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Abstract

The shear-induced crystallization behavior in isotactic polypropylene (iPP) composite melt containing short aramid fibers was investigated by
means of WAXD (wide-angle X-ray diffraction) and SAXS (small-angle X-ray scattering) techniques using synchrotron radiation. The study was
carried out in a post-shear isothermal crystallization mode at temperatures of 140e160 �C. Parameters pertaining to the crystallization morphol-
ogy and kinetics were analyzed, including total crystallinity, orientated crystalline and amorphous fractions, dimensions of the formed
shishekebab structure, as well as induction time and rate of crystallization. The individual contributions of shear and fibers were evaluated
and the combined effect was compared. The results clearly indicated that the effect is synergistic rather than additive.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The behavior of orientation-induced crystallization, caused
by extensional or shear flow in polymer entangled melt, has
been the subject of extensive study for many years [1]. Al-
though shear is considered as a weaker flow than extensional,
the shear-induced structural changes are very common in in-
dustrial processing (e.g., extrusion, injection molding) and
have a profound impact on the resulting properties in final
applications [2]. The subject of shear-induced crystallization
is particularly relevant in controlling the properties of semi-
crystalline polymers. In the early stages of crystallization,
a scaffold of ‘shishekebabs’ has been reported in entangled
melt (using polyethylene as a model system [3]) and this
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scaffold appears to act as a precursor structure to induce full
scale crystallization at low temperatures.

The application of shear is clearly sufficient to stretch and
align some polymer chains, allowing them to form orientated
crystalline structures (shishekebabs) that can eventually de-
velop into orientated crystalline domains [4]. This behavior
is a function of several factors, including processing condi-
tions (e.g., temperature, deformation rate, and deformation
strain) and polymer properties (e.g., molecular weight and dis-
tribution). During the shishekebab formation, the shish
develops first from extended chains, which can be viewed as
primary nuclei to anchor the folded chain crystallites (kebabs)
that induce lateral lamellar growth. The phenomenon of shear-
induced shishekebab structure in isotactic polypropylene
(iPP) has been studied quite extensively by this group, consid-
ering both processing and material variables [5e11]. The
results can be explained by the concept of critical orientation
molecular weight and the relaxation time spectrum of the
deformed polymer chains [9,10].
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In recent studies, we examined the shear-induced crystalli-
zation behavior in iPP reinforced by acicular inclusions, such
as short aramid fibers and carbon nanotubes. The premise of
these studies was that, in addition to the shear flow that pro-
motes chain stretching, disentanglement, and alignment, orien-
tation of the acicular inclusions parallel to the flow lines would
also occur [12]. Thereafter, both the aligned and the stretched
polymer chains (at the atomistic level) and the fibers (at micro-
scopic scale) could generate orientated crystalline morphology
involving folded chain crystallization. In the latter, the phe-
nomenon is termed transcrystallization, which has been widely
reported in fiber-reinforced composites when the matrix
is crystallizable. The combined effect has recently been
reported in the system based on microfibrillar PET/PP blend
[13]. Our group also confirmed this behavior in shear-induced
crystallization studies involving a materials’ system of iPP ma-
trix and ultrahigh molecular weight polyethylene (UHMWPE)
fibers, where the shishekebab structure was further enhanced
by the presence of UHMWPE fibers and formed highly orien-
tated cylindritic morphology [14,15].

In another study, shear-induced crystallization behavior in
carbon nanotube-reinforced iPP nanocomposite was investi-
gated. The results showed a significant improvement of the
overall crystallization kinetics and total crystallinity compared
to unfilled systems. However, the presence of the nanotubes
was found to decrease the fraction of orientated crystals as a re-
sult of the strong nucleating effect of un-orientated nanotubes
[16]. It is apparent that shear-induced orientation of acicular
inclusions depends on their aspect ratio. In nanocomposites,
the effective aspect ratio of the fillers depends on the final
aggregation state resulting from the material processing.

In a preceding study on chopped aramid fiber-reinforced iPP,
the presence of fibers was found to enhance the behavior of
shear-induced crystallization as well as the overall orientation
of the matrix [17]. The observation indicated two types of crystal
growths, one from the induced shish structure appearing almost
immediately after the application of shear and the other from the
surface of embedded aramid fibers. The first process led to the
development of the kebab morphology, whereas the latter pro-
cess resulted in the formation of transcrystalline structure.

The aim of the current study was to quantitatively evaluate
the combined effect of these two simultaneously occurring
crystallization pathways, namely from the shear-induced shish
assemblies and from the embedded and axially aligned fibers.
The chosen experimental conditions involved in situ small-angle
X-ray scattering (SAXS) and wide-angle X-ray diffraction
(WAXD) measurements of aramid fiber-reinforced iPP melts
under shear flow. Specifically, the molten iPP composites were
subjected to shear at different temperatures (140e160 �C) fol-
lowed by isothermal crystallization for 1 h, during which
time-resolved X-ray images were collected. The data were an-
alyzed to follow the morphological and crystalline changes in
real time, including nucleation induction time, crystallization
kinetics, level of crystalline and/or amorphous orientation,
and degree of crystallinity. A particular objective of the study
was to determine whether the combined effect was additive or
synergistic.
2. Experimental

2.1. Materials and sample preparation

Melt-mixed short fiber-reinforced polymer composite sam-
ples based on isotactic polypropylene (iPP; Capilene U77,
Carmel Olefins, Israel, high flow, nucleated homopolymer, hav-
ing an average molecular weight, Mw, of 135,000 g/mol) and
chopped aramid fibers (AF; Kevlar 49, DuPont) of 3.2 mm
length (considering a fiber diameter of 14 mm and the aspect
ratio of 228) were prepared using the following procedures. Me-
chanical blending of iPP with 5 wt% chopped fibers (iPP/AF) was
carried out in a batch laboratory twin-screw microcompounder
(DSM) with recirculation facility at 190 �C in two consecutive
10 min cycles, with screw speed 100 rpm. Antioxidant (0.1%
w/w; Irganox B-225) was added to prevent polymer degradation
at high temperatures. The resulting blends were pressed in a mold
to produce 0.5e0.7 mm thick films, from which ring specimens
with internal diameter of 10 mm and external diameter of
20 mm were punched out for the shear X-ray testing.

2.2. In situ X-ray study of samples under shear

A Linkam CSS-450 shearing apparatus was used to carry
out the shear X-ray measurements. The apparatus consisted
of two circular parallel plates (one stationary and the other ro-
tated by a stepping motor) and two X-ray windows (diamond
and Kapton), to allow in situ X-ray scattering/diffraction mea-
surements. The temperature profile was precisely controlled by
heating and cooling modules to an accuracy of �0.2 �C. The
ring-shaped sample was sandwiched between two parallel
plates of the apparatus, heated quickly to 200 �C and held at
this temperature for 5 min to delete the crystalline history, fol-
lowed by rapid cooling to varying experimental temperatures
(140e160 �C), where shear was imposed at a rate of 60 s�1

for 5 s. The sheared melt was allowed to isothermally crystal-
lize for 1.0 h and then cooled to room temperature at a rate of
30 �C/min.

In situ WAXD and SAXS measurements were performed at
Beamline X27C, in the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (BNL), Upton,
NY, USA. The details of the experimental conditions and setup
have been described previously [18]. The chosen X-ray wave-
length was 1.371 Å. For WAXD measurements, the sample to
detector distance was 120.5 mm determined by aluminum ox-
ide (Al2O3) as a standard. For SAXS measurements, the sam-
ple to detector distance was 1820.2 mm determined by silver
behenate as a standard. In both X-ray measurements, a CCD
X-ray detector (MAR, USA) with a pixel size of 158 mm
was used to collect the data. The collected 2D images were
further corrected for air scattering and beam fluctuations.

2.3. X-ray data analysis

The WAXD scattered intensity (analyzed using the Polar
software, Stonybrook Technology and Applied Research Inc.,
NY, USA) from a partially orientated sample (see example
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Fig. 1. (a) Typical diffraction pattern of iPP/AF at 150 �C after 1 h, divided by the Polar program to (b) orientated and (c) un-orientated fractions.
in Fig. 1) usually contains two contributions: (1) the isotropic
part due to the amorphous phase and un-orientated crystals
and (2) the anisotropic part due to the orientated crystals.
The total crystallinity thus can be separated into two fractions
due to un-orientated and orientated crystals. To accomplish
this, the total scattering was first deconvoluted into contribu-
tions from orientated and un-orientated parts, using the
‘‘halo’’ method described earlier [19] (as seen in Fig. 1).

The 1D intensity profiles of orientated and isotropic frac-
tions were integrated from the corresponding 2D deconvoluted
patterns. Representative results from the sheared iPP/aramid
fiber composite after 1 h isothermal crystallization are illus-
trated in Fig. 2, where total, orientated and isotropic 1D
intensity profiles are shown. The crystalline and amorphous
contributions of orientated and isotropic fractions were
obtained from the integrated intensity profiles using the 1D
peak deconvolution method [6]. The orientated fraction con-
sists of orientated crystalline phase and orientated amorphous
phase, while the isotropic fraction consists of isotropic crystal-
line phase and isotropic amorphous phase. The quantity of
crystalline and amorphous fraction was further calculated
using a peak fit program (EVA software).

From the SAXS images, two parameters were estimated,
i.e., the domain size (or the lateral dimension of the lamellae),

Fig. 2. Integrated WAXD profiles of total, orientated, and isotropic crystallinity

of iPP/AF-S composite isothermally crystallized at 150 �C.
D, and the long period (the average spacing between adjacent
lamellae), L¼ 2p/qmax, where qmax is the position of scatter-
ing maximum). D was calculated from D¼ (8p/w)0.5 where
w is peak width at half height.

2.4. Characterization of post-sheared samples

The sheared samples were etched following Bassett’s proce-
dure to enhance the crystalline structure [20]. The etched spec-
imens were coated with AuePd using the SC7640 Sputter.
Scanning electron microscopic (SEM) measurements were car-
ried out with a high resolution electron microscope (HRSEM,
FEI Sirion) operated at 10 kV. Thermal analysis was carried
out in a heatingecoolingeheating cycle (25e200e25e
200 �C) (Mettler DCS-30 calorimeter) at a heating/cooling rate
of 10 K/min�1 under nitrogen. The degree of crystallinity and
the melting points were obtained from the first heating interval.

3. Results

3.1. Orientated crystallization

In the first part of this study, in situ WAXD experiments were
carried out to generate crystallographic and kinetic data on four
different systems, i.e., neat iPP, sheared iPP (iPP-S), iPP/AF
composites, and sheared iPP/AF composites (iPP/AF-S). Rep-
resentative synchrotron WAXD intensity profiles of iPP/AF-S
taken at different crystallization times and temperatures are
shown in Fig. 3. All observed diffraction profiles indicate the
presence of an iPP a phase [21,22]. At time zero, the data ex-
hibit a diffuse scattering feature without noticeable crystalline
reflections, which is consistent with the presence of an amor-
phous melt. The gradual appearance of diffraction rings indi-
cates the growth of crystallinity; the enhanced variation of
azimuthal intensity in all reflections indicates the increase in
crystalline orientation (e.g., the initial ring-like feature is re-
placed by diffraction arcs at the later stage). The data in
Fig. 3 confirm that orientated crystallization took place at all
experimental temperatures. At 140 �C the kinetics of crystalli-
zation appeared to have the highest rate, while the best crystal
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Fig. 3. 2D WAXD images of iPP/AF-S composites collected at selected times during 1 h isothermal crystallization at different experimental temperatures.
orientation was obtained at 150 �C. Contrary to our previous
studies on other iPP systems, the chosen iPP matrix contained
a commercial nucleating agent. However, its nucleating effect
is not noticeable compared to the dominant effects of shear
and fibers.

The results in Fig. 3 are representative for all the samples of
iPP and iPP/AF with and without shear, from which an exten-
sive database was generated. Detailed analyses of this database
produced quantitative results that are summarized in Table 1
(results from DSC were also included). This table maps the
scope of the study by presenting the experimental array and
the basic data of the degree of crystallinity and melting point
as determined from WAXD and DSC of the room temperature
(RT) structures and of in situ measurements after 1 h at the
experimental temperature. It was seen that WAXD and DSC
methods yielded comparable values of crystallinity from
samples cooled to room temperature. In general the degree
of crystallinity on the basis of WAXD is higher than the cor-
responding DSC value. This is attributed in the literature to
the contribution in WAXD of crystallineeamorphous transi-
tion layers or dense rigid amorphous material inbetween the
lamellar crystal grains e not counted for by DSC [23].
Considering the effects of shear and fibers, it is seen from
Table 1 that both factors positively increase the degree of
RT crystallinity (e.g., the WAXD data at 150 �C) by 3 and
1%, respectively, where the combined effect increases the de-
gree of RT crystallinity by 6%. A similar behavior was also
observed in the in situ crystallinity (with the corresponding de-
gree of crystallinity changes of 2, 2, and 7%) after 1 h at the
experimental temperature. It is apparent that as temperature
increases, this phenomenon becomes more prominent, since
little crystallization can take place without shear. For example,
at 155 �C the in situ crystallinity after 1 h is only 8% for
un-sheared iPP, but becomes 18, 16, and 33% as a result of
the shear, fibers, and combined effect, respectively. On the
other hand, the change of melting point is inconclusive, except
for a distinctively sharp rise in all the iPP/AF-S samples.

Analysis of the WAXD data produces values of an orien-
tated fraction. These values as a function of temperature for
the iPP-S and iPP/AF-S samples after isothermal crystalliza-
tion for 1 h are summarized in Fig. 4. It is seen that a crystal-
lization temperature of 150 �C produces the highest value of
orientated fraction, which due to the fibers increases from
around 30% to more than 50%, which is consistent with the
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qualitative observation shown in Fig. 3. An optimal tempera-
ture of 150 �C for shear-induced crystallization of iPP/AF-S
samples has been identified. Below 150 �C, the viscosity of
the melt is too high for effective shear contribution, whereas
above 150 �C, the stretched chains relax before the effective
nucleation process can occur.

Both values of orientated and un-orientated degrees of crys-
tallinity were calculated (based on the component separation
procedure described in Fig. 2) and the results are summarized
in Table 2. Again, it is found that the combined effect of shear
and fibers is significantly greater than the sum of individual
effects. It is seen that the application of shear increases the de-
gree of orientated crystallinity by some 8 points (from 5.9 to
14.3%), the inclusion of fibers increases that value by less
than 1 point, while the combined effect increases the degree
of orientated crystallinity by 20 points (from 5.9 to 25.9%).

Fig. 4. The quantity of orientated fraction in pure iPP and in iPP/AF sheared

composites at different crystallization temperatures.

Table 1

Degree of crystallinity and the melting point from post-sheared samples at

crystallization temperature and room temperature

Temperature

(�C)

Sample Tm

(�C)

%

Crystallinity

WAXD at

60 min

%

Crystallinity

WAXD

at RT

%

Crystallinity

DSC

at RT

140 iPP 166.71 42.65 49.88 48.96

iPP-S 165.87 41.56 48.12 47.15

iPP/AF 167.12 44.05 51.1 49.35

iPP/AF-S 167.32 46.86 55.2 50.61

145 iPP 165.86 40.38 49.99 47.95

iPP-S 165.13 41.43 51.5 50.80

iPP/AF 165.89 40.93 50.91 48.1

iPP/AF-S 170.75 42.14 54.3 52.17

150 iPP 167.45 36.81 48.31 44.18

iPP-S 168.39 39.19 51.12 48.52

iPP/AF 168.85 39.01 49.08 48.04

iPP/AF-S 170.2 43.92 54.23 51.57

155 iPP 165.71 7.76 49.29 43.52

iPP-S 164.88 25.11 50.34 43.95

iPP/AF 167.84 23.42 52.14 45.95

iPP/AF-S 169.47 40.85 55.15 48.92

160 iPP 166.06 e e 43.22

iPP-S 166.98 e e 44.69

iPP/AF 164.98 4.52 42.78 39.80

iPP/AF-S 172.57 39.87 57.18 47.70
The kinetics of crystallization was tracked by monitoring
the degree of crystallinity as a function of post-shear time; re-
sults from the 150 �C experiment are illustrated in Fig. 5. It is
seen that under the combined effect of shear and fibers the
maximum degree of crystallinity is obtained within 5 min
compared with incomplete crystallization even after 60 min
of annealing for the control iPP sample. Also apparent is the
significantly stronger effect of the fibers compared with that
of shear (20 and 40 min, respectively). Furthermore, the crys-
tallization traces in Fig. 5 also allow us to compare the induc-
tion times for nucleation, the results of which are presented by
a bar diagram in Fig. 6. The results obtained at 150 �C indicate
that the induction time was shortened by 14 and 11 min due to
the individual effects of shear and fibers, respectively, and by
16 min due to the combined effect. Regarding the rate of crys-
tallization (expressed by the linear regression determined
slope of the linear portion of the crystallization curve), the re-
sults in Fig. 6 produce the values of 7.4, 15.4, 24.1, and
125.4� 10�3 min�1 for the iPP, iPP-S, iPP/AF, and iPP/AF-
S samples, respectively. Clearly, while the net effect of either
shear or fibers can double or triple the crystallization rate, their
combined effect is 17-fold.

3.2. Structural evolution

The evolution of lamellar morphology in iPP-S and iPP/AF-
S samples was studied by in situ SAXS technique during iso-
thermal crystallization for 1 h. Only sheared samples were
monitored because quiescent crystallization of iPP and iPP/
AF samples did not exhibit any distinctive SAXS images. A se-
ries of time-resolved 2D SAXS images of iPP/AF-S samples
during isothermal crystallization at different temperatures are
illustrated in Fig. 7. The time-zero images at different temper-
atures always indicate the completely amorphous structure.

Table 2

Values of orientated and un-orientated degrees of crystallinity after isothermal

crystallization at 150 �C

Orientated crystallinity Un-orientated crystallinity

iPP 5.9 30.4

iPP-S 14.3 25.2

iPP/AF 6.6 33.9

iPP/AF-S 25.9 16.3

Fig. 5. Crystalline fraction evolution for samples prepared at 150 �C.
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However, a pair of meridian maxima forms immediately after
the shear, attesting to the formation of orientated lamellar
kebabs (induced by the shish) and/or transcrystalline structure
(induced by the fibers) aligned perpendicular to the flow direc-
tion. It is also seen that at 150 �C, the meridian maxima emerge
at shorter times than that at 155 �C. In addition, the intense
isotropic ring at 150 �C, which indicates the formation of un-
orientated crystals, is also weaker than that at 145 �C. These
findings are in agreement with the WAXD results, showing
the maximum orientation at 150 �C. The equatorial streaks
(indicative of the shish formation at the early stages of the
nucleation process) were observed only in the iPP-S samples.

From SAXS results, two parameters were estimated, namely,
D e the domain size or the lateral dimension of the crystal
lamellae and L e the long period or the average spacing between
adjacent lamellae. In pure iPP-S and iPP/AF-S samples at

Fig. 6. Induction times for iPP crystallization at different temperatures.
150 �C, the L value decreases but the D value increases sharply
(it reaches a plateau at around 10 min). This is shown for the
iPP/AF-S sample in Fig. 8. The comparison of the respective
plateau values for the iPP-S and iPP/AF-S samples is L¼ 29
and 34 nm, and D¼ 19 and 23 nm, respectively. These results,
indicating that the presence of fiber can increase both inter-
lamellar spacing and lateral lamellar diameter, can be attributed
to the development of transcrystalline layer at the fiber surface.

3.3. Morphological observations

SEM examinations of etched surfaces from the sheared
composite samples provide important morphological informa-
tion on the lamellar orientation in both bulk and fiber interfa-
cial crystalline domains. Although the main purpose of this
investigation was to analyze the morphology of the matrix in
the vicinity of the fiber surface, the effect of shear on the
bulk morphology of the matrix was clearly seen [17]. A micro-
graph of two fibers and of the iPP matrix at the vicinity of the
aramid fiber surface is shown in Fig. 9. Two types of morphol-
ogy were seen near the interface: one resembled the familiar
transcrystalline structure with lamellae growing perpendicular
to the fiber direction and the other exhibited the shishekebab
morphology. We consider that only a small fraction of the fiber
surface has been exposed by the etching treatment; it is clear
that most of the matrix volume was taken by transcrystallinity,
while the shishekebab morphology was pushed toward the
boundaries of the transcrystalline layer. This indicates that
the effect of transcrystallization (from the fiber surface) is
more profound than that of shishekebab formation. This is
reasonable as the chosen shear condition is relatively weak;
this conclusion is also consistent with the SAXS results also
showing the dominant transcrystallization effect.
Fig. 7. 2D SAXS images of iPP/AF-S composites collected at selected times during first 30 min of isothermal crystallization at 145e155 �C.
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4. Discussion

In this section, we determine the nature of the interactions
between the individual effects of applied shear and embedded
fibers and the synergy of the combined effect. Based on our
preliminary research on an identical system at a single temper-
ature of 145 �C and with regard to qualitative observations of
the resultant nucleating effect of the two components (shear
and fibers), we initially hypothesized that the effect (mani-
fested by an extremely short crystallization time of 3 min)
was additive [17]. However, judging by a wide range of quan-
titative parameters measured in this work, we positively recog-
nize the synergy between the application of shear and the
inclusion of short fibers. This is because the combined effect
of shear and fibers significantly enhances the crystallization
kinetics and the crystal orientation when compared to the
sum of individual effects. The measured parameters included
the total degree of crystallinity, the fractions of the orientated

Fig. 8. The changes in the diameter of the lamellar disc and the long period

with time for iPP/AF-S samples prepared at 150 �C.

Fig. 9. High resolution SEM image of an etched tapered cross-section, show-

ing an example of exposed fibers and of the iPP matrix and two types of

morphologies at the vicinity of its surface. The arrow marks the shear

direction.
and un-orientated crystalline phases, as well as the nucleation
and crystallization rates.

We propose that the source of the synergy is due to the in-
terfacial interactions between the shear-aligned fibers and the
orientation and stretching of polymer chains. In an analogy to
an earlier study by our groups [14], in which the presence of
immiscible orientated UHMWPE domains (that originated
from molten PE fibers) could facilitate the crystallization ki-
netics of the surrounding iPP matrix, we offer the following
explanation. The fiber surface may provide pinning points to
the surrounding iPP chains which would increase their effec-
tive relaxation times. Such anchoring interactions can lead to
the retention of the molecular stretching and orientation after
flow, thus creating more shish structures and promoting the ke-
bab (lamellar) growth perpendicular to the fiber axis. In other
words, nucleation of iPP is probably enhanced at the surface of
the aramid fiber by a high concentration of stretched chains.
This effect of the fiber seems similar to the effect of long
chains in polymer under flow e even of a different polymer
additive [15]. Thus, the excessive nucleation process induced
by fiber surface interactions through transcrystallization, in
addition to the typical shishekebab formation induced by
flow under shear, may account for the synergistic effect.

5. Conclusions

The quantitative crystallization and morphological parame-
ters obtained from real time WAXD measurements, including
the total degree of crystallinity, the degree of crystallinity of
the orientated phase, and the nucleation and crystallization
rates, present a clear picture of synergy between the shear
and the fiber contributions. Their combined effect is signifi-
cantly larger than the arithmetic sum of their individual
effects, namely, the changes induced by shear compared to
the quiescent iPP and by fiber reinforcement compared to the
neat iPP. The SAXS and SEM observations suggest that the
source of the synergistic effect is an additional new crystalliza-
tion role performed by the stretched chains on the fiber surface.
This generates a high concentration of shish nuclei at the fiber
surface on top of the nucleation sites due to transcrystallization.
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