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Deformation Behavior of PP and PP/ZnO Nanocomposites As Studied

by SAXS and WAXS
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ABSTRACT: Structural changes during tensile stretching deformation for pure polypropylene (PP) specimen
and PP/ZnO specimens with different content of ZnO nanoparticles have been investigated by small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS) techniques. For pure PP specimen, there is a large
amount of cavities appearing during stretching. The cavities are first extended in the equatorial direction and then
elongated along stretching direction. At high strain some edge dislocations appear in PP lamellae structures. For
PP/ZnO specimens, lamellar structures are destroyed gradually during stretching. At low ZnO loading (<0.5%),
after stretching to strain of about 500%, the scattering intensity of cavities and dislocations is a little lower than
that from pure PP. For the case of high ZnO loading (>0.5%), the scattering intensity of cavities and dislocations
increases linearly with ZnO content. WAXS results indicate that, compared with the undeformed specimen, the
crystallinity of all specimens shows a little decrease after stretching to about 500% strain.

1. Introduction

Polypropylene (PP) has widespread applications in diverse
areas such as household, automotive, and electrical industries.
Nanoparticle-strengthened thermoplastics offer much more
possibilities.! These polymer nanocomposites derive their
usefulness and versatility from their improved toughness, heat
and chemical resistance, and good mechanical and electrical
properties.> PP exposure to sunlight and related degradations
are important issues to engineering application when it is
applicated under outdoor environments.? Severe molecular chain
degradation in PP can be induced when it is irradiated within
the active wavelength range of 310—350 nm,* which means
that photodegradation can occur easily in PP-based materials.
Zhao and co-workers investigated the photodegradation char-
acteristics for ZnO nanoparticle-filled PP nanocomposites.® Tt
was observed that UV irradiation induced significant photo-
degradation for unfilled PP. However, with incorporation of ZnO
nanoparticles into the PP matrix, the extent of photodegradation
was significantly reduced, which is due to the superior UV light
screening effects offered by the ZnO nanoparticles. Kruenate
et al. studied the optical properties of PP/ZnO nanocomposites.>
It was found that the PP/ZnO film had a unique property as it
blocked UV while transmitted visible light better than PP/SiO,.
PP is also one of the popular plastics in a micro-electromechani-
cal system. PP is easily modified with blending elastomers and
inorganic fillers to obtain higher mechanical performances. At
the same time, ZnO is a popular semiconductor material with a
high excitonic binding energy. ZnO is also found to be a
significantly harder material used to fabricate nanowires and
nanotips.”™ Huang and co-workers investigated the kneading
and mechanical properties of PP with adding ZnO nanopowder.’
The results showed that nanocomposites with a small amount
of nanofiller exhibit significant improvement in wear resistance
and mechanical properties. Larger amounts (>5 wt %) of
nanofillers in the polymer matrix resulted in less resistance to
contact wearing than pure polymer.

Understanding the crystal structure development in PP
polymer nanocomposites during deformation is essential in PP
material design for practical applications. Up to now, polymer
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deformation has been extensively studied using several tech-
niques including small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS), transmission electron micros-
copy (TEM), Fourier transform infrared microscopy, and
birefringence.*?* SAXS as a nondestructive technique can be
used to study structural changes that take place on a nanometer
scale during the stretching of polymer nanocomposites. WAXS
can provide the information on crystallinity, orientation distribu-
tion of crystallites, and crystallite size. During deformation, some
new crystalline phases may be induced by stretching. Hsiao et
al. studied the structural change of asemicrystalline ethylene—propylene
copolymer during uniaxial deformation by time-resolved syn-
chrotron small-angle X-ray scattering.” It was found that there
was strain-induced melting, which began at a relatively low
strain and was directionally dependent. At 75% strain, new
crystals started to form, which coexisted with the original
crystals. Sometimes cavities are found in the specimens during
deformation. Men et al. investigated the tensile deformation of
poly(1-butene) (P1B) and high-density polyethylene (HDPE)
by ultrasmall-angle X-ray scattering.'® During tensile deforma-
tion, the main contribution to the scattering intensity is due to
platelike cavities in the case of P1B, while such cavity scattering
is rarely observed in the case of HDPE. Zafeiropoulos et al.
investigated the deformation of polyamide 6 (PA6) during the
insertion of a wedge into the material by synchrotron radiation
microfocus small-angle X-ray scattering (SAXS)."" The results
revealed that there are different mechanisms of deformation in
the different areas around the crack tip. It shows that the damage
area propagates far beyond the visible crack, and inside the
damaged zone platelet-shaped voids are formed. Schneider and
co-workers studied the cavity in high-density polyethylene
copolymer using time-resolved synchrotron X-ray scattering
during tensile deformation.'> Competitive phenomena like
crystallite fragmentation and cavity formation were found to
occur simultaneously in the phase of lowering load but at
different length scales. Void formation occurs mainly during
yielding.

Although a lot of research work has been done in the past,
the details of the underlying processes of void formation and
growth, molecular orientation, and phase transformation during
tensile deformation are still poorly understood. Up to now, the
effect of ZnO nanoparticles on the PP matrix during stretching
has not been investigated. In our case, at a stretching speed of
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Figure 1. Stress—strain curves of PP and PP/ZnO 0.1% specimens. In the figures, OY represents quasi-elastic zone, YP represents quasi-plastic

zone I, and PC represents plastic zone II.

()

Figure 2. Deformation SAXS patterns of pure PP specimen measured at different strains. Tensile direction is along vertical. (a) 0% strain; (b) 14%

strain; (¢) 30% strain; (d) 51% strain; (e) 426% strain; (f) 502% strain.

10 mm/min, yield stress of PP mixed with ZnO increase with
ZnO content, while elongation at break only decreases very little.
After incorporting ZnO nanoparticles, it is expected that we can
obtain nanocomposites with improved mechanical properties.
In the present study, SAXS and WAXS measurements were
carried out to investigate the structural changes for pure PP and
PP/ZnO specimens during the deformation. Our study aims at
the understanding of the deformation behaviors of the PP matrix
and PP/ZnO specimens in order to identify the role of ZnO
nanoparticles during stretching deformation.

2. Experimental Section

Isotactic PP is purchased from Borealis, grade HD120MO with
a molecular weight of M,, = 290 000 g/mol and the polydispersity
M, /M, = 4.4. The NanoTeK ZnO nanoparticles are from Nanophase.
The averaged primary size of ZnO nanoparticles is 60 nm, and the
morphology of ZnO nanoparticles is elongated. The compounds
were blended in a twin-screw extruder. The extruder diameter is
25 mm. Because a comparable low ZnO content in PP matrix
is desired in the specimens, a two-step process via masterbatch was
used to get the compounds produced under comparable processing
conditions. In the first step a masterbatch with 10 wt % of ZnO
nanofiller was made. In this case the PP polymer pellets and the
ZnO nanofiller were separately added by gravimetric dosing systems
into the hopper of the extruder. In a second extrusion step these

masterbatches were diluted to the material combination with the
designated filler content. Then the pure PP specimens and PP/ZnO
nanocomposites with different content of ZnO nanoparticles (0.1,
0.5, 2.5, and 7.5 wt %) were prepared by injection molding on an
Ergotech 100/420-310 (Demag) machine (plate size: 80 mm x 80
mm x 1 mm).

SAXS measurements were performed in transmission geometry
using a three-pinhole collimation system equipped with an Osmic
multilayer mirror for higher photon flux at smaller beam spot and
a Rigaku rotating anode generator (Cu Ko radiation 1 = 0.1542
nm, operating at 4.2 kW with microfilament). For data collection,
a Marccd detector with an average pixel size of 78.7 x 78.7 um?
was used. All scattering patterns were first radially averaged to
obtained the intensity /(q) (¢ = 4zt/A sin ) and then corrected for
background scattering, X-ray absorption, and sample thickness. The
radially integrated intensities were obtained for integration in the
azimuthal angular range of 0° < y =< 360°. The equatorial
intensities were obtained by integration in the azimuthal angular
range of —10° =< y =< 10°, while the meridional intensities were
obtained by integration in the azimuthal angular range of 80° < v
< 100° (meridional direction is along the stretching direction).
WAXS investigations were carried out by using Cu Ko radiation
with an X-ray 4-circle diffractometer P4 (Siemens, Germany)
equipped with area detector system Histar/GADDS (Siemens
Analytical X-ray instruments, Milwaukee, WI).
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In tensile stretching, waist-shaped specimens were used to
concentrate the maximum stress and strain in the middle of the
sample. The specimens were stretched stepwise by a custom-made
tensile machine (based on the device from Kammrath & Weiss) at
a stretching speed of 10 um/s. For each kind of sample, two waist-
shaped specimens (with the size of 0.75 mm thickness and 3.3 mm
width) were cut from the injection-molded plates for mechanical
testing at the same time. The first one was only for mechanical
testing to get strain—displacement curve, and the second one was
used for stretching experiments on a SAXS machine. The two
specimens were from the same position of the two injection molding
plates which were produced at the same time. During stretching,
all of the conditions (such as displacement for each step, waiting
time between two steps) for the two specimens are the same. For
the first specimen, a video camera was used to take images of the
specimen during the measurements every 10 s in order to perform
microdeformation analysis (performed by the ARAMIS software
from GOM, Braunschweig). Then, the correlation between dis-
placement and strain can be obtained. Applying the correlation of
strain and displacement to the second specimen, we can get the
stress—strain curve during stretching in SAXS experiment. The
beam spot size was about 0.9 mm in diameter. During the SAXS
experiments, the beam position on the specimen was fixed on the
center of the deformation region. The width of the specimen was
larger than the beam diameter all of the time during stretching.
After stretching to the desired displacement, specimens were
equilibrated for 10 min before SAXS scanning. For each step, after
getting the SAXS 2D pattern, the transmitted intensity and incident
intensity were measured. Because the thickness of the undeformated
specimen was known, according to the equation I = [y exp(—ut)
(assuming u is constant during stretching), the effective thinkness
of the specimen at each step during stretching can be gotten. All
of the SAXS data were corrected for the background scattering,
X-ray absorption, and sample effective thickness.

3. Experimental Results

Figure 1 shows the stress—strain curves for SAXS tensile
stretching experiments of PP and PP/ZnO 0.1% specimens.
The periodic stress drops that appear on the plots correspond
to stress relaxation of the sample during the recording of
the SAXS patterns, when stretching was interrupted. It was
shown previously that the structure of crystalline domains
will not be affected by the interruption process and that the
previous deformation state will recover after restretching in
the next step.>> The curves can be divided into three zones:
quasi-elastic zone, quasi-plastic zone I, and plastic zone II
(as shown in Figure 1).

Figure 2 shows the SAXS 2D patterns for pure PP specimen
at different strain. It revealed that SAXS pattern of the
undeformed specimen is nearly isotropic. After extension to 51%
strain, there is some orientation along the equatorial direction.
Figure 3 shows SAXS integrated intensity curves at different
strain for the pure PP specimen. The peak at ¢ = 0.49 nm™!
originates from the PP lamellar structure. With increasing
deformation, from 0% to 51% strain, the intensity shows a strong
increase in the low g range (0.1 nm~! < ¢ < 0.3 nm™!). Because
the scattered intensity is determined by the difference of the
electron densities, the strong increase in the integrated intensities
can be assumed to be related to the formation of a large amount
of cavities during stretching. Stretching to more than 94% strain,
the intensity in the low ¢ range almost does not change any
more, indicating that no more cavities are formed at this stage.
After stretching to larger than 133% strain, it can be found that
the slop of the SAXS curve is about —3. The ¢~ scattering
law indicated the presence of a number of edge dislocations
arranged as dislocation dipoles (dipoles are defined as two
dislocations of opposite sign separated by a distance) in the
sample.”*?® It indicates that at high strain some edge disloca-
tions appear in lamellae structures.
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Figure 3. SAXS curves (integrated radially) at indicated strains during
stretching of pure PP.

In order to study orientational effects during deformation,
the meridional (integration in azimuthal angular range of 80°
< 3 = 100°) and equatorial (integration in azimuthal angular
range of —10° = y =< 10°) SAXS scattering curves for pure
PP specimen are shown in Figure 4, for quasi-elastic zone (strain
from O to 14%), quasi-plastic zone I (strain from 14% to 51%),
and plastic zone II (strain above 51%). It is evident that structure
changes depend on the direction. For the quasi-elastic zone, as
shown in Figure 4a,b, the intensities along both directions
increase with strain at low g, which can be attributed to small
amount of voids appearing. The position and intensity of the
lamellar peak in equatorial direction almost do not change.
However, in the meridional direction, the position of the lamellar
peak shifts to lower ¢, and the intensity of the lamellar peak
increases with strain. The shift of the peak position indicates
that the average spacing of the lamellae perpendicular to the
stretching direction is enlarged due to the elongation of
amorphous chains between lamellae crystals. In quasi-plastic
zone I, as shown in Figure 4c,d, the equatorial intensity and
the meridional intensity show a strong increase at low ¢ range
(0.1 nm™! < ¢ < 0.3 nm™!), which is due to the formation of
a large amount of cavities. For lamellar peak intensity, it
decreases in meridional direction but increases in equatorial
direction, which indicates that some of the lamellar domains
are turned into the tensile direction. In addition, the position of
the lamellar peak almost does not change in both directions,
indicating that the interlayer spacing of the lamellae is not
enlarged further in this region. In plastic zone II, as shown in
Figure 4e,f, the equatorial intensity is almost constant, while
the intensity along meridional direction shows a little decrease.

Figure 5a indicates the change of the meridional and
equatorial integrated intensity with strain. In the meridional
direction, the intensity first increases (from O to 51% strain)
and then decreases. The intensity in equatorial direction
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Figure 4. Equatorial and meridional SAXS scattering curves of pure PP at

3004
(a) —e— Meridional direction
—a— Equatorial direction
200 i —

1001 /

0 100 200 300 400 500
Strain (%)

Intensity (a.u.)

\'\-\' .

Figure 5. (a) Change of meridional and equatorial integrated intensity with
with strain.

increases gradually until 133%, and after that it is almost
constant. Figure 5b shows the ratio of meridional and the
equatorial intensity with strain. The change of the ratio can be
taken as an indication that the shape of the cavities changes
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indicated strains (see the Supporting Information for color figures).
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during deformation. When the strain increases from 0 to 39%,
the ratio of Ivr/Igq gets larger than 1. It indicates that cavities
are first extended in equatorial direction. For strain larger than
51%, Ivr/Ixq is less than 1, indicating that cavities are elongated
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Figure 7. Net ZnO integrated scattering intensity as a function of
volume fraction of ZnO nanoparticles in the PP matrix.

in the meridional direction (along stretching direction). Over
133%, there are almost no obvious changes in the ratio of the
intensities, showing that the volume fraction of the cavities
almost does not change. However, cavities are further stretched
along stretching direction. We therefore obtain the following
description about the cavities. When the stretching direction is
perpendicular to the lamellar normal, cavities are generated
within the amorphous phase between the lamellae. Under further
stretching, the lamellae are separated by the cavities. At larger

(d)
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strain, the polymer chains along other directions will turn to
the stretching direction, and the cavities are elongated along
the stretching direction.

According to the experimental results, the deformation process
for the pure PP can be described as follows (as illustrated in
Figure 6). (1) Quasi-elastic zone: The average spacing of the
lamellae is enlarged due to the elongation of amorphous chains
between lamellae crystals. Small amount of cavities were formed
and cavities were extended in equatorial direction. (2) Quasi-
plastic zone I: A large amount of cavities was formed. After
strain larger than 51%, cavities are elongated in the meridional
direction (along stretching direction). Some of the lamellar
domains are turned into the tensile direction. (3) Plastic zone
II: Cavities are elongated in the meridional direction (along
stretching direction) until 133% strain. After that, the volume
fraction of the cavities almost does not change. However,
cavities are further stretched along stretching direction. After
strain is larger than 133%, some edge dislocation dipoles
appeared in the lamellae phase.

In order to study the effect of incorporating ZnO nanoparticles
into PP matrix, different amounts of ZnO (0.1, 0.5, 2.5, and
7.5 wt %) in nanocomposites have been investigated. According
to the SAXS curves of undeformed pure PP and PP/ZnO 0.1%,
0.5%, 2.5%, 7.5% (shown in Figure 3 and Figure S2, Figure
S4 and Figure S5 (in Supporting Information)), the net ZnO
scattering intensity for different ZnO content nanocomposites
can be obtained. Figure 7 indicates the relationship of the net
ZnO integrated scattering intensity with volume fraction of ZnO
nanoparticles in PP matrix. It can be seen that the ZnO integrated
scattering intensity increase linearly with ZnO content, which
indicates that ZnO nanoparticles are homogeneously distributed
in the polymer matrix.

Figure 8 shows the SAXS 2D patterns for 0.1% ZnO-
reinforced PP specimen. For the undeformed specimen, the
intensity is homogenously distributed. With tensile stretching,
some orientation along the equatorial direction appears. The
meridional and equatorial SAXS scattering intensity profiles of
PP/ZnO 0.1% specimen are shown in Figure 9. From SAXS
curves, it can be concluded that the change of structure is
anisotropic. As shown in Figure 9a,b, the position of the lamellar
peak in both directions almost does not change, indicating an
uninfluenced interlayer spacing of the lamellae. Only in me-

Figure 8. Deformation SAXS patterns of PP/ZnO 0.1% specimen measured at different strains. Tensile direction is along vertical. (a) 0% strain;
(b) 14% strain; (c¢) 26% strain; (d) 51% strain; (e) 431% strain; (f) 514% strain.
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Figure 9. Equatorial and meridional SAXS scattering curves of PP/ZnO 0.1% at indicated strains (see the Supporting Information for color figures).

ridional direction the peak shifts again slightly to lower ¢ values,
which can be explained by a widening of the lamellae. In
addition, the intensities in the low g range along both directions
almost do not change. In quasi-plastic zone I (strain from 14%
to 51%), the integrated intensities in the low g range do not
increase largely. There is only a slight increase of equatorial
intensity. In this zone, the intensities of the lamellar peak in
both directions however decrease gradually, while the peak
position does not move. The results indicate that after stretching
to 14% strain the lamellar phase is destroyed gradually, and
the contrast between amorphous and crystalline regions weakens.
The destruction process of lamellar structure can be explained
as follows. At large strains, the local stress of some extended
chains in the amorphous phase will exceed the crystal binding
force, resulting in chain pullouts and disintegration of the
lamellae, which then become an assembly of smaller lamellar
blocks.’

In order to investigate the change of the crystalline phase
during deformation, WAXS experiments were performed for
the specimens before deformation and after extension to about
500% strain. Some of the WAXS patterns are shown in Figure
10. It can be seen that the intensities are isotropically distributed

for all undeformed specimens. After extension to about 500%
strain, there is some orientation appearing. Figure 11 shows
WAXS radially integrated intensity curves for the undeformed
specimens and after extension to about 500% strain. Before
deformation, PP exhibits a crystalline form for all of the
specimens. There is no phase transition due to stretching, but
the peaks intensity of a crystalline decrease after stretching to
above 500% strain. We take the crystallinity as the ratio of the
integral intensities of the crystalline peaks to the total scattering
intensity. After separating the intensity from crystalline diffrac-
tions and the amorphous component with a curve-fitting
program, the crystallinity can be calculated (as shown in Table
1). Compared with the undeformed specimens, the crystallinity
shows a little decrease after stretching to about 500% strain.

4. Discussion

From above SAXS analysis it is evident that for pure PP
specimen, when strain is larger than 133%, the volume fraction
of the cavities almost does not change. Therefore, from the
integrated intensities at about 500% strain, we can estimate the
maximum scattering intensity of cavities. In order to obtain and
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Figure 10. WAXS patterns for the specimens before deformation and
after extension to over 500% strain. (al), (bl), and (cl) are for pure
PP, PP/Zn0O 0.1%, and PP/ZnO 7.5% specimens before deformation;
(a2), (b2), and (c2) are after extension to 502%, 514%, and 529% strain
for pure PP, PP/Zn0O 0.1%, and PP/ZnO 7.5% specimens, respectively.
The stretching direction was along the vertical direction.
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specimens (shown in Figure 3 and Figure S2, Figure S4 and
Figure S5 (in Supporting Information)) are integrated to obtain
total intensities. The total integrated intensities for the specimens
are shown in Table 2.

For pure PP, at 0% strain, the SAXS scattering intensity is
assumed to originate mostly from the electron density difference
between crystalline and amorphous phases; after stretching to
about 500% strain, besides the contribution from the crystalline
and amorphous phases (here we note it as contribution from
PP polymer), the voids and dislocation formed during stretching
also contribute to the scattering intensity. For PP/ZnO specimen,
at 0% strain, the scattering intensity comes from two parts: one
part from PP polymer and another part from ZnO nanoparticles
(neglecting correlation contribution); after stretching to about
500% strain, the scattering intensity originates from three parts:
one part from PP polymer, the second part from ZnO nanopar-
ticles, and third part from defects (voids and dislocation).
Assuming the uniform distribution of nanoparticles and defects
(voids and dislocation) in the PP matrix, the cross-terms of the
scattering intensity between polymer matrix, nanoparticles, and
defects (voids and dislocation) are neglected here. We also
assume in this approximation that the electron densities of
crystalline and amorphous phases of PP essentially do not
change with addition of nanoparticles and during stretching.

From the total intensity of undeformed pure PP specimen,
the scattering intensity from the PP polymer then can be directly
obtained because there are no other contributions. For pure PP
specimen, at about 500% strain, the scattering intensity comes
from the PP polymer and the defects (voids and dislocation).
During tensile stretching deformation, the scattering intensity
from the PP polymer will slightly decrease because the lamellar
structure is gradually destroyed and crystallinity decreases. At
the same time, the contrast between crystalline and amorphous
regions might decrease due to some defects entering into
crystalline regions during stretching. But because the scattering
intensity from PP polymer is weak and it is decreased, for
convenience we can discuss two limiting cases: for the upper
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Figure 11. WAXS integrated intensity curves (integration in the azimuthal angular range of 64° < 9 =< 116°) for the undeformed specimens and

after extension to about 500% strain.



4378 Liet al.

Table 1. Crystallinity from the Results of WAXS Investigations

samples undeformed after extension to over 500% strain
PP matrix 0.48 0.40
PP/Zn0O 0.1% 0.43 0.42
PP/Zn0O 0.5% 0.47 0.40
PP/Zn0O 2.5% 0.44 0.43
PP/Zn0O 7.5% 0.50 0.41

Table 2. Integrated Intensity Contributions from PP Polymer,
Nanoparticles and Defects (Voids and Dislocations) at 0% and
about 500% Strain for Pure PP, PP/ZnO 0.1%, 0.5%, 2.5%,
and 7.5% Specimens

intensity  intensity intensity
total  from PP from ZnO from

strain intensity ~matrix nanoparticles defects
pure PP at 0% 26.8 26.8 0
pure PP at 502% 1174  0—26.8 90.6 — 117.4
PP/Zn0O 0.1% at 0% 83.6 26.79 55.7 0
PP/Zn0O 0.1% at 514% 53.1 0 39.7 134
PP/ZnO 0.5% at 0% 359 26.78 3323 0
PP/ZnO 0.5% at 521% 295.99 0 237.3 58.69
PP/ZnO 2.5% at 0% 1179.0 26.69 1152.3 0
PP/ZnO 2.5% at 532% 11874 0 823.1 364.3
PP/ZnO 7.5% at 0% 27142 2645 2687.7 0
PP/ZnO 7.5% at 548% 30854 O 1919.8 1165.6

limit, it is treated as approximately unchanged, the same as the
value in undeformed specimen; for the lower limit, it is treated
as O (the case that the lamellar structures are totally destroyed).
Therefore, after subtracting the contribution from PP polymer,
we can get the scattering intensity from the defects (voids and
dislocation) for pure PP specimen at about 500% strain.

For undeformed PP/ZnO samples, the total intensity comes
from the PP polymer and ZnO nanoparticles scattering. So after
subtracting the contribution from PP polymer, the scattering
intensity from ZnO nanoparticles can be estimated in first
approximation. For PP/ZnO samples after stretching to about
500% strain, the scattering intensity comes from three parts.
The first part is from PP polymer. Compared with the scattering
intensity from ZnO, scattering intensity from PP polymer is little,
and it is decreased with stretching; for convenience we neglect
this item and treat as 0. The second part comes from the
nanoparticles scattering. According to measurement, the speci-
men volume (for all deformed part) at about 500% strain is
~1.4 times of the specimen volume (for all deformed part) at
0% strain. It indicates that the number density of the nanopar-
ticles decreases after stretching. Therefore, after sample volume
correction, the nanoparticle number in irradiation volume will
decrease. Because the scattering intensity of nanoparticles is
proportional to number density of the nanoparticles, the scat-
tering intensity from this part will decrease. Assumed that after
deformation the nanoparticles are homogenously distributed in
the samples, the number density of nanoparticles at about 500%
strain becomes about 1/1.4 times of that of undeformed
specimen. Then, after considering sample volume correction,
the scattering intensity from the nanoparticles at about 500%
strain is about 1/1.4 times of the scattering intensity from the
nanoparticles at 0% strain. Thus, after subtracting the scattering
intensities from the contributions of PP polymer and ZnO
nanoparticles, the scattering intensity from defects (voids and
dislocations) at about 500% strain can be estimated for PP/ZnO
specimens (shown in Table 2).

Figure 12 indicates the obtained scattering intensity from
defects (voids and dislocations) as a function of ZnO content.
It can be seen that at low ZnO loading (<0.5%) the scattering
intensity of defects (voids and dislocations) is a little lower than
that from pure PP, while at high ZnO loading the scattering
intensity of defects (voids and dislocations) increases linearly
with ZnO content.
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Figure 12. Estimated integrated scattering intensity from defects (voids
and dislocations) at about 500% strain as a function of the content of
ZnO nanoparticles.

5. Conclusions

The deformation behavior of pure PP and PP/ZnO specimens
have been studied by SAXS and WAXS. For pure PP specimen,
in the quasi-elastic zone, small amount of voids appears. The
average spacing of the lamellar is enlarged. In the quasi-plastic
zone I, some of the lamellar structures turned into the tensile
direction. A large amount of cavities appear. The cavities are
first extended in equatorial direction and then elongated along
stretching direction. In plastic zone II, the cavities are further
stretched along the stretching direction, while the volume
fraction of cavities almost does not change. At the same time,
at high strain some edge dislocations appear in lamellae
structures. For PP/ZnO specimens, after stretching to strain of
about 500%, the scattering intensity of defects (voids and
dislocations) increases linearly with ZnO content at high ZnO
loading. At low ZnO loading (<0.5%), the intensity of defects
(voids and dislocations) is a little lower than that from pure
PP.
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