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Abstract: This report presents a new technical approach for evaluating the fiber orientation of composites using
small-angle light scattering (SALS). Glass fiber (GF)/polypropylene (PP) composites with different fiber orientations
were prepared by drawing compression-molded specimens. The drawn samples were remelted and then annealed at
150 °C in order to induce a crystalline structure on the fiber surface, and then underwent SALS analysis. The samples
showed a combination of circular and streak patterns. The model calculations demonstrated that the number of nuclei
on the fiber surface and the thickness of the transcrystalline layer affected the sharpness and intensity of the streak
pattern. In addition, the azimuthal angle of the streak pattern was found to be dependent on the direction of the trans-
crystalline layer, which correlated with the fiber direction. This correlation suggests that the fiber orientation in the

composites can be easily evaluated using SALS.
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Introduction

The mechanical properties of polypropylene (PP) are
improved by reinforcing them with glass fibers (GF). When
molding the GF/PP composite parts, the fibers will tend to
orient in different directions. This orientation improves
mechanical properties in the fiber direction while diminishing
in the transverse direction. If fiber orientation can be deter-
mined, and thus controlled, the designer can optimize the
geometry and process to produce a light weight and lower
cost product.'”? Under certain conditions, the fiber surface
provides a large number of nucleation sites for crystalliza-
tion. This means that lamellar crystals grow from the fiber
surface in the radial direction only, producing a cylindrical
layer of crystals, which are known as transcrystalline. It is well
known that the crystalline morphology and the orientation
of the reinforced fiber have a large influence on the properties
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of composites.*® However, to our knowledge, these two
phenomena have only been studied separately. When the PP/
GF composite films are stretched, the fibers become oriented
at the stretching direction. For stretched samples, it is expected
that the fiber orientation and the crystalline morphology
may be strongly coupled. In this study, a correlation was
established between the transcrystalline structure on the fiber
surface and its corresponding small-angle light scattering
(SALS) pattern. More specifically, a correlation was estab-
lished between the fiber direction and the azimuthal angle of
the streak pattern, which suggests a new scattering technique
for evaluating the average fiber orientation in the composites.

Experimental

Commercial PP (PP186, MI=60) produced by Honam
Petrochemical Co. (Korea) was used. The chopped GF sized
for PP was supplied by Owens Coring Korea (CS04-147A).
The fiber length and diameter were 4 mm and 10 zm,
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respectively.

The undrawn GF/PP composite films were prepared as
follows. GF were randomly dispersed between the PP films
and compression-molded at 200°C for 10 min. After mold-
ing, the samples were quenched in ice water. Dumbbell-type
specimens with a size of 0.15 > 40 10 mm® were cut and
stretched using a Hounsfield universal testing machine
equipped with a heating chamber. Uniaxial stretching was
carried out at 140°C with a strain rate of 2 mm/min. The
actual draw ratio was determined from the displacement of
an ink mark made on the specimens, which was 5 mm apart
prior to stretching. After stretching, the specimens were
remelted at 200 °C for 5 min and then annealed at 150 °C for
2 hr in order to induce a transcrystalline structure on the
fiber surface. Pre-oriented samples were also prepared via
compression molding. In that case, continuous GF strands
were used.

The H, light scattering patterns were obtained using a
polarized He-Ne gas laser with a 632.8 nm wavelength. The
light was polarized in the vertical direction, while the optical
axis of the analyzer was set horizontally. The H, light
scattering pattern was recorded using a highly sensitive CCD
camera. Polarizing microscopic observations were carried
out using an OLYMPUS-BX50.

Results and Discussion

Figure 1 shows optical micrographs of the pre-oriented
GF/PP composites with an isothermal crystallization time.
A typical transcrystalline layer with a sheaf shape developed
on the fiber surface. The lamellar crystals are believed to
initially overgrow from rows of nucleating points in a
direction normal to the fiber surface. The growth front

A a”‘. "' - “
. o ol v
o ‘.:n"‘i'\‘x 5
hd .
v Ve
- ¥,
T @b Y
i X0 HC I e
5

35 min 50 min

Figure 1. Optical micrographs of the GF/PP composites at various
crystallization time.
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occasionally branches at some distances and angles in space
into new lamellae, leading to the development of a diverging
sheaf of fibrils. The sheaves are aligned almost side by side
with their axes preferentially oriented parallel to the fiber axis.
The thickness of the transcrystalline layer and the nucleation
density on the fiber surface increases with increasing crystalli-
zation time. It should be noted that the spherulites grown in
the PP matrix exist alongside the transcrystalline layer for
isothermal crystallization.

Figure 2 shows typical H, light scattering patterns from
the specimen whose direction of the fiber axis was set to
-45°C to the direction of polarizer. Both an azimuthally
dependent four-leaf pattern and streak pattern are observed
for all specimens. The angular position of the broad-leaf
patterns shifts to a lower angle region with increasing time.
This suggests that the size of the spherulite in the PP matrix
increases with increasing crystallization time. On the other
hand, the weak streak pattern at an azimuthal angle of 45°
appeared early in the experiment and became sharper with
increasing time. The observed sharp streak pattern might be
due to the increased thickness of the transcrystalline layers.

A theoretical approach to the light scattering patterns was
made in order to further understand the streak patterns. The
scattering equation for this system is similar to that pre-
viously reported by other researchers™ for a stacked sheaflike
texture, as shown in Figure 3.

According to the method proposed by Blundell,” the nor-
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Figure 2. H, light scattering patterns of the GF/PP composites at
various crystallization times. Direction of the GF (GFD) was set
to -45 ° against the polarizer direction (P).
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Figure 3. Model used for the theoretical analysis of the light scat-
tering intensity distribution. (a) Optically anisotropic sector as a
model for the sheaflike crystalline superstructure and (b) rela-
tionship between the sheaf and stack of the sheaf.

malized scattering intensity from an assembly of the sheaves
in given by

_ 2 2 1+Fy

Iy —Re{m -+ ) }

, (N

Re {2|<f>| E( —ff)}
N(1=F.)
where

F, = |Flexp[-2 misin Bcos(u— )X/ 1] @)
|F = exp[-2#"sin’ 6cos’(1— y)o-X/ 2] 3)

where 4, 8 and y are the azimuthal, scattering and particular
angles, respectively. X is the long period, N is number of
sheaves in the stack and A is the wavelength of light in a
vacuum. Eq. (1) is the same formulation given by Hosemann
and Bagchi'® in the case when the fluctuation of the domain
thickness has no correlation with the statistics of the lattice.
The term (/Y =[(f)* represents the diffuse background
scattering of a generally weak intensity, which arises from
orientation fluctuations of individual sheaves and the distri-
bution of the sheaf size. The term Re{(1+F,)/(1-F,)} corre-
sponds to the reciprocal lattice factor, which converges to
unity with increasing scattering angle &. If there is no
orientation fluctuation and all sheaves are the same size, the
total scattered field f{4) is as follows’:

i) = Rf(M - 0)x [ rdrexp(ih - r) 4)
where R, is the radius of the sector and (M- O) is the

scattering power per unit area under H, polarization conditions,
which is given by

(M-0) = Zcospysin (2(£+ 0= )}y )
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In this formula, &y is the anisotropy of the scattering element
defined by aj-a,, which is assumed to be uniaxially
symmetrical with polarizabilities ¢; and «, along and per-
pendicular to the optical axis. @ is the polar angle between
the optical axis and the sheaf axis and E, is the amplitude of
an incident beam. If there is no fluctuation in orientation,
Le. £=&, &, cosp, is defined using the equation reported by
Clough ez al." as follows:

~cosd
2 L2 2
A cos @+ sin"Osin” u

COS Pr=

(6)

The H, scattering intensity /;, of spherulite is theoretically
described as follows'*5:

I, = AV?cos’ p,(3/ UV {( .- ;)
X [cos¥(812)/cosBlcos’ tf4sinU - UcosU-3Si)y*  (7)

where 4 is the proportionality factor, V is the volume of
spherulites with radius R, x is the azimuthal angle, and «,
and g, are the radial and tangential polarizabilities of the
spherulite, respectively. SiU is the sine integral defined as

SiU= J:(sinx/x)dx (8)
where U is given by
U= 4m(R/A)sin(672) 9

In this study, total intensity of both spherulite and the trans-
crystalline layer was calculated by a convolution of egs. (1)
and (7). The numerical calculations were carried out
assuming that the optical axis formed a polar angle =0
with respect to the sheaf axis, and the sheaf had the same
size, i.e. there were no size fluctuations.

Figure 4 shows the patterns calculated, in which the values
of all parameters except for Ry, and X were fixed. In order to
simplify the analysis for the calculated patterns, the parameter
describing the spherulite radius was set to 10 um, and the
parameter describing the fluctuation in the identity period
was fixed to a very small value such as o,/X=0.001. The
parameter associated with the orientation angle of the stacks
was fixed at y=-45° because the tilt angle of the fiber axis in
Figure 2 was set to -45°. All the patterns showed a streak at
#=45°. This streak pattern appeared at Ry=>5 u#m and became
sharper with increasing R,. The high order peak of the streaks
also appeared at a large R,. The sharpness of the streak
pattern increased with increasing X. In the composites, the
thickness of the transcrystalline layer and distance between
the nuclei were assigned to R, and X, respectively. This
suggests that the number of nuclei on the fiber surface and
the thickness of the transcrystalline layer affect the sharpness
and intensity of the streak pattern. These results agree with
the optical micrographs and H, scattering patterns shown in
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Figure 4. Calculated H, light scattering patterns by varying X
and R,.

Figures | and 2.

Figure 5 shows the patterns calculated at Ry=15 ym and
X=5 um. The model calculation was carried out in order to
determine the effect of the spherulite radius, R, and the
orientation of the sheaf stack. The maximum scattering angle
of the cloverleaf patterns was shifted to lower angle with
increasing R. On the other hand, in the case of y=-10°, the
streak patterns appear at 2= 10 and 190°, and in the case of
y =-20°, the patterns show the streaks at £=20 and 200°,
This suggests that the azimuthal angle of the streaks
concerning the orientation of the stack of sheaflike texture
in the specimen is related to the orientation of the fiber axis.

R=5um R=10um

Figure 5. Calculated H, light scattering patterns by varying R
and y.
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Figure 6. H, light scattering patterns as a function of the draw
ratio.

SALS measurements were carried out for the drawn sam-
ples with different fiber orientations in order to examine the
relationship between the fiber orientation and the azimuthal
angle of the streak pattern. Figure 6 shows the light scattering
patterns of the samples stretched at a draw ratio of 2, 5, and
7. The scattering shows the superposition of a circular pattern
and a streak pattern. The circular pattern suggests that the
glass fibers in the PP matrix spatially restrict the growth of
the crystals and favor the random arrangement of the indi-
vidual lamellar crystallites. The classical clover pattern with
zero intensity in the center represents the ideal, best devel-
oped spherulite, while the circularly symmetric pattern does
not represent a unique morphological situation. Therefore, it
was impossible to examine the morphological properties
using such circular patterns. It is noting that the azimuthal
angle of the streak patterns increased with increasing draw
ratio. For the sample with the draw ratio of 7, the azimuthal
angle of the streak patterns was close to 45 and 225°, imply-
ing that the fibers are well aligned to the machine direction.
This indicates that the average fiber orientation of the drawn
samples may be related to the azimuthal angle of the streak
pattern.'™® On the basis of the simulation and experimental
results, it is found that the fiber orientation in the composites
can be easily evaluated by analyzing the light scattering
patterns.

Conclusions

This study examined the correlation between the fiber ori-
entation and the light scattering pattern using the GF/PP
composites as a model system. The results showed that streak
patterns appeared in SALS as the transcrystalline structure
developed on the fiber surface. The number of nuclei on the
fiber surface and the thickness of the transcrystalline layer
had a large influence on the sharpness and intensity of the
streak pattern. The azimuthal angle of the streak patterns
increased with increasing fiber orientation. For example, the
azimuthal angle of the streak patterns was close to 45 and
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225° for a fully oriented sample A comparison between the
experimental data and the model calculations suggests that
SALS might be used to evaluate the fiber orientation in the
composites.
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