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ABSTRACT: Computer simulation for the nonisothermal
crystallization of short fiber reinforced composites is pre-
sented. The pixel coloring technique is implemented to
the study of crystal morphology evolution as well as the
crystallization kinetics. A parametric study is used to
explore the influences of thermal conditions and fibers on
the crystallization in the reinforced system. We particu-
larly focus on the roles of cooling rate, initial temperature,
nucleation density on fibers, fiber content, fiber length,
and fiber diameter. The results indicate that cooling rate
is a significant factor to the crystallization kinetics as well
as the morphology. The initial temperature only affects
the crystallization kinetics and has minor impact on the
morphology. The additional fibers have a dual effect on

the crystallization. They depress the crystallization rate by
hindering the spherulitic growth and accelerate the crys-
tallization rate by providing nucleation sites. The con-
straining effect is mainly dependent on fiber content,
whereas the enhancing effect is mainly determined by
fiber surface and fiber nucleation density as well as sur-
face nucleation mode. Present results are hoping to give
more insight about the crystallization in short fiber rein-
forced composites and be more helpful to the industrial
application. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
123: 1584-1596, 2012
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INTRODUCTION

Short fiber in the production of polymer composites
for high-technology applications is increasing rap-
idly because of their good mechanical, thermal, and
electrical properties. Short fiber, in particular, have
the additional advantage of being able to be proc-
essed using conventional processing techniques,
such as extrusion and injection molding. Studies
related to the kinetics of crystallization and the mor-
phology are of great importance in the manufacture
processing, because of the fact that the resulting
physical properties are strongly dependent on the
morphology formed and the extent of crystallization
occurring during processing.'?

In the fiber reinforced system, the classical equa-
tion of crystallization kinetics is unable to describe
the conversion of polymer melt into spherulites.”™
This is mainly due to the fact that, on the one hand,
the spherulite growth fronts is not unconstrained
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because of the exist of fibers; on the other hand, the
surface nucleation makes the overall nucleation pro-
cess nonrandom. Some researchers*” have tried to
derive the analytical models to take into account the
roles of long fibers. However, other than the sim-
plest case of isothermal with athermal nucleation;
none of the analytical model is found in the litera-
ture to describe the crystallization of reinforced com-
posites. Numerical simulation is another efficient
tool in the prediction of crystallization kinetics and
morphology in fiber reinforced composites. Numeri-
cal modeling of isothermal crystallization in systems
reinforced with long fibers was conducted by Mehl
and Rebenfeld,®® Krause et al.,®> and Piorkowska.® In
those models, either the instantaneous or spontane-
ous nucleation in polymer bulk was assumed
whereas the nucleation on fiber surfaces was treated
as instantaneous. Overall, previous studies of crys-
tallization in fiber reinforced system are concen-
trated on the simple isothermal case, moreover, the
fibers are long and unidirectional.

Because the manufactory usually contains the
complex thermal history, nonisothermal case is more
common in the real world. Several theoretical and
numerical works have been devoted to the study of
nonisothermal crystallization in the pure crystalline/
semicrystalline polymer system. The theoretical
models, including Nakamura®'® and Kolmogorov
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model,'! are the most representative ones. Both of
them are based on the Avrami equation'*'* in the
isothermal crystallization. In addition, the former
one is based on the isokinetics, whereas the latter
one is based on the morphology evolution of crystal-
lization. Numerical studies of crystal morphology
evolution in nonisothermal system have been carried
out by Charbon and Swaminarayar,'® Huang and
Kamal,'® and Chen and coworkers."” They used the
morphological method to model the polymer
solidification.

Introducing fiber into polymeric material affects
both the crystallization kinetics and morphology. Of
course, the crystallization of the system is more com-
plex and interesting than that of pure polymer.

In our pervious work,'® we have presented a pixel
coloring method in the simulation of isothermal
crystallization for short fiber reinforced system and
have explored the effects of fiber orientation, fiber
surface nucleation density, fiber content, fiber size
on the crystallization kinetics, and morphology. In
this article, we will extend our simulation to the
nonisothermal crystallization.

The objective of this article is twofold: first, to
explore the effects of thermal condition, e.g., cooling
rate, initial temperature, on the crystallization
kinetics and morphology; second, to explore the
characteristic of fiber, e.g., fiber surface nucleation
density, fiber content, fiber size, on the crystalliza-
tion in the nonisothermal reinforced system. It is
worth mentioning that the effect of fiber orientation
which is an intrinsic property of short fiber shall not
be investigated as its effect on both morphology and
crystallization kinetics is minor.'®

COMPUTER MODELING AND SIMULATION

We investigate the nonisothermal crystallization, and
a linear decrease of the temperature is assumed: T =
Ty — c x t, where Ty is the initial temperature, c is
the cooling rate, and f is the time. We shall mention
that this temperature equation is more related to the
experimental processing.''719*

Modeling the crystallization

In the crystalline/semicrystalline system, crystals fol-
low the steps of nucleation, growth, and impinge-
ment. Once nucleated, spherulites grow at a rate of G
in all available radial directions until impingement
with the growth front of another spherulite or with a
reinforcing fiber. Growth is stopped only in the ra-
dial direction at which impingement takes place and
continues in all other radial directions until all possi-
ble materials are transformed. It should be men-
tioned that our simulation is at the spherulite level,
the crystals contain both crystalline and the amor-

phous phase rather than purely crystalline structures.
Therefore, it is independent of the degree of crystal-
linity within the semicrystalline phase of polymer.

This study is an extension of our pervious work.'®
Therefore, the model we used here is similar to that
we used in the isothermal system. In our pervious
work,'® roles of polymer bulk and the fibers are
defined separately: three variables, namely, rate of
radial spherulitic growth G(t), nucleation density in
the polymer bulk N(t), and time from onset of nucle-
ation t are used to describe the neat polymer system;
five variables, namely, nucleation density on fibers
Nf(t), fiber diameter d, fiber length /, number of fibers
per area 1y and fiber orientation angle 0 are used to
take into account the effect of fibers. Unlike the situa-
tion of isothermal crystallization, in the nonisother-
mal system, the values of Ny(t), N(t), and G(t) should
not be set to be constant and independent of time.
They should be a function of temperature. Moreover,
the definition of time ¢ in the nonisothermal system
is different from that in the isothermal case.

Different nucleation relations of N, are reported,
reviews of Pantanin et al.'’ are helpful. Usually, sci-
entists in modeling nucleation in realistic systems
have been forced to use an empirical approach. They
use the simple analytical relationship to fit the differ-
ential scanning calorimetry experimental data to
obtain the empirical relationship between the spheru-
lite density and the temperature. However, the empir-
ical relationship may quite restrict depending on the
conditions or materials. Here, we adopt the relations
of nucleation density in the polymer bulk proposed
by Pantanin et al.,'”*" and assume it to be a unique
function of the supercooling temperature AT to get

Np(t) = Np(T) = No exp[@AT]
= Noexp{o[T), — (To—cx t)] } (1)

where AT = T9 — T with T9, being the equilibrium
melting temperature, Ny and ¢ are the empirical pa-
rameters. As we study the 2D problem, we shall
convert the 3D of eq. (1) to a 2D spherulite density,
and use the stereological relationship'®

Naop = 1.458(Nsp)*/> )

The nucleation density on fiber surface is extremely
complicated, and to date, none of the expression is
found in the literature. For the sake of simplicity, we
assume that the rate of nucleation per unit fiber surface
is constant below the critical temperature T,, namely,

N0 =8m={§ 727
0 t< (TO — TC)/C
B {Nf t>(To—Tc)/c ©)
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Figure 1 Relationship between temperature and nuclea-
tion density in the polymer bulk as well as growth rate.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Therefore, the nucleation density on fibers per unit
fiber surface can be calculated by

Ny(t) = Np(#) x [t = (To — Tc) /c] (4)
Other than the various kinds of relations of nuclea-
tion density in polymer bulk, the expression of
spherulite growth rate is rare. Usually, it is assumed
to be only a function of temperature and to follow
the Hoffman-Lauritzen theory*>

e (-7

u*
Re(To —cxt—Ty)

Ky

8 exP(‘ (To— ¢ x B)[TY, — (Ty — ¢ t)}f)

where Gy and K, are constants, U is the activation
energy of motlon R, is the gas constant, T, = T, —
30 (where T, is the glass transition temperature)
and f = 2T/(T% + T).

We use the pixel coloring method presented in
our pervious work'® to capture the growth front of a
population of spherulites and use the “minimal-time
principle” to show the impingement to ensure that
every pixel has the color of the first spherulite by
which it is reached.

The addition of fibers makes our simulation more
complicated. One shall first create the fibers in the
computational region and determine the fiber sur-
face points in the length direction with the help of
technique presented in our pervious work.'®

The relative crystallinity in our study can be calcu-
lated by

G(t) = G(T) = Goexp {—

= Gpexp {—

)
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o = number of cells that have been transformed/

number of cells of polymer bulk (6)

and the mean radius of each spherulite can be
defined as

R=+/S/n 7)

with S the area of the spherulite which can be calcu-
late with the number of cells occupied by the spher-
ulite and the cell size.
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Figure 2 Comparison of relative crystallinity with dif-
ferent cooling rates, between Kolmogorov model and
pixel coloring method (a) evolves with temperature (b)
evolves with time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]
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Figure 3 Evolution of crystal morphology in polymer system (a) t = 199s, (b) t = 211s, (c) t = 221s, and (d) t = 251s.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Kolmogorov model

In the nonisothermal polymer crystallization, Naka-
mura and Kolmogorov models are the most impor-
tant ones in description of polymer crystallization
kinetics. Despite of the fact that the Nakamura
approaches do predict well in the nonisothermal
crystallization kinetics, it has often been pointed out
in the literature that the Nakamura’s equation can-
not reveal the details of the crystal morphology."
These limits are overcome by considering the
crystallization phenomenon as the Kolmogorov
model does. Accordingly, Kolmogorov mode'

which describes crystallinity evolution accounting of
the number of nuclei per unit volume and spheru-
litic growth rate can be applied. The corresponding
equations are

=1 exp(~o) ®)
t t m
d
of = Cm/¥ /G(u)du] ds 9)
0 0

where oy is the fictive volume fraction, m is a dimen-
sionality exponent, C,, is a shape factor, G is the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Evolution of crystal morphology in short fiber reinforced system with Ny = 0/mm (a) t = 199s, (b) t = 211s, (c)
t = 221s, and (d) t = 251s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

linear growth rate and N is the nucleation density.
In our case, m =2,C,, = m.

RESULTS AND DISCUSSION
Parameters and basic properties

Parameters used in the simulation are'®?": Ny = 17.4
x 10°/m>, @ = 0.155, Go = 2.1 x 10" um/s, U /Ry =
755 K, K, = 534858 K*, TO =467 K, T, =266 K, T, =
420K, and T, = 420K. Unless otherwise stated, the
fiber parameters are: [ = 200 pm, d = 8 wm, and ny =

Journal of Applied Polymer Science DOI 10.1002/app

37.5/mm> In the implement of this algorithm, the
computational domain is considered as 1mm x 1lmm,
and the number of cells are 500 x 500.

The relationship between the temperature and
nucleation density in the polymer bulk N, according
to egs. (1) and (2) as well as the spherulite growth
rate G according to eq. (5) are shown in Figure 1.
The nucleation density in the polymer bulk is a mo-
notonous decreased function with the temperature.
The lower temperature is, the larger nucleation
density in the polymer bulk is. However, the growth
rate is not a monotonous function: it takes on a first
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Figure 5 Evolution of crystal morphology in short fiber reinforced system with Ny = 20/mm (a) t = 190s, (b) t = 203s, (c)
t = 215s, and (d) t = 248s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

increase then decrease tendency when temperature
decreases. The growth rate has a peak when the
temperature approaches 350 K.

Validity of the simulation

To confirm the validity of our simulation, numeri-
cal results of crystallization kinetic data are com-
pared with the data calculated with the Komlogrov
model in the polymer system which is shown in
Figure 2. As we can see that the numerical data
shows fair agreement with the analytical data.

Therefore, the method presented here is valid and
reliable. It is also notable that the increasing the
cooling rate leads to an acceleration of the crystalli-
zation but a large range of temperature for the
crystallization.

The morphology development of crystallization
with cooling rate ¢ = 10K/min is shown in Figure 3.
The white region is the polymer melt, whereas the
colored region is the spherulitics. Different spheru-
litics are distinguished by different colors. These
results are qualitatively similar to those obtained
by Charbon and Rappaz®® as well as Huang and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Crystal morphology with different Ny (or Nf) in the case of ¢ = 2K/min (a) Ny = 0/mm(t = 937s), (b) Ny = 20/
mm (t = 901s, (c) Ny = 1.2/min/mm(t = 905s), and (d) Ny = 12/min/mm (t = 899s). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Kamal.'® Hence, the morphology of the crystalliza-

tion predicted here is also convincing. In the noniso-
thermal crystallization, nucleation sites form with
the evolution of time (temperature), therefore, the
distribution of spherulite size is much wider than
isothermal case. In addition, the shape of grain
boundaries is also different from the isothermal
case: the boundaries between two neighboring
spherulites are curved if they were nucleated at dif-
ferent times, and straight if they were nucleated at
the same time.

Journal of Applied Polymer Science DOI 10.1002/app

Effects of fibers on the evolution of morphology

The evolution of crystal morphology of short fiber
reinforced system with no extra nucleation sites on
fibers is presented in Figure 4. Compared with the
unreinforced system in Figure 3, the existence of
fibers in Figure 4 hinders the spherulitics’ growth
front by an impingement mechanism.

The evolution of crystal morphology of short
fiber reinforced system with instantaneous nuclea-
tion density Ny = 20/mm on fibers is presented in
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Figure 7 Crystal morphology with different Ny (or Nf) in the case of ¢ = 60K/min (a) Ny = 0/mm (t = 55s), (b) Ny = 20/
mm (t = 52s), (c) Ny = 20/min/mm (¢t = 53s), and (d) Ny = 200/min/mm (¢t = 50s). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Because of the additional nucleation sites
on fibers, the morphology near the fibers takes on
a significant difference. The highly oriented spher-
ulites appear near the fiber surface. These regions
of oriented spherulites, often referred to as trans-
crystalline regions,'” occur near fiber surfaces
when the local fiber nucleation density is so large
that spherulites are constrained by their neighbors
to grow in a direction perpendicular to the fiber
axis.

Effects of cooling rate and nucleation density
on fibers

Figure 6 shows the crystal morphology with differ-
ent nucleation density on fibers’ surface. The cooling
rate is ¢ = 2K/min. We shall mention that the nucle-
ation density on fibers in Figure 6(b,c) are very close,
whereas the nucleation density on fibers in Figure
6(d) is almost nine times higher. As we can see from
Figure 6(a,c,d), with the increase of Ny (or Nf), the
morphology of transcrystallinity becomes more

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Effects of cooling rate on the mean radius (a) ¢ = 2K/min, (b) ¢ = 60K/min, and (c) ¢ = 360K/min. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

obvious. However, under the conditions of similar
surface nucleation density, the instantaneous nuclea-
tion on fibers showing in Figure 6(b) leads to a more
regular and larger transcrystalline region than that
spontaneous nucleation in Figure 6(c). This phenom-
enon agrees with the numerical study by Mehl and
Rebenfeld® with long fibers. They claimed that the
instantaneous nucleation should be viewed as the
high nucleation rate limiting case of spontaneous
nucleation to exhaustion.’

Figure 7 presents the results of morphology with
¢ = 60K/min, in which the other parameters are
the same as those in Figure 6. Compared with
Figure 6, the mean size of spherulitics reduces in
this higher cooling rate case. Moreover, the mor-
phology of transcrystallinity becomes less obvious

in this case.

Journal of Applied Polymer Science DOI 10.1002/app

Mean radius of spherulites are compared with dif-
ferent nucleation density on fiber surface. This is
shown in Figure 8 where different cooling rate is
also discussed. In the case of short fiber reinforced
system, when no extra nucleation is considered on
fiber surface (Ny = 0/mm), the mean radius of spher-
ulites is less than that of the pure polymer due to the
existence of fibers that cannot be transformed. With
the increase of nucleation density (or rate) on fiber
surface, the mean radius of spherulites in the poly-
mer bulk decreases owing to the increase of trans-
crystallinity region. In addition, under the conditions
of similar fiber surface nucleation density, due to the
earlier nucleation and initiate growth, transcrystallin-
ity region in the instantaneous nucleation (Ny = 20/
mm) is larger than in spontaneous case [Fig. 8(a), Nf
1.2/min/mm; Fig. 8(b), Nf = 20/min/mm; and
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Figure 9 Effects of cooling rate on the crystallization kinetics (a) ¢ = 2K/min, (b) ¢ = 60K/min, and (c) ¢ = 360K/min.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 8(c), Nf = 1000/min/mm], therefore, correspond-
ing mean radius is less than the latter one. The
increase of cooling rate leads to a smaller value of
mean radius of spherulites and also a less sound
effect of nucleation density on fiber surface.
Corresponding crystallization kinetics is shown in
Figure 9. In the fiber reinforced system, when no
nucleation is added to the fiber surface, fibers hinder
the spherulites growth front by an impingement
mechanism, therefore, the crystallization rate is
depressed. However, when fibers provide proper or
a great many of surface nucleation sites, the enhanc-
ing effect will overwhelm the depressing effect, thus,
resulting in a higher crystallization rate. In addition,
under the conditions of similar fiber surface nuclea-
tion density, due to the earlier nucleation and initi-

ate growth, the instantaneous nucleation case (Ny =
20/mm) crystallizes more quickly than the spontane-
ous case [Fig. 9(a), Nf = 1.2/min/mm; Fig. 9(b), Nf =
20/min/mm; and Fig. 9(c), Nf = 1000/ min/mm]. The
increase of cooling rate leads to an acceleration of
crystallization and a less obvious effect of nucleation
density on fiber surface.

The observation in this section tells us that cooling
rate and nucleation density on fibers are significant
factors on the crystallization kinetics as well as the
morphology. An increase of these two values causes
an acceleration of crystallization and also a reduc-
tion of mean radius of spherulites. Moreover, the
effect of instantaneous nucleation on fibers is more
important than the spontaneous case under the con-
ditions of same nucleation density on fibers.

Journal of Applied Polymer Science DOI 10.1002/app
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can be viewed in the online issue, which is available at
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Effects of initial temperature T,

To explore the thermal history, the effect of initial
temperature on the crystal morphology and the crys-
tallization rate is studied, which is shown in Figure
10 where the cooling rate is set to be ¢ = 60K/min.
We test two extreme cases, namely, fiber serving no
nucleation sites (Ny = 0/mm) and a great many of
nucleation sites (Ny ~ 170/mm, with the nucleation
rate per unit fiber surface Nf = 200/min/mm). It is
observed that in both cases the initial temperature
has almost no effect on the mean radius of spheru-
lites in the polymer bulk but has a drastic effect on
the crystallization kinetics. As we expected, the
decrease in the initial temperature leads to an accel-
eration of the crystallization and conversely.

Journal of Applied Polymer Science DOI 10.1002/app
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Effects of fiber area fraction Ay

Effects of fiber area fraction on the crystallization in
the nonisothermal system are discussed. Similar to
the pervious work in the isothermal system, we
change the fiber area fraction A{=Il-d-ng through
varying the amount of fiber number per area ny
while keeping the other parameters the same. Three
cases are studied, namely, n, = 37.5,46.9,56.3/ mm?>,
and the corresponding fiber area fractions are As =
5.0%,7.5%,9.0%.

The effects of fiber area fraction on the mean ra-
dius of spherulites in the polymer bulk and the crys-
tallization rate with the cooling rate ¢ = 60K/min
are shown in Figure 11. In the case of fiber provid-
ing no surface nucleation, the increase of fiber area
fraction leads to a larger space occupied by fibers
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Figure 11 Effects of fiber area fraction on the mean ra-
dius of spherulites and crystallization rate. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 12 Effects of fiber length on the mean radius of
spherulites and crystallization rate. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

which hindering the spherulite growth front, there-
fore, the mean radius of spherulites and the
corresponding crystallization rate are depressed
monotonously. However, in the case of fiber serving
a great many of surface nucleation sites, the increase
of fiber area fraction leads to a increase of fiber
surface (surface nucleation sites), hence, the mean
radius of spherulites decreases dramatically and the
crystallization rate accelerate strongly. This agrees
with the experimental data of Zheng et al.” in the
nonisothermal case as well as the numerical data of
our pervious work in the isothermal case.

Effects of fiber size

Effects of fiber length are studied. Similar to the iso-
thermal case, we test three cases, namely, I = 80,
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160, and 200 pm. Defining the fiber aspect ratio as re
= [/d and holding the fiber diameter as d = 8 um,
the cases we studied become re = 10,20,25. Results
are shown in Figure 12 in which the cooling rate
and the fiber area fraction are set to be ¢ = 60K/min
and Af = 6.0%, respectively. The calculations show
that the effects of fiber length on both mean radius
of spherulites and the crystallization rate are minor.
Effects of fiber diameter are also investigated.
Three cases are studied, namely, d = 20,10, 8 pm.
Fixing the fiber length as [ = 200 pm, the fiber aspect
ratio we used in the study are re = 10, 20, 25. Figure
13 shows the effect of fiber diameter on the mean ra-
dius of spherulites and the crystallization rate. When
no fiber surface nucleation sites is considered, the
change of fiber diameter affects neither mean
radius of spherulites nor the crystallization rate.
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Figure 13 Effects of fiber diameter on the mean radius of
spherulites and crystallization rate. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Nevertheless, when a great many of fiber surface
nucleation sites is considered, the increase of fiber
aspect ratio (decrease of fiber diameter) leads to the
increase of fiber surface (surface nucleation sites),
thus, the mean radius of spherulites decreases obvi-
ously and the crystallization rate is also enhanced
significantly.

Roles of fiber size on the crystallization in the
nonisothermal case are also similar to the isothermal
one.

CONCLUSIONS

Computer simulation of crystallization kinetics and
morphology in short fiber reinforced composites is
presented in this article. The pixel coloring method
is extended to the study of nonisothermal crystalli-
zation simulation. Results obtained in the polymer
system show fair agreement with the Kolmogorov
model. Moreover, results presented in the reinforced
system also show qualitative agreement with the ex-
perimental and numerical data. Therefore, this
method is reliable and valid in this study.

A parametric study is used to explore the influen-
ces of thermal condition and fibers on the crystalli-
zation in the reinforced system. We show the effects
of cooling rate, initial temperature, fiber nucleation
density, fiber content, fiber length, and fiber diame-
ter on the crystallization. The results show that cool-
ing rate is a significant factor to the crystallization
kinetics as well as the morphology. In the case of
higher cooling rate, the range of temperature for
crystallization is wider which leads to a high nuclea-
tion density in polymer bulk and results in a reduc-
tion of mean size of crystals. The initial temperature
only affects the crystallization kinetics and has
minor impact on the morphology. The decrease in
the initial temperature leads to an acceleration of the
crystallization. Similar as the isothermal case in short
fiber reinforced system, fibers in nonisothermal case
also have a dual effect: fibers depress the crystalliza-
tion rate when compared to the neat polymers or
accelerate the crystallization rate by providing nucle-
ation sites. The constraining effect is mainly depend-

Journal of Applied Polymer Science DOI 10.1002/app
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ent on fiber content, whereas the enhancing effect is
mainly determined by fiber surface and fiber nuclea-
tion density as well as surface nucleation mode.

We present a computer simulation for nonisother-
mal crystallization in short fiber reinforced system.
We hope that the results presented in this study will
provide useful suggestions for the modelization of
the crystallization in short fiber reinforced system,
and will give more insight about the crystallization
in the industrial processes.
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