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ABSTRACT Real-time measurements of the deformation processes of a nylon-6/poly(2,6-dimethyl-1,4- 
phenylene ether)/rubber blend (nylon/PPE/rubber blend) and high impact polystyrene (HIPS) were carried 
out by synchrotron radiation small-angle X-ray scattering (SR-SAXS). The specimens with 2-mm thickness 
were stretched at  a speed of 0.5 mm/min, and the time-resolved scattering profiles were measured by imaging 
plate (IP) and position-sensitive proportional counter (PSPC). In the nylon/PPE/rubber blend, in which 
the matrix was nylon and PPE was the domain containing rubber inside with a relatively small particle 
diameter of about 0.2-0.5 pm, the voids began to form just before the yield point: The voids were initially 
almost isotropic and were deformed parallel to the tensile direction as elongation proceeded. It was found 
by transmission electron microscopy (TEM) that the voids formed at  the rubber particles in the PPE domain. 
In HIPS with rubber particles of 4.9-pm average diameter, a diamondlike pattern was observed before the 
yield point, i.e., a t  a stress of about 84% of the yield stress. As the deformation proceeded beyond the yield 
point, a distinct perpendicular streak to the tensile direction arose and, therefore, the cross pattern was 
observed. 

Introduction 
Recently studies on the toughening mechanisms of 

polymer blends have attracted much attention from both 
the industrial and the scientific points of view. To this 
end, the deformation processes of polymer blends have 
been investigated by electron microscopy,' dilatometry: 
X-ray scattering,9t4 and recently synchrotron radiation 
small-angle X-ray scattering (SR-SAXS)." SR-SAXS is 
useful for dynamic analyses of the deformation processes 
because SR is extremely intense. Namely, the size and 
the volume of the voids formed in the range of 10 nm to 
a few hundred nanometers can be measured during the 
deformation. 
Mills et ales have examined crazes in polystyrene in a 

cyclic three-point bending test using SR-SAXS. They 
observed the intensity and the shape of the streak from 
the craze fibrils changed with the loading state. Further, 
they found that irreversible changes occurred in the pattern 
from one cycle to the next, which is due to craze growth, 
fibril breakdown, and permanent disorientation of fibrils. 

Bubeck et ale7 investigated crazes of high-impact poly- 
styrene (HIPS) during tensile impact testa using SR-SAXS 
and showed a decrease in the craze. volume with an increase 
in the deformation rata without significant changes in the 
craze. microatructure. They investigated also poly(acry- 
lonitrile-butadiene-styrene) (ABS) and a polycarbonate 
(PC)/ABS blend as well as HIPS, simultaneously mea- 
suring the absorption of the primary beam by the sample.9 
This technique made it possible to distinguish the strain 
due to crazing from that due to other deformation 
mechanisms, such as rubber particle cavitation and 
macroscopic shear deformation. They have demonstrated 
that crazing accounta for at most only half of the total 
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plastic strain in HIPS and ABS and that in PC/ABS blends 
the predominant deformation mechanism is shear in the 
PC with associated rubber gel particle cavitation in the 
ABS. 

The previous studies included analyses of crazes in 
styrenic polymers, polystyrene, HIPS, ABS! and PC/ABS 
 blend^.^ 

In this study, we have applied SR-SAXS to the analysis 
of the cavitation process in a nylon/PPE/rubber blend. It 
has been found that the major energy-absorbing p r o "  
in toughened nylon blende is the localized shear yielding 
associated with the cavitation of the rubber particles.10 A 
nylon/PPE/rubber blend which has been recently devel- 
oped is of industrial interest due to good impact resistance, 
good heat, and chemical stabilities. 

Hobbs and Dekkers2 investigated the deformation 
mechanism in a nylon/PPE/rubber blend using tensile 
dilatometry. They observed the cavitation of the dispersed 
rubber phase by scanning electron microscopy. 

Sue and Yeel examined a nylon/PPE/rubber blend in 
a bending test. They showed by optical and electron 
microscopy that first a crazing zone was formed ahead of 
the crack tips and that it transformed into a shear yielding 
zone as the crack propagated. 

In the present study, thedeformation process of a nylon/ 
PPEIrubber blend during a tensile test  was f i t  inveg- 
tigated by time-resolved analysis using SR-SAXS which 
gives dynamic and quantitative information on the size 
and volume of the voids. Transmission electron micros- 
copy (TEM) was also used for the observation of deformed 
samples. In addition, HIPS was also investigated by SR- 
SAXS. 

The deformation of the nylon/PPE/rubber blend was 
followed satisfactorily by SAXS which showed that the 
deformation proceeded with the void formation just before 
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FiguraZ. "ierographsofundeformedsamples. (a) Nylon/ 
PPE/rubber blend. Polystyrene blocks in the rubber (SEBS) 
were stained darkly, and the PPE wan stained palely. (b) HIPS. 
Polyhutadiene wan stained. 

mttering intensities in parallel and perpendicular directions to 
the tensile aris were carried out for two different teat specimens 
with PSPC. 

Electron Microscopy. The specimen of HIPS wan stained 
with a 4 % aqueous solution of osmium tetroxide for 3 hat 60 'C 
and then microtomed wing a Reicbert Ultracut N ultramiem 
tome. Thin sections of a nylon/PPE/rubber blend were stained 
with a 1% aaueous solution of ruthenium tetroxide for several 

Figure 1. Schematic drawing of the tansile teat specimen. 

the yield point. "he voids formed were initially isotropic 
and then deformed parallel to the tensile direction. The 
volume of the voids increased as the specimen was 
elongated. In HIPS with largediameter (4.9 pm) rubber 
gel particles, craze began to form before the yield point, 
at a stre%s of about 84% of the yield stress, showing a 
diamondlike pattern. As the deformation proceeded 
beyond the yield point, a cross pattern was observed due 
tothedistinctperpendstreakcauaed bythestretched 
fibrils w i t h i  the craze. 

Experimental Seotion 
Samplen. Nylon-6 with a number-average mol& weight 

(M.) of 21 OOO wan used. The M. of poly(2,€-dimethyl-1,4 
phenylene ether) (PPE) wan 19 OOO. The rubber wan a styrene- 
hydrogenated-butadiene-styrene triblock copolymer (SEBS), 
and the molecular weight of each end block (polystyrene) wan 
29 OOO and that of the midblock wan 116 OOO. The composition 
of the blend wan 41.6 wt % of nylon, 38.4% w t  % of PPE, and 
20 wt % of rubber. The nylon/PPE/rubber blend wan prepared 
by compounding each component and a coupling agent of nylon 
and PPE in a twin screw extruder. The HIPS contained 6.8 wt 
7% of polybutadiene. The weightaverage molecular weight of 
polystyrene wan 310 OOO. 

Tensile specimens cut from compression-molded sheets were 
64 mm long, 14 mm wide, and 2 mm thick. Two U-notches with 
a radiua of 1.0 mm were machined an stress concentrators in both 
sides of the middle of the specimens an shown in Figure 1. The 
distance ofthetip of the notcheswang mm. Stress wan calculated 
on the basis of the crowsectional area of 9 ram X 2 mm between 
two notch tips. 

Apparatus. The tensile tents were performed with a specially 
designed tensile instrument. Two futuras move in opposite 
directions at the 881118 speed so that the center of the specimen 
is always held at the direct beam position. The teat speed wan 
0.5 mm/min. The span of the two fixtures wan 50 mm, 

SAXS measurement wan performed at the National Laboratory 
for HighEnergy Physics (Japan)uningthefacilitiesBG15A1'at 
the Photon Factory. The collimation system in the line wan a 
curved mirror and a curved monochromator. The wavelength of 
monochromatized X-rays wan 0.150 nm. An imaging plate (IP) 
wan used for twwdimensional measurements at several points 
during the come of each tensile teat to detect the change of 
SAXS patterns.'* The sampling unit time of IP wan 0.1 s. A 
position-sensitive proportional counter (PSPC) wan also used 
for time-resolved SAXS measurements for quantitative analyses. 
The sampling unit time of PSPC wan 10 s for a nylonlPPEI 
rubber blend and 5 8 for HIPS. Quantitative measurements of 

. 
seconds at room temperature. The thin sections were examined 
with a Hitachi H-8000 TEM. 

Results and Discussion 
I. Real-Time SRSAXS Measurements ofa Nylon/ 

PPE/Rubber Blend and HIPS during Deformation. 
Morphologies of the Samples. The morphologies of 
nylon/PPE/rubber and HIPS were observed by TEM. 
FigureZashowsanelectron micrographofthenylon/PPE/ 
rubber blend in which a fine PPE domain (ca. 0.2-0.5 pm) 
containing rubber (ca. 0.1-0.4 pm) inside was dispersed in 
the matrix of nylon. Figure 2b shows an electron micro- 
graph of HIPS in which rubber particles with polystyrene 
inclusions were 4.9 pm in average diameter. 

Two-Dimensional SAX9 Patterns. Two-dimension- 
al SAXS patterns of the nylon/PPE/rubber blend during 
atensile test were measured with IP and shown in Figure 
3 together with the stress-strain curve. In the elastic 
deformation region, pattern (A) was the same as the 
undeformed SAXS pattern (isotropic). A t  the point 
slightly exceeding the yield point, pattern (B) increased 
in intensity and, however, was still nearly isotropic. 
Pattern ( C )  further elongated beyond the yield point 
becameanimtropic, perpendicularto thetensile direction. 
This indicates that the isotropic voids which began to form 
near the yield point deformed parallel to the tensile 
direction as the elongation further proceeded. 

Figure 4 shows the SAXS patterns and the stress-atrain 
curve of HIPS. In the elastic deformation region, HIPS 
also showed isotropic pattern (A). Just before the yield 
point, SAXS pattern (B) first showed a diamondlike 
pattern having a streak parallel to the tensile direction 
resulting from the external reflection of the interfaces of 
the crazes with bulk polymer. When the specimen was 
further stretched (the SAXS pattern (C)), the distinct 
streak perpendicular to the tensile direction arose, showing 
a cross pattern. In the cross pattern:+ the perpendicular 
streak is caused by stretched fibrils parallel to the tensile 
direction within the craze. 

Time-Resolved SAXS Measurement. The time- 
resolved scattering intensities weremeasured with PSPC. 
Figure 5 shows parallel and perpendicular SAXS profilea 
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Figure 3. SAXS patterns and streasatrain curve of a nylon/ 
PPE/rubber blend during a tensile test. The tensile direction 
is horizontal. The SAXS pattems (A)-(C) were measured at 
points A-C on the streenatrain curve. 
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Figure 6. Scattering profiles of a nylon/PPWrubber blend. (a) 
Paralleltothetensileduection. (b) Perpendicular tothetensile 
direction. Each profile was taken at the indicated strain level. 

shah 
Fbre4.  S A X S p a t t e ~ a n d s t ~ a ~ e u r v e o f H I P S d u r i n g  
a tensile test. The tensile direction in horizontal. The SAXS 
patterns ( A H 0  were measured at points A-C on the streen- 
strain curve. 

of the nylon/PPE/rubber blend during tensile testa in 
whicbno peaLs were observed. The perpendicular profden 
in Figure 5b increased in intensity monotonously with an 

Figure& Scattering profiles of HIPS. (a) Paralleltothetensile 
direction. (b) Perpendicularto thetensiledirection. Eachprofde 
WBB taken at the indicated strain level. 

increase in elongation, whereas the parallel profiies in 
Figure 5a increased up to 3.6% strain and decreased 
bevond this mint due to a mowth of voids bevond the - 
reiolution oi the apparatus. 

Finure6showaSAXSomf~esofHIPSin whichnooeaks 
wereobserved. Both parallel and perpendicular piofiles 
in parta a and b of Figure 6 increased in intensity with an 
increase in elongation. The scattering intensity of the 
parallel profiles was higher than that of the perpendicular 
profiles in a low-angle region. On the other hand, in a 
high-angle region, the perpendicular profdashowed higher 
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Figure 7. Stressatrain and invariant Q value curves of a nylon/ 
PPE/rubber blend parallel to the tensile direction. The points 
A-C in the stressatrain curve correspond to those in the Q change 
curve. 
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Figure 8. Stressatrain and invariant Q value curves of a nylon/ 
PPE/rubber blend perpendicular to the tensile direction. The 
points A and B in the stressatrain curve correspond to those in 
the Q change curve. - (-) 
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Figure 9. Stressatrain and invariant Q value curves of HIPS 
parallel to the tensile direction. Points A and B in the stress- 
strain curve correspond to those in the Q change curve. 
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Figure 10. Stressatrain and invariant Q value curve of HIPS 
perpendicular to the tensile direction. Points A and B in the 
etrese-strain curve correspond to those m the Q change curve. 

intensities than the corresponding parallel profiles. This 
is known to be due to the fibrils parallel to the tensile 
direction. 

11. 8 Value Analyses of a Nylon/PPE/Rubber 
Blend and HIPS. X-ray scattering intensity is propor- 
tional to the square of the electron density difference 
between two phases. The electron densities of the 
polymers used in thie study range from 0.49 mol of electron/ 
cm3 for polybutadieneto 0.63 mol of electron/cm3for nylon- 
6. On the other hand, if the voids were filled with air, the 
electron density of the voids is 0.0012 mol of electron/cm3 
which is 2 orders of magnitude lower than those of the 
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Figure 11. Guinier plots of the scattering profile of a nylon/ 
PPE/rubber blend perpendicular to the tensile direction at 3.8% 
strain. 

polymers. Therefore, the voids contribute mostly to the 
scattering. 

The small-angle scattering invariant allows us to esti- 
mate the quantity of the formed voids. The invariant Q 
is def ied  as 

Q = 4rKl(s) s2 ds 

(1) 
where s is the magnitude of the mattering vector defined 
as 2 (sin e ) h ,  28 is the scattering angle, X is the wavelength 
of the X-rays, p1 is the electron density of the polymer, p z  
is that of the voids, 4 is the volume fraction of the voids, 
and C is a constant. A background scattering inteneity, 
measured from the undeformed sample, was eubtracted 

= c(P, - P2I24(1 - 4) 
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Figure 12. Sizes and volumes of the voids in a nylon/PPE/rubber blend. In the perpendicular direction to the tensile axis: (a) change 
of the diameter of the voids; (b) change of the relative volume of the voids. In the parallel direction to the tensile axis: (c) change 
of the diameter of the voids; (d) change of the relative volume of the voids. 

from the scattering intensity of the deformed samples, 
neglecting the volume change of the sample during 
deformation. 

Figure 7 shows a Q value curve parallel to the tensile 
direction of the nylon/PPE/rubber blend with the cor- 
responding stress-atrain curve. In the elastic deformation 
region, the Q value showed no change, indicating no void 
formation. In the region close to the yield point, the Q 
value increased remarkably. This shows clearly that the 
voids formed just before the yield point and drastically 
increased beyond the point. As the deformation proceeded 
further, the Q value, however, decreased inversely. On 
the other hand, the Q value curve perpendicular to the 
tensile direction shown in Figure 8 increased monotonously 
until the break. This difference indicates that the voids 
were stretched predominantly parallel to the tensile 
direction. 

Figure 9 shows a Q value curve of HIPS parallel to the 
tensile direction with the corresponding stress-strain 
curve. The Q value began to increase before the yield 
point. The stress of point A in Figure 9 was 13.9 MPa 
which was 16% lower than the yield stress, 16.5 MPa. 
Figure 10 shows a Q value curve of HIPS perpendicular 
to the tensile direction. The Q value began to increase 
just before the yield point resulting from the stretched 
fibrils within crazes. 

111. Guinier Analysis of a Nylon/PPE/Rubber 
Blend. On HIPS or a polystyrene system, many studies 
have been made with SAXS to estimate the amount of 
cram volume, fibril diameter, and several other parameters 
using Porod analysisH and other methods.13 On the other 
hand, SAXS hae been seldom applied to the deformation 
processes of voids forming polymer sy~tems.~ 

From now on, we focus on the deformation process of 
a nylon/PPE/rubber blend and concentrate to investigate 
it in detail. 

Analysis of the Si= and Volume of the Voids. To 
analyze the size and volume of the formed voids, we 
adoptad a Guinier approximation which is valid only for 

a system with no interparticle interference. For a system 
with a particle size distribution, the generalized Guinier 
approximation14 is applicable and is expressed as 

(2) I(s)  = C c N i V :  exp(- Di s / 5 )  

where Di is the diameter of the particles, Ni is the number 
and Vi is the volume of the particles with diameter Dip and 
C is a constant. In the present case particles mean voids. 
In the case of crazes, the voids within the crazes have 
regular arrangements. As described above, HIPS showed 
the anisotropic pattern (Figure 4) resulting from the 
formation of crazes that most likely caused interparticle 
interference. Therefore, Guinier analysis is inapplicable 
to HIPS. On the other hand, a nylon/PPE/rubber blend 
showed almost isotropic patterns (Figure 3)) and no crazes 
were shown in Figure 13. In this case Guinier analysis can 
be applied. Figure 11 shows the Guinier plota for the nylon/ 
PPE/rubber blend in which the scattering curve of the 
undeformed state was subtracted from the scattering 
curves of the deformed sample as a background. In 
consideration of analytical accuracy, the voids were divided 
into three size groups which substituted for a continuous 
distribution of void size. Knumber denotes the size group; 
1-3 correspond to the smallest to the largest. 

Parte a and b of Figure 12 show the analytical results 
of the perpendicular profiles. In Figure 12a, the sizes of 
the voids are plotted against strain. The void sizes 
increased and approached the individual constant values, 
about 20.40, and 80 nm. The reason for the largest void 
size reaching the constant value is probably because the 
voids which grew up beyond the resolution of the SAXS 
apparatus were unable to be detected. In Figure 12b, each 
volume of the voids increased with an increase in elon- 
gation, which indicates the voids formed continuously with 
elongation. 

Parte c and d of Figure 12 show the analytical results 
of the parallel profiies. In Figure 12c, all the void sizes 
increased at  first, and the small (K = 1) and middle (K 

2 2 2  
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fore, Guinier analytical data show no signifcant meaning 
beyond 3.6% elongation. 
"EM micrographs of the specimen at the break of the 

nylon/PPE/ruhber blend are shown in Figure 13. 
In the perpendicular direction, in Figure 13a, the PPE 

domain containing the rubber was seldom deformed. Voids 
appeared to form at the rubber particles in the PPE 
domain. 

In the parallel direction, in Figure 1%. the PPE domain 
and the voids within them were elongated substantially 
in the tensile direction. Some voids formed in the rubber. 
andother voids formedattheinterfacebetween the rubber 
and the PPE. No voids were observed at the interface 
between the PPE and the nylon, and no crazes were 
observed. 

Deformation Mechanism. In the present study, the 
deformation processes were observed during tensile teats. 
On the basis of the results obtained by SR-SAXS and 
TEM, the deformation mechanism of the nylon/PPE/ 
rubber blend is discussed. 

When tensile stress waa applied to a teat specimen, the 
rubber particles acted as stress concentrators at fmt, and 
just before the yield point, voids formed at the rubber 
particles in the PPE domain. In thii initial stage, the 
formed voids were isotropic. Theae voids had a role of 
relieving the hydrostatic pressure of a nylon/PPE matrix. 

Analyses of the SAXS profdes showed voids had a size 
distribution. With an increase in strain, the volume of 
eachsizevoidin the perpendicular directionmonotonously 
increased, which indicates thevoids succeesivelygeneratd 
and stably grow up. As the deformation of the specimen 
further proceeded, the voids deformed parallel to the 
tensile direction. During the growth of these voids, much 
ofthe shearyieldingenhanced by the presenceofthevoids 
waa taking place, which led to a lot of energy dissipation 
of the blend. 

From the Guinier analytical data and the "EM micro- 
graphs, a schematic deformation model of a nylon/PPE/ 
rubber blend is illustrated in Figure 14. 

Conclusions 
Real-time SAXSmeasurementsofanylon/PPE/rub~r 

blendandHIPS wereperformedduringtensiletentsusing 
SR. In addition, TEM observation of the nylon/PPE/ 
rubber blend was carried out. 

(1) SR-SAXSisdemonstratedtobeuaefulforthestudy 
of polymer deformation processes involving voids as well 
as cram because it provides real-timeas well as quantitative 
information. 

(2) In the nylon/PPE/rubber blend,voids beganto form 
just before the yield point a t  the rubber particlea in the 
PPE domain. The voids were initially almost isotropic 
and deformed parallel to the tensile direction with an 
increase in elongation. 

(3) In HIPS, a diamondlike SAXS pattarn wm fmt 
observed at the stress lower than the yield stress. Beyond 
the yield point, a c r w  pattern was observed due to the 
distinct perpendicular streak caused by the stretched fib& 
within crazes. 
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