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ABSTRACT: In this study, nonisothermal crystallization
kinetics of glass fiber (GF) and clay-type mineral (MN)-re-
inforced polyamide-6 (PA6) composites prepared in a
twin screw extruder were investigated by differential
scanning calorimetry method in the presence and absence
of an organic nucleating agent (NA). Kinetic parameters
for the nonisothermal melt-crystallization process of
samples were determined with several models namely
Ozawa, Avrami, Jeziorny, and Liu-Mo. Crystallization
rate parameters of the samples and nucleation activity of
the fillers and additives were also calculated by the mod-
els suggested by Zhang and Dobreva and Gutzow, respec-
tively. Crystallization activation energies of the samples
were determined by the Kissinger model. It was found

that the MN filler accelerates dramatically the crystalliza-
tion rate of PA6 even without a NA. Small amount of NA
also has a significant acceleration effect on the crystalliza-
tion rate of PA6 composites. The rate acceleration effect of
NA was found to be more pronounced in the composite
sample reinforced with GF. Based on the kinetic study
using of GF as major filler and small amount of clay-like
MN in the PA6 composites could improve the mechanical
properties and crystallization rate of injection-molded
parts. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 125:
E268-E281, 2012
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INTRODUCTION

Polyamide-6 (PA6), the most widely used member
of aliphatic polyamides in many engineering appli-
cations such as automotive parts, electronic equip-
ments, and packaging materials due to its superior
physical and mechanical properties shows interest-
ing crystalline features. It exhibits two crystalline
structures, namely, o and y phases." It is known that
crystalline structure of PA6 can be influenced by
thermal conditions, stress, moisture, and additives.>>
Injection-molded parts produced from PA6 com-
pounds which include various types of additives
such as impact modifiers, fillers, nucleating agents
(NA), etc., are commonly used in automotive plas-
tics. The most widely used commercial fillers in the
PA6 compounds are short glass fiber (GF) and min-
erals (MN) for enhancing of mechanical properties
and cost-saving manufacturing of complex parts.
Therefore, comprehensive knowledge of the material
considering the structure-property relationships is
essential for an appropriate and economical design.
Many articles have been published about the investi-
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gation of mechanical properties of GF-reinforced
PA6 composites® and nanocomposites'’™"* in both
computational and experimental point of view.

It is well known that physical properties of a
semicrystalline polymer are governed by the supra-
molecular structure, which in turn is controlled by
the crystallization. Crystallization behavior of PA6
compounds and composites not only depends on the
structural features of the matrix but also physical
properties of the second phase and/or fillers such as
surface character, loading amount, geometry, disper-
sion, etc., and processing conditions. In the last dec-
ade, many research efforts have been devoted into
studying the effects of various types of nanofillers
such as carbon nanotubes,'*'° graphite'” and clays/
organoclays,'®2° and nanotubular halloysite*! on the
crystallization behavior of polyamides. On the other
hand, crystallization behaviors of polyamide blends
have also been studied.”* Wu et al. studied the
nonisothermal crystallization kinetics and melting
behaviors of PA6 matrix in PA6/PA66 blend,
namely, all-PA composites and reported that the
nucleation mechanism, crystal growth, and final
crystal form of PA6 were changed by the presence
of PA66 fibers in the all-PA composites.** The use of
NA is mostly essential in industrial processing oper-
ations to control the structure formation and to
shorten the cycle time especially in case of slowly
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TABLE I
Some Physical Properties and Chemical Composition of
the Mineral Filler

pH 55
Loss of ignition (wt %) 8.40
Cation exchange capacity (CEC) 82 meq/100 g

Particle size analysis (um) (wt %)
>140 1
140-70 12
70-40 10
<40 77

Chemical composition
510, 61.16
AL O; 19.44
CaO 0.38
Fe203 4.60
MgO 2.26
Na,O 0.22
K,O 2.05

crystallized polymers such as poly(ethylene tereph-
thalate) and PA6. Effect of NA, generally B-nucle-
ants, on the crystallization behavior polyamide
blends were studied in the polypropylene (PP)/
polyamide blends for the crystallization of PP phase
rather than polyamide.”>*>>

To the best of our knowledge, only Goschel et al.*
investigated the influence of a polymeric nucleating
additive on the crystallization of GF-reinforced PA6
composite. They investigated the effects of different
amounts (0.1 and 0.2 wt %) of a polymeric nucleat-
ing additive based on the short-chain polyamide 2,2
on the crystallization kinetics and morphology of
short glass fiber-reinforced PA6 composites by the
differential scanning calorimetry (DSC), optical hot-
stage microscopy and atomic force microscopy meth-
ods. They reported that the polymeric NA had a
minor influence on the orientation of GFs but signifi-
cantly increased the overall crystallization rate of
PAG6. It was also pointed out that the polymeric NA
significantly enhanced the heat deflection tempera-
ture of PA6-GF composite possibly due to an
improved fiber-to-matrix contact in relation to the
spherulite size and distribution.

In this study, nonisothermal crystallization
kinetics of GF- and natural clay-reinforced PA6 com-
posites were investigated by DSC method in the
presence and absence of an organic NA. Crystalliza-
tion data were quantified to understand rate acceler-
ation effect of the NA for the crystallization of PA6
composites reinforced with the most widely used

OH
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Figure 1 Chemical formula of the nucleating agent.
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TABLE II
Sample Compositions
wt % phr
Glass  Mineral
Polyamide-6  fiber fiber Nucleating
Samples (PA6) (GF) (MN) agent (NA)
PA6 100
PA6-GF 85 15
PA6-GF-NA 85 15 0.5
PA6-MN 85 15
PA6-MN-NA 85 15 0.5

commercial fillers, GF, and natural MN. This quanti-
fication has provided important knowledge for the
injection-molding operations in plastic industry.

EXPERIMENTAL
Materials

In this study, PA6, Akulon® F232 supplied from
DSM was used as composite matrix. GF used in the
study was a commercial grade chopped strand
obtained from Sisecam, TR. It is a surface-treated GF
(PA2) with a silane-based coupling agent (0.6 * 0.15
wt %) and recommended for the polyamide-based
composites. The chopped length and filament diam-
eter of PA2 have been declared as 3 mm and 10.5
um by the producer, respectively. MN filler used in
the study was natural clay, denoted by a local sup-
plier. Physical properties of the MN filler were given
in Table I. NA used in the study is Sandostab® 4030
supplied from Clariant. It is bis(p-tert-butyl benzoa-
te)hydroxyaluminum in white, fine, and free-flowing
powder form, having the chemical formula of
CoHy7AlIOs with the density of 1.14 g cm >, The
chemical structure of Sandostab® 4030 is given in
Figure 1.

PAB

PAB-GF

PAB-GF-NA

endo. (down)

PAB-MN

PAB-MN-NA

heat flow
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Temperature (°C)

Figure 2 First melting endotherms of the PA6 and com-
posite samples recorded at the heating rate of 10°C min .
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Figure 3 Nonisothermal crystallization exotherms of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-MN

and (e) PA6-MN-NA.

Melt processing

Samples were processed in a lab-scale twin screw
extruder (Coperion, ZSK 26 MC, D: 26 mm, L/D: 40)
with a screw speed of 80 rpm. A temperature profile
of 250-280°C was applied throughout the barrel
from the feeding zone to die and then the extrudate
was granulated. PA6 was also processed at the same
conditions. Before the melt processing, PA6 granules
and fillers were dried in a vacuum oven overnight
at 70°C. Sample compositions are defined in

Journal of Applied Polymer Science DOI 10.1002/app

Table II. Extrudated granules were kept in moisture
barrier aluminum sachets to prevent possible effects
of humidity on the crystallinity of PA6 and compos-
ite samples.

Differential scanning calorimetry (DSC) study

Melting and crystallization runs of the samples were
carried out in a heat flux-type DSC, SII Nanotechnol-
ogy ExStar 6200. Temperature and heat flow
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calibration of the instrument were achieved with
high purity indium (In), tin (Sn), and zinc (Zn)
metals.

In nonisothermal crystallization runs, samples
weighing about 9-10 mg in an aluminum crucible
were heated from 0 to 260°C with the heating rate of
10°C min ' and kept at this temperature for 2 min to
remove the thermal history then cooled from 250 to
0°C with the cooling rate of 2, 5, 10, and 15°C min
by an electrical cooling device, Thermo Scientific
EK90C/SII intracooler. After completion of the melt-
crystallization process, samples were kept at 0°C for
2 min. Subsequently, nonisothermally crystallized
samples at different cooling rates were heated again
from 0 to 260°C with the heating rate of 10°C min~".

Degree of crystallinity (X)) was determined from
the second melting enthalpy values using the follow-
ing equation:

AH

Xe(%) = (1 — o)AHD,

% 100 1)

where AH,, is second melting enthalpy of the sam-
ples (J g 1), AHY, is the enthalpy value of melting of
a 100% crystalline form of PA6 (240 J g '),>' and a is
the total weight fraction of fillers and additives. All
runs were carried out under nitrogen (N) atmos-
phere at a flow rate of 50 mL min ' to prevent ther-
mal degradation of the samples.

RESULTS AND DISCUSSION
First melting endotherms of the samples

Figure 2 shows the first melting endotherms of the
PA6 and composite samples recorded at the heating
rate of 10°C min~'. A clear premelt crystallization
exotherm is observed for the composite samples
before the melting at the heating rate used. Premelt
crystallization behavior can be attributed to forma-
tion of smaller crystals within the amorphous region
or rearrangement of disordered or uncompleted
crystals by the chains which gain mobility at the
temperatures before melting. This behavior is more
pronounced in the PA6-GF composites. It was found
that premelt crystallization peak temperatures of
PA6-GF, PA6-GF-NA, PA6-MN, and PA6-MN-NA
are 192.4, 190.5, 179.3, and 184.0°C, respectively. As
seen, organic NA slightly decreased the premelt
crystallization peak temperature in the PA6-GF sam-
ple while it increased this temperature in the PA6-
MN system. On the other hand, double melting
endotherms, which are known as the characteristic
behavior of PA6, are seen for the composite samples
except the PA6-GF-MN. Double melting behavior
will be discussed later regarding the sample compo-
sition and nonisothermal crystallization conditions
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TABLE III
Melt Crystallization Onset (T,,) and Peak (T.)
Temperatures, Crystallization Rates, and Enthalpy
Values of the Samples

¢ Tco Tcp To.5 aAHc
CCmin ") Q) (°C)

Samples (minY) (¢ gfl)

PA6 2 193.6 1874 0.17 56.7
5 187.7 179.6 0.32 63.5

10 1842 1735 0.59 66.5

15 181.0 170.8 0.91 65.2

PA6-GF 2 196.7 193.7 0.37 49.0
5 1925 188.3 0.71 51.6

10 188.2 182.6 0.93 54.4

15 186.2 180.7 1.56 52.2

PA6-GF-NA 2 198.1 194.8 0.40 52.5
5 193.1 189.5 0.76 48.7

10 188.8 184.6 1.26 46.4

15 186.6 1825 1.70 53.9

PA6-MN 2 198.2 1959 0.45 54.1
5 1942 1913 0.73 57.0

10 190.3 186.7 1.33 57.2

15 188.3 184.3 1.80 58.0

PA6-MN-NA 2 198.3 196.0 0.42 55.2
5 1943 1914 0.74 57.3

10 1905 187.1 1.32 58.6
15 187.7 184.2 1.61 62.2

@ Enthalpy of melt-crystallization.

as it mainly depends on the compositional parame-
ters and thermomechanical history of the samples.

Kinetics of nonisothermal crystallization

Nonisothermal melt crystallization exotherms of the
samples at various cooling rates are given in Figure
3(a—e). The crystallization onset (T,) and peak tem-
peratures (T.p) of the samples at which the crystalli-
zation rate is maximum at all cooling rates are listed
in Table IIl. As expected, the T., values shift to
lower temperatures with an increasing cooling rate
for all the samples. At a given cooling rate, the T,
values of the samples decreased in the order of PA6-
MN-NA =PA6-MN>PA6-GF-NA>PA6-GF>PAS6.

The most used kinetic approach for the noniso-
thermal crystallization process of semicrystalline
polymers is the Ozawa model.* It is based on the
extended form of the Avrami approximation assum-
ing that the nonisothermal crystallization process is
composed of small isothermal steps. The Ozawa
equation is as follows:

Xi=1—exp ng)) )

where X; is the relative crystallinity, K(T) is the crys-
tallization rate function, ¢ is the cooling rate (°C
min '), and m is the Ozawa constant which depends
on the dimensions of the crystal growth and the
nucleation mechanism.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Relative crystallinity (X;)-temperature curves of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-

MN, and (e) PA6-MN-NA.

The relative crystallinity (X;) as a function of the
crystallization temperature or time can be obtained
by partial integration of the crystallization exo-
therms. The relative crystallinity can be defined as a
function of the crystallization temperature in the fol-
lowing form:

()T
X =1

(7)dT

®)

ST —

Journal of Applied Polymer Science DOI 10.1002/app

where T, and T are the onset and end temperatures
of the crystallization, respectively. Relative crystal-
linity (X,)-temperature (T) curves of the samples are
presented in Figure 4(a—e). Figure 5(a—e) shows the
X-time (t) plots of the samples. All the X~ curves
at various cooling rates have the same characteristic
sigmoid shape. The first nonlinear part of the S-
shaped curves is generally considered as the nuclea-
tion step of the crystallization process. Each curve
showed a linear part considered as primary crystalli-
zation; subsequently a second nonlinear part
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Figure 5 Relative crystallinity (X;)-time curves of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-MN, and

(e) PA6-MN-NA.

deviated off slightly and is considered secondary
crystallization, which was caused by the spherulite
impingement in the late stage of the crystal growth.
For the relative crystallinity versus time (t) curves, a
higher cooling rate led to a shorter time to complete
the crystallization.

If the double logarithmic form of the eq. (2) is
taken, a linear relationship can be obtained as fol-
lows:

In[-In(1 — X;)] =In K(T) — mlne 4)

Plotting In [-In (1-X)] against In¢ at a given tem-
perature should yield a straight line. The slope of
the line is the Ozawa constant, m, and the intercept
is K(T). Ozawa plots of the PA6 are given in Figure
6(a). The Ozawa model successfully fitted the noni-
sothermal crystallization behavior of the PA6 at vari-
ous crystallization temperatures. Figure 6(b) shows
the Ozawa plots of nucleated and non-nucleated
composite samples at 186°C. It is clearly seen that
Ozawa model cannot fit the nucleated and non-
nucleated MN filled composites. Similarly, it has

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Ozawa plots of the samples. (a) PA6 and (b)
Composite samples at 186°C.

been reported that the Ozawa equation could not be
used for modeling of the nonisothermal crystalliza-
tion kinetics of some polymer/clay nanocomposite
systems.” > The Ozawa kinetic parameters for the
crystallization process of the PA6 and composite
samples including GF are listed in Table IV. The m
values of the PA6 varied between 220 and 2.65
which suggest the homogeneous nucleation and
growth mechanism of the combination of two
dimension (2D) and three dimension (3D). On the
other hand, m was found to be 4.20 and 3.79 for the
PA6-GF and PA6-GFE-NA, respectively, which refer
these samples were heterogeneously nucleated and
growth in 3D. The K(T) values of the PA6 decreases
with the increasing of temperature as expected.
However, it is seen that the K(T) values of the
nucleated and non-nucleated composites reinforced
with the GF are dramatically higher than that of
PA6 at 186°C. This result demonstrates the rate
acceleration effect of GF and NA used in the study
on the crystallization of PA6.

An alternative approach, the Avrami mode
was used in this study to compare crystallization
rates of the samples. The Avrami equation is as
below:

1’36—38
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Xy =1—exp(—2Zit") 5)

where n is the Avrami constant which depends on
the crystal growth mechanism and Z; is the rate con-
stant involving both nucleation and growth rate pa-
rameters. The Avrami model is generally used to
analyze the isothermal crystallization kinetics of a
polymer taking into account the developing relative
crystallinity with time. Therefore, it should be noted
that in nonisothermal crystallization, the Avrami ki-
netic parameters do not have the same physical
meanings as in the isothermal crystallization since
the temperature changes steadily in the nonisother-
mal processes. Both nucleation and crystal growth
processes are temperature dependent in the noniso-
thermal crystallization. However, the Avrami model
can provide useful insights into the kinetics of noni-
sothermal crystallization processes. Taking double
logarithmic form of the eq. (5):

In[—In(1 — X)] =InZ; + nint (6)

and plotting In[-In(1-X;)] versus Int for each cooling
rate, straight line should be obtained to determine
kinetic constants. Avrami plots generally fit the ex-
perimental data linearly at low degree of crystallin-
ity and deviate from the linear regression at higher
crystallization ratio as possible; it does not account
the secondary crystallization. In nonisothermal crys-
tallization, the temperature change at a given cooling
rate affects the rate of both nucleation and spherulite
growth which are temperature-dependent parame-
ters. Considering the temperature-dependent charac-
ter of the nonisothermal crystallization process, the
rate parameter, Z;, was modified by Jeziorny.*

InZ,
¢

Avrami plots of the samples are illustrated in Fig-
ure 7 and the kinetic constants obtained by the Jez-
iorny modification are listed in Table V. As shown
in Figure 7, the Avrami model was able to fit the

InZ, =

@)

TABLE IV
Ozawa Kinetic Parameters of the Samples
Temperature K(T)
Samples (°C) m [(CC min~ )" r
PA6 176 2.20 64.37 0.996
178 2.46 63.06 0.992
180 2.65 50.36 0.975
182 2.28 14.26 0.998
184 2.36 8.77 0.990
186 2.47 5.45 0.982
188 2.58 2.98 0.994
190 2.56 1.22 1.000
PA6-GF 186 4.20 1506 0.999
PA6-GF-NA 186 3.79 1207 0.999
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Figure 7 Avrami plots of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-MN, and (e) PA6-MN-NA.

primary crystallization stage of the samples and it
deviated from linearity due to the secondary crystal-
lization for all cooling rates. Changes in Avrami con-
stants (1) with cooling rate imply that crystallization
of the samples occurred in various growth forms. It
was found that n values varied depending on the
cooling rate and type of filler. Consequently, it is
difficult to infer the nucleation mechanism and crys-
tal growth analysis based on the Avrami constants
of the samples. On the other hand, the rate parame-
ters (Z.) of the samples increase with the increasing
of cooling rate for all samples. At a given cooling

rate, especially relatively high cooling rates (e.g., 10
and 15°C min~') which can provide inferential
knowledge for the real solidification conditions in
the plastic processing operations, Z. values of the
samples decreased in the order of PA6-MN>PAG6-
MN-NA>PA6-GF-NA>PA6-GF>PA6. This relation-
ship denotes that the clay-like MN can act a very ef-
ficient filler to increase the crystallization rate of
PA6.

Another method, developed by Liu and Mo,** was
also used to describe the nonisothermal melt-crystal-
lization process. Liu et al. offered a new method

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Avrami-Jeziorny Kinetic Parameters

Samples ¢ (CC min™?) n Ze (min™) r

PA6 2 4.13 0.021 0.998
5 4.69 0.316 0.997

10 4.67 0.753 0.998

15 4.36 0.951 0.998

PA6-GF 2 4.32 0.101 0.999
5 4.07 0.699 0.997

10 3.88 0.944 0.999

15 3.66 1.087 0.998

PA6-GF-NA 2 3.81 0.142 0.998
5 4.00 0.741 0.996

10 4.06 1.058 0.997

15 4.35 1.141 0.998

PA6-MN 2 4.02 0.157 0.998
5 5.30 0.668 0.998

10 4.36 1.099 0.999

15 4.32 1.157 0.997

PA6-MN-NA 2 4.22 0.127 0.999
5 4.72 0.730 0.998

10 441 1.085 0.998

15 4.90 1.145 0.999

combining the Avrami and Ozawa equations at a
given value of X, as follows:

InK(T) —mInd =InZ; + nint (8)
Ing =InF(T) —alnt 9)

where the parameter F(T)=[K(T)/Z,]"/™ refers to the
cooling rate, and a is the ratio of the Avrami con-
stant 7, to the Ozawa constant m. According to the
Liu-Mo model, plotting In$ versus Int, series of
straight lines are obtained at a given value of rela-
tive crystallinity. The kinetic parameters, F(T) and 4,
could be determined by intercept and slope of these
lines, respectively. At a certain value of X;, a higher
value of F(T) means that a high cooling rate is
needed to reach this X, in a unit time which also
indicates the difficulty in crystallization process. The
Liu-Mo plots of the samples are shown in Figure
8(a—e). The Liu-Mo model was applied to the sam-
ples at the relative crystallinity values of 20, 40, 60,
and 80% and successfully fit the crystallization
kinetics of the PA6 and composite samples. Table VI
summarizes the values of Liu-Mo parameters for the
samples. Values of a increased slightly with the
increasing of X; for all the samples. In Table VI, it is
also seen that the F(T) values increase with the
developing of X;. From the Liu-Mo modeling of the
samples, the F(T) values of PA6 were found to be
the highest at a given relative crystallinity value.
This indicates the difficulty for nonisothermal crys-
tallization of PA4 compared to composite samples.
At a particular X; F(T) values of the samples
decreased in the order of PA6>PA6-GF>PA6-GF-
NA=PA6-MN-NA>PA6-MN. This result also
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implies the efficiency of MN filler to easify and pro-
mote the nonisothermal crystallization of PA6.

Another simple and quantitative approach for com-
paring the effects of fillers and/or additives on the
nonisothermal crystallization rate of the samples is to
calculate the crystallization rate parameter (CRP)
which can be determined from the slope of a linear
line drawn through a plot of the reciprocal crystalliza-
tion half-time (to5=1/ty5) versus the cooling rate
(¢).*'#? Crystallization half-time (t5) which is defined
as the time taken the relative crystallinity of the sam-
ple reaches the value of 50% can be directly obtained
from the relative crystallinity—time curves. Figure 9
shows the plots of 195 versus ¢ for the samples. The
values of CRP are listed in Table VI. The CRP values
of the samples increased in the order of PA6<PA6-
GF<PA6-GF-NA =PA6-MN-NA<PA6-MN which refers
that the MN filler is the most effective material to
enhance the crystallization rate of PA6 even in the
absence of NA. The composites that include GF and
MN yielded the same CRP values in the presence of
NA into the composition. These results are conven-
ient with the kinetic findings mentioned above.

Nucleation activity of fillers and Sandostab® 4030

Dobreva and Gutzow®** suggested a simple

method to calculate the nucleation activity of foreign
substrates, additives, etc., in a polymer melt. This
method has also been used for silica nanoparticle-
filled PEN,* surface modified talc-PP cornposi’ces,46
and PP/SiO, nanocomposites.”” Nucleation activity
(¢) can be defined as a factor by which the work of
3D nucleation decreases with the addition of a for-
eign substrate. If the foreign substrate is extremely
active for nucleation, value of ¢ approaches 0, while
it is about 1 for inert particles. Mathematically, the
nucleation activity is the ratio of B parameters in
heterogeneous and homogenous medium:

¢ = B (10)

B parameter is defined as,

3172

__0c Ve (1)

3nkpTAS2,
where o is a geometric factor, ¢ is a specific energy,
V,n is the molar volume of the crystallizing substance,
n is the Avrami exponent, AS,, is the melting entropy,
and ATY, the equilibrium melting temperature.

However, B parameter could be determined exper-
imentally by using the simple definitions of noniso-
thermal crystallization. For homogenous nucleation,
B parameter can be calculated from the following
equation:
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Figure 8 Liu-Mo plots of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-MN, and (e) PA6-MN-NA.

B

11'1(1):C*A7Tg

(12)
where ¢ is the cooling rate, C is a constant and AT,

is the supercooling (T,, — T.). For heterogeneous
nucleation, eq. (12) becomes:

B*

II'I(I):C—AiTg

(13)

B and/or B* can be obtained by plotting In¢ versus
the 1/ATZ2. These plots of the samples are given in

Figure 10. The ¢ values of the samples are listed in
Table VI. As seen, nucleated and non-nucleated MN
filled composites exhibit lower ¢ values than the
GF-reinforced counterparts. This can be attributed to
the fact that the clay-like MN is more efficient filler
than the GF for the nucleation, itself. Furthermore, it
could be concluded that the organic NA, Sandostab®
4030, cannot yield an additional decrease in ¢ for
the MN-filled system while it acts an effective nucle-
ants in the composite reinforced with the GF. This
could be explained by the fact that the Sandostab®
4030 is mainly located onto the surfaces of clay
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TABLE VI
Liu-Mo Kinetic Parameters, Crystallization Rate
Parameters (CRP), Nucleation Activity, and
Crystallization Activation Energy Values of the Samples

X, F AE,4

Samples (%) a (Ty CRP o) (kJ mol™")
PA6 20 119 131 0.057 - -210.9
40 120 16.6
60 120 192
80 119 222
PA6-GF 20 137 54 0.086 0.661 —270.7
40 140 72
60 141 8.9
80 142 112
PA6-GF-NA 20 137 49 0.099 0.616 —292.4
40 138 65
60 138 8.0
80 139 10.0
PA6-MN 20 143 45 0.106 0.575 —313.4
40 144 5.9
60 145 72
80 148 93
PA6-MN-NA 20 146 5.0 0.098 0.571 —-312.1

40 146 6.5
60 147 78
80 150 10.0

layers/particles thereof the filler-polymer interface.
A big organic molecule onto filler surface can deteri-
orate the nucleation and crystallization behavior of
the polymer however it can increase the interfacial
interactions. We previously reported that natural
clay, montmorillonite, exhibited lower ¢ value than
the organically modified counterpart and unmodi-
fied clays were more effective than the modified
ones to increase the crystallization rate of the
sys’cem.48

2,0

0,8

0,4

T T T T T T
0 5 10 15

¢ °C min™)
Figure 9 Plots of 15 against the cooling rate, ¢, for
determination of the crystallization rate parameters of
samples.
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Figure 10 Plots of In¢ against 1/8T.> for determination
of the nucleation activity of fillers.

Crystallization activation energy

Crystallization activation energies of the samples
were determined by the Kissinger approach.* The
Kissinger model, based on the finite relationship
between the peak temperatures, T,,, obtained from
the nonisothermal crystallization exotherms and the
heating/cooling rates used, can be described as fol-
lows;

)] ae

R

cp

where ¢ is the cooling rate (°C minY), Tep is the
crystallization peak temperature (K), AE4 is the acti-
vation energy of the crystallization process (k]
mol ™), and R is the universal gas constant (8.314 kJ
mol 'K '). Kissinger plots of the samples are given
in Figure 11, and the AE, values are listed in Table

-9,5 4
10,04
10,5
NS (@)
l_
= 11,04
<
O PA6
e O PAG-GF
A PAG-GF-NA
12,0 7 PAB-MN
< PAG-MN-GF
12,5 4——7—— r

— —
2,10 212 2,14 2,16 2,18 2,20 2,22 2,24 2,26 2,28
1T (x10°, K™)

cp

Figure 11 Kissinger plots of the samples.
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Figure 12 Second melting endotherms of the samples. (a) PA6, (b) PA6-GF, (c) PA6-GF-NA, (d) PA6-MN and (e) PA6-
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

VI. AE, is negative due to the exothermic nature of
the transition from melt to crystalline state and the
negative activation energy values also imply that the
crystallization mechanisms are accelerated by
decreasing the temperatures. The AE, values of all
the composite samples were significantly lower than
PA6. The AE, values of the samples decreased in
the order of PA6>PA6-GF>PA6-GF-NA>PA6-
MN=PA6-MN-NA which refers the reducing of

energy barrier for crystallization depending on the
sample composition.

Second melting behaviors of the samples

In some cases, semicrystalline polymers can exhibit
multiple melting endotherms which are generally
attributed to the melting of imperfect crystals
formed during the crystallization or formation of

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VII
Melting Temperatures, Enthalpy of Fusion, and Degree of Crystallinity Values of the
Samples

Samples ¢ (°C min™") Twi CC) Tou (°C)  Tpm °C)  °AH,, (] gq) X (%)
PA6 2 194.3 214.8 220.7 65.7 322
5 186.3 213.3 220.0 61.8 30.3
10 183.7 - 220.2 58.5 28.7
15 174.0 - 220.6 54.6 26.8
PA6-GF 2 198.3 216.7 - 57.2 28.0
5 194.2 215.5 221.0 53.2 26.1
10 185.1 212.0 220.8 49.5 24.3
15 184.0 210.7 220.5 46.2 22.6
PA6-GF-NA 2 199.7 - 218.6 57.9 28.4
5 194.0 215.0 220.2 51.8 254
10 190.5 214.2 221.4 49.6 243
15 186.0 212.0 220.5 459 22.5
PA6-MN 2 200.2 - 218.3 61.2 30.0
5 198.2 215.6 220.4 56.6 27.7
10 194.6 214.5 221.0 55.1 27.0
15 188.5 212.7 220.7 54.8 26.9
PA6-MN-NA 2 200.4 217.8 - 69.3 34.0
5 196.7 215.8 219.7 67.9 33.3
10 194.6 213.4 220.5 64.9 31.8
15 188.8 212.6 220.5 62.1 30.4

? Enthalpy of second melting endotherm recorded at the heating rate of 10°C min .
" Degree of crystallinity calculated from the enthalpy of second melting.

different crystal types depending on the presence of
specific NA and/or thermomechanical history. Mul-
tiple melting endotherms have been reported for
PA6, PA6 composites and blends, so far 50511524

Second melting endotherms of the PA6 and com-
posite samples crystallized at various cooling rates
are given in Figure 12(a—e). The melting peak tem-
peratures, enthalpy of fusion and degree of crystal-
linity values of the samples are listed in Table VIL
As seen in Figure 12, it is apparent that the DSC
endotherms of the composite samples which were
especially crystallized at higher cooling rates (10 and
15°C minfl), exhibit triple melting peaks. At low
cooling rates (2 and 5°C min '), the low-temperature
melting peak are not obvious. Thus, each second
melting endotherm was simple deconvoluted into
three peaks by a Lorentzian function after perform-
ing a linear baseline correction. An illustrative peak
deconvolution of a sample is given in Figure 12(f).
The smaller peaks shown at low and medium tem-
peratures and the main peak shown at high temper-
ature are referred as the T,,1, T),n, and T, 1, respec-
tively. In the composite samples, the peak positions
of T,,1 and T, shifted to lower temperatures, while
the position of main peak, T, m, did not change
with the increasing of cooling rate.

Multiple melting peaks of PA6 have been con-
cluded in different manners, depending on the crys-
tallization conditions. For example, Li et al.'”® studied
on the isothermal crystallization kinetics of PA6/car-
bon nanotube (CNT) nanocomposites and reported
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triple melting endotherms for the isothermally crys-
tallized samples at the temperature range of 188-
200°C. They referred the first, second, and third
peaks appeared around 193-206, 212-218, and
220°C, respectively, as the melting endotherms of a-
spherulites with different size and level of perfection
during the crystallization. On the other hand, Wu
et al.”* reported double melting endotherms for the
nonisothermally crystallized PA6 at the cooling rate
between 1 and 50°C min~'. They observed a low-
temperature peak about 215°C referred as the y-form
and a high-temperature peak about 220 referred as
the o-form crystals.

In this study, we do not speculate the double
melting peaks in related with the different crystal
forms of PA6 as the DSC results should be con-
firmed with X-Ray diffraction (XRD) study to under-
stand formation and transformation of crystal forms
of PA6 depending on the fillers and crystallization
conditions. However, it can be noticed that the T,,;
values of the samples are just 3-5°C higher than the
crystallization peak temperatures at a given cooling
rates. Therefore, the T,,; could be attributed to the
melting of imperfect and smaller crystals which
were possibly formed during the secondary crystalli-
zation. It was found that degree of crystallinity, X,
(%) values of the all samples decreased with the
increasing of cooling rate. PA6 yielded higher X,
values than the composites except the PA6-MN-NA.
This could be attributed to formation of smaller crys-
tals in the composite samples due to heterogeneous
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nucleation in the first step of crystallization and less
imperfection during the crystal growth. The PA6-
MN-NA sample shows a slightly higher X. values
than the both PA6 and other composites at a given
cooling rate.

CONCLUSIONS

In this study, nonisothermal crystallization kinetics
of PA6 composites reinforced with the same amount
(15 wt %) of GF and MN fillers were investigated in
detail in the presence and absence of an organic NA,
Sandostab® 4030. It was found that both fillers al-
ready acted a NA for the crystallization of PA6, but
the MN filler more effectively increased the crystalli-
zation rate of PA6 than the GF independently on the
presence of NA. All the kinetic data determined by
several mathematical approaches showed that intro-
ducing a small amount of Sandostab® 4030 (0.5 wt
%) into the composition easified the crystallization
and promoted the crystallization rate of GF rein-
forced composite significantly, whereas it exhibited
no additional effect for accelerating the crystalliza-
tion rate of MN-filled counterpart.

Based on the results of the study, it has been high-
lighted that PA6 composites reinforced with the sur-
face-treated GFs and including a small amount of
clay-like MN as a cheap and easy-accessible minor
filler could yielded the best performance for the
injection-molded PA6 parts in engineering applica-
tions of PA6 composites because the GF enhances
the mechanical properties and the clay-like MN
accelerate the crystallization rate dramatically.
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