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Crazes are usually observed preceding brittle fracture of glassy polymers. They were
believed to result from a necking process similar to that in fiber drawing. In this study, we
further exploited the necking characteristic of crazing by sandwiching the craze-forming
brittle polymer film between two ductile polymer films to examine the deformation
behavior of the brittle polymer when necking is suppressed. We found that when necking
was suppressed, the brittle polymer film demonstrated a super-plastic behavior in that the
film could be stretched to a very large deformation without any strain localization or
cracking, and this deformation was shown to be mostly plastic. The super-plastic behavior
is remarkably dependent on the thickness of the outer ductile polymer layers. When the
outer-layer thickness is less than a critical thickness, the brittle polymer film in combination
with the sandwich structure demonstrated a different degree of strain localization with the
critical strain increased with the thickness of the outer-layer. The microstructure of
deformation zones in the multi-layer samples was investigated by atomic force microscopy
(AFM). The effect of the interfacial strength at the polymer interfaces was also investigated
by SIMS and discussed. © 2000 Kluwer Academic Publishers

1. Introduction also found that a craze actually is a highly depressed
Under an external force, a glassy polymer first deformgegion with its depth increasing with craze width until
elastically and uniformly and then yields when the ap-it finally saturates when a critical width is reached [13].
plied stress is greater than the yielding stress [1]. WheiT his strongly suggests that a micro-necking process is
glassy polymer yields, the deformation is usually local-also operative during crazing in a way very similar to
ized into some weak points and subsequently inducethat of polymer yielding either of a macroscopic or mi-
brittle fracture. The strain localization of the glassy croscopic scale [1, 14-16]. It would be very interesting
polymer in the brittle polymers is usually in the form of to explore the deformation behavior of a brittle poly-
crazes [2-4], which unlike cracks are load-bearing arimer, e.g., polystyrene, when the micro-necking process
eas because their two surfaces are bridged by many mis suppressed. In this paper, we used a multi-layer sand-
crofibrils with mean diameter of a few nanometers [5].wiching technique to suppress the micro-necking.
Due to the highly concentrated stress, these microfibrils In the past, similar sandwiching technique had been
are susceptible to breakdown which will subsequentlyused to improve polymer fracture toughness although
trigger crack propagation [3, 6, 7]. The extension ra-the focus of research was not centered on the role of
tio of the crazed region had been measured by Kramemicro-necking during crazing. Baet al.[17-22] used
using a TEM micro-densitometry technique [8, 9]. Fora multi-layer polymer co-extrusion process to prepare
polystyrene, the craze extension ratio was found to benulti-layer films consisting of a hundred alternating
around 400%, far more than the fracture strain of thdayers of SAN and PC. They found that increasing the
tested sample. The remarkably large extension ratio imumber of alternating layers of the films will lead to
the crazes suggests that under certain conditions glassy increase of fracture toughness and at the same time
polymer can be stretched to a very large strain withouthe fracture mode in the brittle SAN layers transforms
fracture. from crazing to the formation of a shear deformation
The mass density distribution across a craze, exzone. Umemotet al.[23, 24] also studied the toughen-
tracted from craze TEM micrographs, suggests a suring effectin laminated PE/PS/PE sandwiched structure.
face drawing mechanism operative during crazinglt was found that the crazing stress of PS was depen-
[10-12]. That s, during crazing, there is an active zonedent on the volume fraction of PE in the sandwich and
at the interface of the craze and matrix from whichthis effect was attributed to the reduction of the tensile
a growing craze draws new material into the crazedstress concentration at the craze tip. In our system of
region. Further, from the data taken from the experi-PPO/PS/PPO multi-layer structure, if the crazing pro-
ments using atomic force microscope (AFM), it wascess is suppressed due to the constraining effect of the
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outer layers, the fracture toughness should be extraogal strain for initiation of the local deformation zones,
dinarily improved. Hence, our result can provide a newwhich was defined as more than half of the grid squares
direction for toughening glassy polymers. had undergone deformation zone initiation. The mor-
phology of the growing deformation zones was also in-
vestigated. To calculate the degree of strain localization
2. Experiments of the multilayer system, the width of crazes had been

The polymers used in the multi-layer structures areméasured directly by LECO 2000 digital image anal-
polystyrene (PS) and Poly(2,6-dimethyl-1,4-phenyl ox-YSis system under 500 magnification. Further, the de-
ide) (PPO). The PPO was purchased from the Aldrictformation zones were scanned by an AFM (Digital In-
Chemical Company. It has a molecular weight ofStrumental, Nanoscope llla) to explore the topography
M = 244,000 andM,=232,000. The PS was pur- and interior microstructure of the strained regions. For
chased from the Pressure Chemical Company, withhe purpose of comparison, an incompatible multilayer
M., = 2,000,000 andvl,,/M, = 1.3. The polymer was System of polycarbonate (PC)/PS/ polycarbonate (PC)
fully dissolved in toluene before thin film casting. To Was prepared. The PC was acquired from PolyScience.
assist its dissolution, heating to a moderate temperaturEne solvent used for PC was chloroform and the thick-
around 100C before casting was required. The thick- N€ss of the multi-layer systems were Qun PC/
ness of PS films was either Oim or 0.07um. For ~ 0-6 um PS/0.8um PC and 0.08:m PC/0.6um PS/
PPO films, various thicknesses were preparedufnl 0.08um PC.

0.2um 0.3um, 0.4um, 0.5um, and 0.6um. When

the cast film of the polymer was completely dried on

the glajs st,)lid(fe sutf)lstrate, it f\;vas transferred ';o the cc()j% Results and discussions

per grids by first floating off to a water surface andy’ . .
then picked up by a piece of copper grid. The fiIm33'1' Lhutalt?ll;s/z:gll?gc behavior of the

on the copper grid were dried in air at room tempera- ; . .

ture for at least a day. For making the multi-layers, theThe micrograph of the single layer Qudm PS film at

dried thin film on the copper grids was used to pick_lOAn strain is illustrated as in Fig. 2. It is worth notic

up the next polymer layer from the water surface fol-"Ng that nearly all the crazes in PS thin film propagate

lowing a similar procedure. Each piece of copper arid2 0SS the whole specimen. Fig. 3 shows that the ac-
had a?t least 20_%0 e ara'te S uaF:es and th%pﬁm?argumulative fraction of the crazed specimens increases

P 9 y With the applied external strain and the critical strain is
perfectly bonded on each square and can be regarde

as an independent specimen. The multi-laver structuraround 0.9%, independent on the film thickness. This
o P 1'sp ) U-layer s bservation is very similar to that reported elsewhere
is illustrated as Fig. 1. Before mechanical testing an

S . : efore [27].
examination, the polymer films were treated in toluene PPO is known as a good engineering polymer with
vapor briefly to enhance the adhesion between polyme : . . S
thin film and the copper grids. After the toluene vaporéUperlor mechanical properties and good miscibility

. with PS. The fresh single layer PPO films (ca. Qra
treatment, the samples were stored at the ambient Conﬁick) could be uniformlv deformed up to more than
ditions for at least 12 hrs to make sure no toluene le y b

. ; X .
in the polymer. 5% when the grid bars of the copper grid broke without

The multi-laver svstem was then manuall Stretchec}heformation of any local deformation zones. However,
uiti-layer sy ; y when PPO films aged even in the ambient conditions
by a strain jig, and the strain rate was controlled as slo

as possible to be in the range of 1610-5/s to prevent Yor 1 week, embrittlement effects appeared in that local

. i . . deformation zones initiated during deformation and the
the adiabatic heating effect due to deformation [25, 26]'%ample broke at relatively low strain [28]. Therefore, all

During the straining process, the sample was observe PO films were used and tested within one week after

by using an optical microscope to measure the criti- .
preparation.

Itis desirable to quantitatively describe the degree of

. the strain localization in polymer films, a new parame-
:,:;'] l : | ter¢ was defined as the fraction of the actual total width
PFO | |  of local deformation zones along the strained direction

to the total sample length increase from deformation. If

Sideview of the multi-layer structure no strain localization was observed= 0. On the other

hand,; = 100% means that the entire applied deforma-
tion concentrates in the local deformation zone, and the
matrix outside sustains no deformation. The relation-
ship between the of PS craze and the applied strain
is shown as Fig. 4. It demonstrates that when crazing
initiated, nearly all the strain incurred concentrated into
the crazed area.

The topography of a craze obtained from AFM scan-
ning is shown in Fig. 5. It can be seen that a craze is a
conspicuously depressed region. The depth of the craze
as a function of craze width is shown in Fig. 6. Initially
Figure 1 A schematic drawing of the multi-layer structure. the depth of depression increases linearly with craze

0.7 mm
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Figure 2 An optical micrograph of a craze in a Qudn PS film at 10% strainX65).

0.1um PS TABLE | The topographic data of the deformation zones in the
120 PPO/PS/PPO multi-layers
L Depth of Slope of Critical
plateau incline width
~ 100 |- .
S 0.1umPS 60 nm 0.06 1000 nm
é . 0.07xmPPO/0.Jum 80 nm 0.04 2000 nm
E so- . PS/0.07«mPPO
3 0.1umPPO/0.Jum 90 nm 0.02 4500 nm
AT PS/0.1umPPO
3 0 L 0.2umPPO/0.Jum 100 nm 0.16 6000 nm
8 PS/0.24mPPO
e critical strain 0.85%
=} :
B 40 .
§ 0.1 pm 2M PS
5 120 _
£ 5L L] ® measured SDL in PS
 —e— theoretical DSL in PS
& 100 - ° %o
0 | o | o | [ N N 5 W
00 02 04 06 08 10 12 14 2
Strain (%) £ 80 .
2
Figure 3 The accumulated percentage of crazed units in a specimer%
versus the applied strain. g 60
-l
£
g
width until a maximum depth is reached. When crazeZ, 40
. . .y o
width is equal to a critical value, then the depth levels g
off. The drawing process of crazing therefore is very & 20
similar to a necking process that operates in a micro-~
scopic scale [20]. For a 0idm thick PS film, the critical
width is about 1000 nm, the depth of plateau is 60 nm, 0 R B x
and the slope at the neck shoulder, the socalled activ 0 5 10 15 20 25
zone, is 0.06, as shown in Table I. Strain (%)

Since the formation of craze and the triggering of

brittle fracture of glassy polymers is resulted from aFigure 4 The relationship between the degree of strain localization
micro-necking process, when necking is restricted th@nd the applied strain in 0/im PS films.

polymer films may be deformed uniformly for as long

as the restriction of necking is effective. To restrict theoccurring during a micro-necking process in PS film
micro-necking, a multi-layer structure composed of awould be constrained by the adhesion of the PS film
craze-forming PS film sandwiched between two duc+o the outer PPO films that deform uniformly. Fig. 7
tile PPO films was prepared. The surface depressioshows a0.62m PPO/0.em PS/0.62+4m PPO sample
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Figure 5 The AFM photography of a 0.Am PS craze.

The Depth v.s. Width of craze in 0.1pm 2MPS be suppressed, then the craze as well as the strain local-
120 ization can be “switched off”. This in turn unambigu-
ously shows that micro-necking is necessary for craz-
ing. Furthermore, it is obvious that multi-layering is an
effective approach to toughen brittle polymers in that it
| can restrict the formation of crazes. The large deforma-
tionin the above multi-layer samples was demonstrated
to be mostly, if not entirely, plastic as the sample di-
. mension measured after the applied load was removed
indicated only a small shrinkage of 2.5%, the elastic
by component of the ca. 25% strain, very close to the craz-
ing strain (ca. 1%) of the brittle PS film.

For the single PS layer the crazed region was usually
under 5% of the whole specimen area. However for the
multilayer structure, then the super-plastic behavior al-
lowed uniform deformation without strain localization,
then the total toughness will be at least 20 times that
of the single layered PS. The toughness can be much
more improved in multilayer structure than in single PS
because of the uniform deformation.
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Figure 6 The relationship of depth and craze width of crazes in.rL
PS thin film. .
3.2. The effects of the thickness of the

constraining layers
demonstrating impressive uniform deformation behav-The super-plastic behavior of the multilayer system,
ior up to a 10% strain. The copper grids used to break atowever, is remarkably dependent on the PPO thick-
roughly 25% strain, therefore it is impossible to test theness. This thickness effect is not difficult to rational-
multi-layer sample beyond that strain limit. The sameize as thicker PPO layer should have a higher buck-
behavior was also observed in the @/ PPO/0.Jum  ling stress to resist the local necking stress in the PS
PS/0.5um PPO sample. The outstanding mechanicafilm. Fig. 8a, b, and ¢ show that when the PS film
property of the brittle polymer in a multilayer structure thickness was kept constant at @.th, the sandwiched
demonstrates that if the micronecking mechanism casamples with PPO films thinner than O.8n, e.g.,
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Figure 7 The optical micrograph of a highly strained (10% strain) multi-layer structure gih&PO/0.1um PS/ 0.6um PPO & 65).

(b)

Figure 8 The optical micrograph of strained multi-layer structure of (a) @6vVPPO/0.1um PS/0.07«m PPO at 10% strain (b) 0;dm PPO/0.1um
PS/0.1m PPO at 5% strain (c) 0,2m PPO/0.1um PS/0.2um PPO at 5% strain{65). (Continued
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Figure 8 (Continued.

The Critical Strain of the Multi-layer System shows. Meanwhile, the initiation of the local deforma-
PPO/0.1umPS/PPO tion zones is ambiguous and difficult to define precisely
inthose systems. This ambiguity results in the extensive
14 variation of the critical strain. The delay of the strain
localization in multi-layer structures can stem from the
2k inhibition of the micro-necking mechanism by the con-
straint of the outer PPO films. If the thickness of PPO
" film is enough that the micro-necking mechanism can
be switched off, then the formation of the craze as well
as the strain localization, of the brittle polymer film can
be depressed, therefore the super-plasticity can occur,
as shown in Figs 7 and 10.
6 The degree of strain localizatiorg ) values of the
multi-layer systems with PPO thickness less than
4+ 0.3um are shown in Fig. 11. In a sharp contrast to that
of the single layer PS films in which saturated at as
5 L little as 5% strain in single PS film, there is no obvious
saturation even at large strains over 20%. In single PS
0 | ‘ ‘ ‘ ‘ filmthe strain localized into the crazed region as soon as
0.0 01 02 03 0.4 05 06 Crazesinitiated and the un-crazed region sustained only
PPO thickness (Lum) asmall elastic strain (ca. 0.9%). Thé the multi-layer
structure increased slowly with the applied strain and
Figure 9 The critical strain of crazing of the multi-layer structure with even at large strain thewas still much less than 100%.
various PPO thickness. The very small in the multi-layer systems indicates
that even in the cases where the local deformation zones
occur, the matrix can still sustain a significant degree of
g.nod76L. gi?n}oﬂfq J?n?O? g Sﬁ?étgwégltlez(ﬂgi.vleﬂs?éin deformation. The delay of the critical strain and the de-
localization. The critical strains of these multi-layer Clin€ Of the degree of strain localization, manifest even
systems are given in Fig. 9. It can be seen that all th¥/Nen the PPO thickness is not enough, the toughness
critical strains of these multi-layer structure are larger©! e multi-layer, or the trend to strain localization, can
than that of the PS crazing stain, and the critical straif?® modified by the multi-layer structure.
increases with PPO thickness. For those systems with
PPO thickness less than Qu3n, the critical strain is
around the crazing strain of PS, and this result reflecte8.3. The morphology and microstructure of
the failure of constraint of the outer PPO film in pre- the local deformation zones
venting the nucleation of the strain localization. How- The morphology of the deformation zones in the multi-
ever, if the thickness of PPO filmis larger than 018,  layer samples was evidently different from the crazes
not only the critical strain increases rapidly but the mor-in the single layer PS films. They ceased to propagate at
phology ofthe deformation zone also changes as Fig. 18 much shorter length than those in the single layer PS

Critical Strain (%)
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(b)

Figure 10 The optical micrograph of strained multi-layer structure of (a)08PPO/0.1um PS/0.3.m PPO at 10% strain. (b) 0dm PPO/0.1um
PS/0.4um PPO at 10% strain. (c) 0/om PPO/0.1um PS/0.5um PPO at 10% strainq65).
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The Degree of Strain Localization in
0.1pmPPO/0.1umPS/0.1umPPO

The Width v.s. Depth in
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Figure 12 The depth versus the craze width of the local deformation
zones in the multi-layer structure: (a) Q.tn PPO/0.1um PS/0.1um
PPO (b) 0.24m PPO/0.1um PS/0.2um PPO.

(b)

Figure 11 The degree of the strain localizatignin the multi-layer
structures at different strain: (a) Odm PPO/0.1um PS/0.1um PPO
(b) 0.2pum PPO/0.1um PS/0.2um PPO.

films, where almost all the crazes ran across the wholefthe local deformation zones in the multilayer systems
specimen (Fig. 2), indicating that the growth of theseis illustrated in Table I. It can be seen that the critical
deformation zones has indeed been constrained by theidth of the deformation zone in these multilayer sys-
multi-layer structure. For the multi-layer samples with tems increased linearly with PPO thickness, as shown
thicker PPO layers (thicker than Qu3n), the deforma- in Fig. 13. The same trend of the depth of the plateau
tion zones are hard to define and very different fromis also shown in Fig. 14. The increase of both the criti-
that previously discussed. If the outer PPO thicknesgal width and the plateau depth with the PPO thickness
is more than 0.3:m, the constraint of the multi-layer indicates that the growth of deformation zones in the
structure is effective. multi-layers was retarded, and when the PPO thick-
The depth of the local deformation zones, obtainechess became more than B, the strain localization
from AFM scanning, versus zone width are shown incompletely vanished. The retardation of the growth,
Fig. 12 for various PPO thickness. The topographic datand therefore the breakdown, of the deformation zones
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The Critical Width in Multi-layer System SIMS Depth Profile

PPO/0.1umPS/PPO 0.5um PPO/0.1umPS/0.5pmPPO
6000
2
5000 |- .
T * e PPO PS PPO
= =
=] S
= 3000 - ®
= £ M :T‘Nb
3 g 1r % ° .
=1 =
= ) [ ]
S 2000 | © ¢ o °
[ ] |7} [ J [ ]
= .
8 o o
1000 | . \v.
0 L 1 ' I L 1 L 1 L 1 L
-0.05 0.00 0.05 0.10 0.15 0.20 025
. 0||||||r||1||x|||||||||\|}||||
PPO thickness (um) 0.0 0.2 0.4 0.6 0.8 1.0
Figure 13 The critical with of local deformation of the multi-layer struc- Thickness (pm)

ture with different PPO thickness.
Figure 15 The PPO concentration profile in the thickness direction in a

The Depth of Plateau in Multi-layer System 0.5um PPO/0.1um PS/0.5.m PPO multi-layer structure.

PPO/0.1pmPS/PPO
120

. cal blending of the PS and PPO chains became exten-
sive, the mechanical properties of the brittle PS film
100 - sandwiched between the PPO layers undoubtedly will
i . changeto a ductile behavior, making the effect of micro-
necking suppression indistinguishable. To clarify this
. confusion, we analyzed the composition in the mul-
tilayer structure by secondary ion mass spectrometry
(SIMS). In the PPO/PS/PPO multi-layers, the oxygen
concentration profile across the thickness was used as a
marker for probing the interdiffusion of the PPO and PS.
Fig. 15 shows the oxygen distribution in the multilayer
indicating that there was no extensive interdiffusion of
PS and PPO chains. The SIMS results have removed
the ambiguity that the observed super-plasticity in the
multi-layers was effected from blending of PPO and PS
ot . chains.
005 000005000045 020025 Since the super-plasticity is resulted from the con-
PPO thickness (um) straint of the PPO layers, itis very important that the in-
terfacial strength should be large enough to transfer the
load between the PS and PPO layers. If the interfacial
strength is too weak, the multilayer may debond. If the
interface cannot transfer the necking stress to PPO due
1o debond between layers, then the super-plasticity will
ture deformation zone. not be observed. In a well-prepared multi-layer sample,

Furthermore, the formation of the local deformationthe good miscibility between PPO and PS always en-

zones in these systems clearly involved the shear defopures strong interfaces. Nevertheless, when the proce-

mation of the PPO films as the depth of the deformatioﬁjures ofthe sample preparation were not well followed,

one (ca. 0.12.:m at maturation) is sianificantly areater samples with poor interfacial adhesic_m were obtained,
tzhan t(he totaﬁhicknessuof tlhe )PIS |§yérl y9 which clearly demonstrated debonding during defor-

mation and super-plasticity failed.
The interfacial thickness in the bilayer of PPO
3.4. The interfacial composition in the and styrenic copolymers has been studied by Paul
multilayer structure et al.[29]. They utilized neutron reflection to measure
Due to the good miscibility between PPO and PS, polythe interfacial thickness between the PPO and styrene-
mer chain interdiffusion may occur and result in local acrylonitrile (SAN) copolymers and between PPO and
blending of PPO and PS near the interfaces. If the lostyrene-maleic anhydride (SMA). It was found that the

Critical Width (nm)
3 g
T T
L ]

o
o
T

20

Figure 14 The plateau depth of the deformation zones in multi-layer
structure with different PPO thickness.
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interfacial thickness varied with the composition of themuch larger than the respective entanglement molecu-
copolymer, and more the styrene in the copolymerslarweight, sothe interfacial strength can be effective be-
the thicker the interfacial thickness. Although there arecause of the interfacial layer to transfer the load induced
no data of the interfacial thickness of the pure PS andy PS to PPO to constrain the micronecking mech-
PPO, however, approximately by extrapolation, the in-anism.
terfacial thickness of PPO and 0% AN in SAN, the
interfacial thickness of the PPO and PS can be esti-
mated as 1-2 nm as cast and 15-20 nm after annealind.5. The PC/PS/PC multilayer samples
According to this information, the interfacial thickness Since the prohibition of micronecking is due to the con-
in our multilayer structure must be between 2—20 nmstraint of the outer ductile films, any ductile films that
due to the toluene vapor treatment step increasing thean deform uniformly in the testing conditions can be
interdiffusion of the PPO and PS. In our parallel stud-candidates for the outer layers. We prepared two mul-
ies it was found that the bilayer PPO and PS wouldtilayer systems, 0.am PC/0.6um PS/0.8.m PC and
interdiffuse and homogenize if aged at high tempera®.08.m PC/0.6um PS/0.08.m PC using polycarbon-
ture for a long time, and the bilayer structure remainedate (PC) films to replace the PPO films. It was found
indissoluble under ambient temperature. that the 0.8.m PC/0.6.m PS/0.8um PC sample, in

It is believed that the interfacial thickness provideswhich the PC thickness is greater than the PS thick-
the interfacial strength for the multilayer structure andness, demonstrated super-plastic behavior as shown in
transfers the induced triaxial stress of PS during neckFig. 16. However, for the very thin PC thickness, the
ing to PPO. There are extensive literatures on the inte8.08 um PC/0.6m PS/0.08um PC sample failed
facial strength of polymeric film structure, e.g., Kramerto show super-plasticity, as depicted in Fig. 17. This
et al. studied the interfacial toughness by segregatings consistent with the results of the PPO/PS/PPO sys-
block copolymers to the interface between immiscibletems that the outer ductile films should be thick enough
homopolymers. It was found that the interfacial tough-to ensure super-plasticity. The super-plastic system of
ness depends on the molecular weilyhaind the areal 0.8 um PC/0.6um PS/0.8um PC is also examined
density of the diblock copolymer to provide sufficient by SIMS, and Fig. 18 shows the depth profile of the
entanglement at the interface. The fracture mechanisfRC polymer in the multilayer sample. It is evident that
of the interface reinforced with block copolymer can clear interfaces exist in the multilayer, indicating that
be categorized into two transitions [30].M > M for  the super-plastic behavior is due to the suppression of
both blocks, wheréM, is the entanglement molecular the local necking of the brittle PS film.
weight of its respective homopolymer, then the frac-
ture at the interface will change from chain scission
to crazing. The other transition is from chain pullout 3.6. The uniform deformation of the
of the diblock copolymer at the interface to crazing glassy polymer
(M < Me for one block) if a high enough areal density It is very intriguing that a brittle polymer like PS can
can be achieved at the interface. In our case, althougbhe deformed uniformly. During the deformation, what
no diblock copolymer is used because of interdiffu-happens in the brittle film of the multi-layers when the
sion of the PPO and PS, there is an interfacial layempplied strain equals the crazing strain of the polymers?
of mixed PPO and PS between layers as mentionel in turns brings another question: what is the physi-
above. The molecular weighs of the PPO and PS areal meaning of crazing strain? All this requires further

Figure 16 The optical micrograph of the strained multi-layer structure ofth8PC/0.6um PS/0.8um PC at 15% strainX65).

4240



2 _"L .-ﬂ'l .1'..‘ -_. w .,
o e 1 § fe il
= }!..ﬁk}'-‘ E"-.l ri 4

Figure 17 The optical micrograph of the strained multi-layer structure of @68PC/0.6.m PS/0.08:m PC at 15% strainX65).

SIMS Depth Profile of 3. By defining the degree of strain localization it
0.8umPCH.6pmPS/0.8umPC can be shown that crazing is a phenomenon of strain lo-
3 : calization, and the degree of strain localization reaches

L nearly 100% at only 3—4% strain in single PS film.

- 4. The super-plastic behavior of the multilayer sys-
tem is dependent on the outer layer thickness. The
micro-necking mechanism can be inhibited when the

) outer layer thickness is greater than a critical value.
rs [ ¥ The same super-plastic behavior is present in both the
compatible PPO/PS/PPO and incompatible PC/PS/PC
‘ systems.
5. When the outer PPO thickness is not thick enough
: to stop the strain localization, the deformation zone oc-
| curs during extension. However, the critical strain, the
critical width of the deformation zone, and the depth
‘ of plateau all increase with the PPO thickness. Further-
more, the strain localization in the multi-layer system
is greatly reduced with higher PPO thickness.

2 NI FE s ] 6. At the sites of the strain localization in multilayer

0 500 1000 1500 2000 2500 3000 3500 oo SYStems, the outer PPO is also depressed and necked,
rather than deformed in a conformal behavior.

7. From SIMS data, only very limited polymer dif-
Figure 18 The PPO concentration profile in the thickness direction in afusion takes place in the PPO/PS/PPO multi-layer
0.8um PC/0.6um PS/0.8.m PC multi-layer structure. systems. The same super-plastic behavior was also ob-
served in the non-compatible PC/PS system, the super-
plasticity clearly resulted from the constraint of the
outer ductile film to the PS rather than the blending
of these polymers.

Oxygen Profile (L7}
T

Sputtenng Time (s}

study which should provide very valuable information
for us to understand how glassy polymers deform.
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