strands m -3) 

m 

4O 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

(d) 

i / i 

/ 
/ 

/ 
. /  

/ 
/ 

/ �9 
/ 

10 2b 310 
V x 1 025 (strands m -3) 

40 

Figure 6 The critical strain for plastic deformation as a function of  strand density for (a) PS strained in air, (b) PPMS strained in air, (c) 
PS strained in Freon 113 and (d) PPMS strained in Freon 113. The dashed lines in (c) and (d) represent the values of  er for PS and PPMS, 
respectively, strained in air. 

In air, the two polymers behave in a qualitatively 
similar manner over the entire range examined. The ec 
is approximately 0.007 for both uncrosslinked poly- 
mers which is consistent with previous results [32]. The 
critical strain for crazing and the critical strain for the 
formation of DZs both increase with v over the entire 
range examined. At the highest values of v, neither PS 
nor PPMS show any plastic deformation until strains 
greater than 0.03 are reached. Since air-grown DZs 
become more diffuse as the strand density of the 
sample is increased, they are more difficult to detect 
optically. These samples must be strained to greater 
values in order for the DZs to be detectable, and 
therefore the values of e�9 for highly crosslinked 
samples are likely to be larger than the true values for 
DZ initiation. This systematic error should increase 
with increasing v. 

As expected, the presence of the Freon 113 environ- 
ment greatly reduces the strain necessary for the for- 
mation of crazes in these polymers. Fig. 6c and d are 
the plots for PS and PPMS strained in Freon 113, 
respectively. Again, the open circles are data from 
samples that only formed crazes, the solid circles are 
data from samples that only formed shear deforma- 
tion zones, and the half-filled circles are data from 
samples that exhibited both types of plastic deforma- 
tion. For comparison, the curves from PS and PPMS 
strained in air are represented by the dashed lines. 
Since environmental DZs are easy to observe by opti- 
cal microscopy (except for samples with extremely 
high crosslink densities), the values for ~c for samples 
strained in Freon 113 do not contain the systematic 
error associated with the samples strained in air. 

The linear relationship between stress and strain 
strictly holds only in the elastic region of a stress- 
strain curve. If the total amount of plastic deforma- 

tion is small, one may approximate the relationship 
between stress and strain as linear. This is a reasonable 
approximation for crazes and DZs, and thus ec (craze) 
and ec(DZ) should be proportional to So and SDZ, 
respectively, and the trends displayed in Fig. 5 should 
be reflected in the strain against strand density curves. 

Uncrosslinked films of PS and PPMS strained in 
Freon 113 craze at very small strains (<  0.001), criti- 
cal strains that are approximately a factor of ~ 7 
smaller than the critical strain in air. (The uncross- 
linked samples crazed immediately upon adding the 
Freon 113 during some of the tests. It is thought in 
these cases that the small stresses created from clamp- 
ing the sample to the strain frame or from the weight 
of the Freon 113 droplet on the film were enough to 
craze the film without any additional strain being 
applied.) As the strand density is increased this factor 
decreases to ~ 3 at the value of v where the transition 
from crazing to the formation of shear deformation 
zones occurs. As shown in Fig. 5, the additional 
decrease in S~ due to the reduction of  F at low cross- 
link densities accounts for the qualitatively large 
differences in e~(air) and ~c(Freon 113) at small values 
ofv.  

Although the RBS experiments indicate that Freon 
113 is a slow diffuser, remarkably the critical strain 
necessary to form a DZ is substantially decreased 
in Freon 113 from its value in air as shown in Figs 
6c and d. From Fig. 5 it is apparent that if SDz 
were not reduced in the Freon 113 environment, then 
the transition from crazes to DZs would occur at 
larger values of v than samples strained in air. Clearly, 
this is not the case. These data show convincingly that 
the Freon 1 ! 3 environment must penetrate and plasti- 
cize the actively deforming polymer in the environ- 
mental DZs. 
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Figure 7 The extension ratio of crazes (open circles) and DZs (filled circles) against the strand density for (a) PS strained in air, (b) PPMS 
strained in air, (c) PS strained in Freon 113 and (d) PPMS strained in Freon 113. The dashed lines in (c) and (d) represent the values of 2 
for PS and PPMS, respectively, strained in air. 

3.5. Extension ratios 
The extension ratio, 2, is a measure of the natural 
elongation of the molecular chains in the plastic zone. 
Fig. 7a is a plot of  the extension ratio against strand 
density for PS strained in air. The open circles repre- 
sent the extension ratios of the PS crazes; the solid 
circles represent the data from the shear deformation 
zones. The value for extension ratios measured in 
crazed regions of PS drops sharply as a function of the 
strand density. There is a discontinuity between the 
crazing curve and the curve describing the extension 
ratios of  the shear deformation zones. The extension 
ratios measured in regions of shear deformation only 
decrease slightly with increasing strand density. Quali- 
tatively, similar results are found for PPMS (Fig. 7b). 

When the samples were strained in a Freon 113 
environment it is found that the extension ratios are 
consistently larger for both PS (Fig. 7c) and PPMS 
(Fig. 7d) over the entire range of v. As in the previous 
two plots, the open circles correspond to data from 
crazed regions while the solid circles represent data 
from shear deformation zones. For comparison the 
dashed line in these figures represents the data from 
samples strained in air. 

The process of  crazing invariably breaks main chain 
bonds as the polymer strands are drawn into the fibrils 
in PS and PPMS. Only about half of the polymer 
strands in a craze survive the fibrillation process in PS 
[9]. No strands are broken during the formation of  a 
shear deformation zone which only involves the align- 
ment of  polymer segments shorter than the strand 
contour length. Because the effective strand density in 
the craze fibrils is reduced due to chain scission, the 
extension ratio of a craze is greater than the extension 
ratio of a DZ. Therefore, the discontinuity of 2 from 
crazes to DZs is due to the modification of  the poly- 

mer network by the strand loss associated with craze 
fibril surface formation. 

Although Freon 113 may enhance the disentangle- 
ment of strands during crazing [33] of the uncross- 
linked samples, this mechanism cannot explain the 
uniform increase in A fo r  entire range of v examined 
since even a few crosslinks will inhibit disentangle- 
ment. Freon 113 reduces the yield stress of the poly- 
mer by plasticizing it and thus the material in the 
plastic zone will start deforming at smaller stresses. In 
addition, it is likely that the presence of a plasticizer 
reduces the required stress for the reorientation of 
polymer strands thus decreasing the strain hardening 
rate. Hence the polymer in an environmental craze or 
DZ will be drawn to larger extensions than in samples 
strained in air. 

3.6. Evidence for enhanced diffusion in shear 
deformation zones 

The results from the critical strain and extension ratio 
measurements clearly indicate that polymer films 
strained in Freon 113 are plasticized. In addition, the 
change in DZ microstructure from those grown in air 
to those grown in Freon 113 strongly indicates that 
only the material inside the DZ is plasticized by the 
Freon 113. If the entire film were plasticized then one 
would expect to see diffuse DZs like those observed in 
samples strained in air. The well-defined shoulders of 
the environmental DZs imply that the bulk film is not 
plasticized. 

The microstructures evident in Figs 3b, 3c and 4d can 
only be explained if Freon 113 is able to preferentially 
penetrate into the DZ and plasticize it. The environ- 
ment would then only reduce the flow stress of  the 
polymer inside the DZ; the bulk material would be 
unaffected and retain the high flow stress of the 
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unplasticized polymer. A deformation zone growing 
under such conditions would widen by the drawing of 
the plasticized polymer at the shoulder of the DZ. This 
mechanism would produce well-defined DZ shoulders 
and sharp tips. 

The hypothesis that Freon 113 is only able to 
plasticize the material inside a DZ is consistent with 
the previously determined value for the diffusion 
coefficient of Freon 113 into undeformed PS. RBS 
experiments reveal that the diffusion of Freon 113 into 
bulk PS is very slow. At room temperature it would 
take nearly 12 days for Freon 113 to fully penetrate a 
film ofPS 1 #m thick; the growth of DZs in Freon 113 
occurs on a time scale of several seconds. It is possible 
to estimate a lower bound for the diffusion coefficient 
of Freon 113 into actively deforming polymer at the 
DZ shoulder from estimates of the diffusion time 
(the exposure time of the films to Freon 113, ~ 1 sec) 
and the diffusion length (the thickness of the DZ, 

0.5 #m). This lower bound, D, is of the order of 10 -+ 
to  10 -9 cm 2 sec i which is six to seven orders of magni- 
tude larger than the diffusion coefficient found for 
Freon 113 penetrating into undeformed PS. The 
magnitude of this estimated diffusion coefficient is 
consistent with estimates of typical diffusion coef- 
ficients of organic solvents into oriented PS behind a 
Case II front [24, 25]. 

It is unlikely that a stress-enhanced diffusion 
mechanism could account for the extremely rapid 
diffusion into the plastic zone. It is known that the 
stresses at the plastic zone are slightly higher than the 
applied stress. The magnitude of the largest local stress, 
however, is less than a factor of two greater than the 
applied stress [6]. A stress-enhanced diffusion mechan- 
ism would have to contain a very strong dependence 
on stress in order to increase the diffusion rate by the 
six or seven orders of magnitude necessary to produce 
the type of environmental DZ observed. It is more 
likely that the environmental DZs are produced by a 
deformation-enhanced diffusion mechanism. 

It is known that physically ageing a polymer will 
dramatically reduce the diffusion rate of organic sol- 
vents, into the aged material, presumably due to the 
reduction of the polymer configurational entropy 
[24, 25]. Strain softening has the opposite effect on the 
polymer glass structure to physical ageing; strain 
softening rejuvenates the material and increases the 
polymer configurational entropy. Thus, it is reason- 
able that the diffusion of solvents into actively deform- 
ing polymer will be enhanced due to the strain soften- 
ing that follows yield. 

There is other evidence in literature that defor- 
mation-enhanced diffusion does occur. Kramer and 
Bubeck [34] inferred the enhanced diffusion of meth- 
anol into plastically deforming poly(methyl methacry- 
late) (PMMA). Harmon et al. [35] have also observed 
enhanced diffusion of methanol in plastically deformed 
PMMA. 

Deformation-enhanced diffusion in crosslinked PS 
films would explain the microstructure of the environ- 
mental DZs observed in Figs 3b, 3c and 4d. The defor- 
mation-enhanced diffusion mechanism predicts that 
Freon 113 would preferentially diffuse into the actively 

1760 

deforming material in the DZ shoulder and lower 
its yield stress. Since it is known from the RBS data 
that Freon 113 will not substantially penetrate into 
undeformed PS, the material outside the DZ would 
retain the yield stress of the bulk PS film. This situ- 
ation of having highly plasticized polymer surrounded 
by material with a greater yield stress, is necessary to 
produce the observed environmental DZ microstruc- 
tures. 

In summary, the evidence from critical strain and 
extension ratio measurements indicates that Freon 
113 is able to readily plasticize PS and PPMS. RBS 
diffusion measurements of Freon 113 into undeformed 
PS reveal that Freon 113 diffuses six to seven orders of 
magnitude slower than is necessary to plasticize the PS 
films to produce the critical strain and extension ratio 
results that are observed. In addition, examination by 
TEM reveals that the environmental DZ microstruc- 
ture is unlike that of air-grown DZs. This result indi- 
cates that the entire film is not plasticized by Freon 
113; only the actively deforming polymer in the DZ is 
plasticized. Therefore, it is concluded that Freon 113 
is preferentially able to penetrate into the DZ shoulder 
by a deformation-enhanced diffusion mechanism. 

4. C o n c l u s i o n s  
(1) Freon 113 diffuses slowly into bulk PS. The 

unusual nature of environmental +DZs can be explained 
by the preferential diffusion of Freon 113 into the 
plastically deformed material at the DZ shoulders. 

(2) Crazing is favoured energetically at low strand 
densities in thin films strained in tension; at high 
strand densities, the formation of shear deformation 
zones is the dominant mode of plastic deformation. 
The transition from crazes to DZs is shifted to lower 
values of v for samples strained in Freon 113. 

(3) The critical strain for plastic deformation 
increases as the total strand density of the polymer is 
increased. Freon 113 lowers ec due to decreases in both 
F and ay in lightly crosslinked samples whereas only 6y 

is lowered significantly in moderately and highly 
crosslinked samples. 

(4) The extension ratios of crazes are larger than 
those of DZs due the large amount of chain scission of 
the fibrillation process. Freon 113 uniformly increases 
the value of 2 over the entire range of v examined, by 
reducing the yield stress of the polymer in the plastic- 
ally deformed regions. 
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