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ABSTRACT: The poly 2-hydroxy propylmethacrylate-
methyl methacrylate (PHPMA-MMA)/SiO, composite, de-
rived from 2-hydroxy propylmethacrylate (HPMA), methyl
methacrylate (MMA), and tetraethoxysilane (TEOS), was
used to synthesize polyamide 66(PA66)/SiO, organic-inor-
ganic hybrid material. X-ray diffraction (XRD) was used to
investigate the lattice spacing change of the PA66/Si0, hy-
brid material. It was found that the addition of PHPMA-
MMA/SiO, composite nearly did not change the crystal
form of PA66. The nonisothermal crystallization kinetics of
PA66 and PA66/SiO, hybrid material was investigated by
differential scanning calorimetry (DSC) with various cooling
rates. At every given cooling rate, the start crystallization
temperature of the PA66/SiO, hybrid material was higher
than that of PA66, while the crystallization temperature
range was narrower than that of PA66. Avrami analysis
modified by the Jeziorny method, the Ozawa method, and a
method developed by Liu were employed to describe the
nonisothermal crystallization process of the samples. The

results showed that the Jeziorny method and the Ozawa
method were not suitable to describe the nonisothermal
crystallization process of PA66/SiO, hybrid material; how-
ever, when the relative degree of crystallinity X (t) was less
than1 — 1/e, In [~ In (1 — X (t))] was still linear to Int. The
Liu method was successful to describe the nonisothermal
crystallization processes for both PA66 and the PA66/SiO,
hybrid material. It was confirmed that the presence of
PHPMA-MMA /SiO, composite could increase the crystalli-
zation rate and had a hetero phase nucleation effect on the
PA66 matrix. Moreover, the introduction of PHPMA-MMA /
SiO, could improve the crystallization active energy AE
calculated by the Kissinger equation, attributing to the
strong interaction between the polyamide chains and the
PHPMA-MMA/SiO, composite. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 810-817, 2006
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INTRODUCTION

Polyamide 66 (PA66), an important engineering plas-
tics with many industrial applications, exhibits high
resistance to crack initiation, which imparts high
toughness to unnotched materials. However, its high
sensitivity to notch propagation under impact leads to
embrittlement, which has attracted much attention.'™
In recent years, some researches on polyamide/clay
nanocomposites have been reported.”® Polyamide/
clay nanocomposites also belong to organic-inorganic
hybrid materials, which frequently exhibit unexpected
hybrid properties synergistically derived from the or-
ganic and inorganic components. However, no report
to the authors” knowledge is found on the preparation
and crystallization behavior of PA66/SiO, organic-
inorganic hybrid material.

PAG66 is a semicrystalline polymer. The major moti-
vation for the formation of the crystal structure in
nylons is the strong hydrogen bonds between -NH-
groups and -CO-groups. According to the differential
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spatial arrangement in the hydrogen bonding between
the oxygen in the carbonyl group of one polyamide
molecular chain and the hydrogen attached to the
nitrogen in the neighboring polyamide molecular
chain, PA66 has both @ and 8 crystal forms” and the «
crystal form is more stable than the B crystal form at
room temperature.

As we know, crystallization behavior plays a key
role in the mechanical properties of semicrystalline
polymers. Many works have concerned the study of
crystallinity degrees and crystalline transition of poly-
amides.®'* The crystallization behavior is critically
dependent on crystallization conditions. It is, there-
fore, very important to study the crystallization kinet-
ics of PA66/SiO, organic-inorganic hybrid material.
Polymer crystallization kinetics include isothermal
and nonisothermal processes. Compared with the iso-
thermal crystallization process, the nonisothermal
crystallization process was more accordable with
practice and realized easily. In this experiment, differ-
ential scanning calorimetry (DSC) was used to get the
nonisothermal crystallization kinetics data by lower-
ing the temperature at a constant rate. Avrami analy-
sis modified by the Jeziorny method, the Ozawa
method, and a method developed by Liu were em-
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ployed to describe the nonisothermal crystallization
process.

EXPERIMENTAL
Materials

Tetraethoxysilane (TEOS) with analytical purity (SiO,
= 28.4%) and methyl methacrylate (MMA) with a
molecular weight of 100.11 were obtained from the
Chemic Medical (Group) Shanghai Chemical Reagent
Cooperation. 2-Hydroxy propylmethacrylate (HPMA)
with a molecular weight of 144.177 was obtained from
the Jilin Chemical Industry Cooperation Suzhou Anli
Chemical Plant, Suzhou province, China. The benzoyl
peroxide (BPO) used as initiator was purchased from
Shandong Laiwu Meixing Chemical Cooperation Lim-
ited, Shandong province, China. The Polyamide 66
(PA66) was obtained from the China Shenma Group
Nylon66 Salt Cooperation Limited.

Sample preparation
PHPMA-MMA /SiO, active sol

Under the catalysis of hydrochloric acid (HCI), TEOS
and water (mol ratio of [TEOS]/ [H,O] = 1 : 2) were
hydrolyzed and condensed for 4 h at 45°C in a four-
necked round-bottomed flask. Then the protective gas
N, was lead to the system, and MMA, HPMA (mol
ratio of [MMA]/[HPMA]/[TEOS] = 1:2: 4), and the
first half of BPO were added; half an hour later, an-
other half of BPO was added, then the temperature
was kept constantly at 80°C, and the by product alco-
hol was removed in time. 6 h later, a transparent
homogeneous PHPMA-MMA /SiO, active sol was ob-
tained.

PA66/5i0, hybrid material

The PHPMA-MMA/SIO, active sol and PA66 parti-
cles were mixed in a kneader at 80°C for 2 h to cover
the PA66 particles with the active sol, then heat treated
at 120°C for 8 h in a drier. Finally, the resultant PA66
particles were blended in an extruder and granulated;
consequently, the product, PA66/SiO, organic-inor-
ganic hybrid material, was obtained.

Measurements

X-ray diffraction analysis (XRD) was carried out to con-
firm the lattice spacing change of PA66/SiO, organic-
inorganic hybrid materials. A Japanese D/max-vyB rotat-
ing diffractometer was employed with the CuK,, radia-
tion source, a tube voltage of 40kV, and tube current of
80mA. Patterns were recorded by monitoring those dif-
fractions that appeared in 26 from 10° to 35° at a rate of
2°/min.
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Figure 1 X-ray diffraction scans for samples: (a) PA66 and
(b) PA66/SiO, hybrid material (1 wt % SiO,).

Differential scanning calorimetry (DSC) was con-
ducted with a Mettler Toledo DSC-821E under nitro-
gen atmosphere at a flow of 80 mL/min. For noniso-
thermal melt-crystallization, the samples were rapidly
heated, first to 593K and kept for 10 min in the alumi-
num crucible to eliminate previous thermal history,
then cooled to 413K at constant rates of 5, 10, 20, and
40K/min, respectively. The exothermic crystallization
peaks were then recorded and analyzed to estimate
the crystallinities under nonisothermal conditions.

RESULTS AND DISCUSSION
X-ray diffraction analysis

PA66 forms chain folded sheets and hydrogen bonds
between amide groups of adjacent chains within the
sheets. As we know, these chain folded and hydrogen-
bonded sheets can stack together, either with a pro-
gressive shear, termed the « crystal form, or with an
up and down shear, termed the g crystal form. The «
crystal form is more stable at room temperature. The
two strong diffraction peaks shown in Figure 1 at 26
= 20.28 and 23.02° are the distinctive features of the «
crystal form of PA66, which are designated as «,; and
o, respectively. The ay; peak arises from the distance
between hydrogen-bonded chains, which is the dif-
fraction of hydrogen bonded sheets, while the «,
peak arises from the separation of the hydrogen bond
sheets.”> When the PHPMA-MMA /SiO, composite
was introduced, the XRD pattern of PA66/5i0, (1 wt
% SiO,) hybrid material still shows only the presence
of the « crystal form shown in Figure 1. However, o,
shifted slightly from 20.28 to 20.32° and «, from 23.02
to 23.18°% the d-spacing corresponding to the two
peaks based on Braggs equation changed slightly
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Figure 2 DSC heating scans of samples: (a) PA66 and (b)
PA66/SiO, hybrid material (1 wt % SiO,).

from 0.4375 to 0.4366 nm and from 0.3860 to 0.3834,
respectively. The active hydroxyl radicals and car-
bonyl groups of the PHPMA-MMA/SiO, composite
formed hydrogen bonds with acyl amine bonds,
which enhanced the interactions among the chain
folded sheets, so the ay; and o, peaks shifted slightly
to big diffraction angles and the d-spacings corre-
sponding to the two peaks were slightly shorted, but
the actions were not strong enough to change the
crystal form of PA66. Correspondingly, the melt peaks
were shifted slightly to higher temperature, shown in
Figure 2.

Nonisothermal crystallization kinetics
Crystallization behavior

The crystallization exotherms of PA66 and PA66/5i0,
hybrid material at various cooling rates are shown in
Figure 3. The temperature of the maximum exother-
mal peak (T,) shifted to lower temperature with the
cooling rate increasing. The reason was that the mo-
tion of the PA66 chains could not keep up with the fast
cooling rates. Figure 4 illustrates the relations between
the start crystallization temperature (T,) and the cool-
ing rate (¢). As shown in Figures 3 and 4, we found
that the T, and T, of PA66/SiO, hybrid material was
higher than those of PA66 for a given cooling rate,
whereas the crystallization temperature range (R) of
PA66/5i0, hybrid material was narrower than that of
PA66, as can be seen in Figure 5, implying that the
addition of PHPMA-MMA /SiO, composite had a het-
ero phase nucleation effect on the PA66 matrix and
enhanced the crystallization ability.

Relative degree of crystallinity

The relative degree of crystallinity, X (f), is one of the
most important characteristics of polyamide. More-
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over, X (t) is the foundation of many isothermal and
nonisothermal crystallization kinetic equations.'*™*
To estimate X (t), many analysis equipments are used,
such as diffraction scanning calorimetry (DSC), atten-
uated total reflection (ATR), infrared reflection-ab-
sorption infrared spectroscopy (IRRAS), polarization-
modulation IRRAS, and so forth.!! In this experiment,
DSC was adapted. X () could be defined as:

J TdH(T)
dT
aT
XdT=2)  (TdH(T)
T

To

where X (T) and X (T = =) represented the relative
degree of crystallinity at temperature T and the end of
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Figure 3 DSC cooling scans of samples: (a) PA66 and (b)
PA66/SiO, hybrid material (1 wt % SiO,).
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Figure 4 Plots of start crystallization temperature T, versus
cooling rate ¢.

the crystallization temperature, respectively; T, and
T.. represented the onset and end of the crystallization
temperatures, respectively. X (f) could also be defined

as:
fdH (t
[,
X (1) 0

X(t=») (&
JdHC(t)dt

X(t) = (2)

dt

where X (t) and X (t = «) represented the relative
degree of crystallinity at time t and the end of crystal-
lization, respectively. Figure 6 illustrates the relative
degree of crystallinity X () as a function of tempera-
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Figure 5 Plots of cooling rate ¢ versus crystallization tem-
perature range R.
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Figure 6 Plots of X (t) versus T during thermal crystalliza-
tion process: (a) PA66 and (b) PA66/SiO, hybrid material (1
wt % Si0O,).

ture for PA66 and PA66/SiO, hybrid material based
on eq. (1). By the conversion equation t = (T, — T)/¢
(T is the temperature at crystallization time t, ¢ is the
cooling rate), the horizontal scale could be changed
from temperature T (Fig. 6) to time t (Fig. 7), and then
X (t) was correspondingly defined as eq. (2).

It can be seen that the curves illustrated in Figure 6
shifted to lower temperature with the cooling rate
increasing, but all were similar in sigmoid shapes. The
phenomenon was caused by the lag effect of the cool-
ing rate during the crystallization process. For the
same reason, the half-time of nonisothermal crystalli-
zation t, ,, obtained from Figure 7 and listed in Table
I was shortened gradually with the cooling rate in-
creasing. Moreover, the values of t, ,, for PA66 were
over two times longer than those of PA66/5i0, hybrid
material, implying that the presence of PHPMA-
MMA/SiO, composite could accelerate the overall
crystallization process.
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Figure 7 Plots of X (t) versus t during thermal crystalliza-
tion process: (a) PA66 and (b) PA66/SiO, hybrid material (1
wt % Si0,).

Jeziorny method

The Avrami equation'* was effectively used in isother-
mal crystallization kinetics researches.

TABLE I
Nonisothermal Crystallization Kinetic Parameters for
PA66 and PA66/SiO, Hybrid Material

Sample ® (K/min) T, T, (@min) n Z.
PA66 5 490.46 4.08 3.83 025
10 482.90 2.46 446 0.64
20 475.34 141 406 091
40 461.66 0.89 3.88 1.00
PA66/SiO,
Hybrid
material (1wt
% Si0,) 5 508.53 1.81 6.60* 0.43*
10 504.13 1.04 6.10* 0.93*
20 498.27 0.58 452* 1.11*
40 491.44 0.42 4.03* 1.10%

X(t) <1 - 1/e.
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Figure 8 Plots of In [— In (1 — X (t))] versus In¢ during
thermal crystallization process: (a) PA66 and (b) PA66/SiO,
hybrid material (1 wt % SiO,).

In[ — In(1 — X(#))] = InZ, + nint (3)

where X(t) is the relative degree of crystallinity at time
t, Z, the crystal growth constant, and n the Avrami
exponent depending on the nucleation mechanism
and the dimension of the crystal growth. Jeziorny
adapted the Avrami equation to describe the noniso-
thermal crystallization process. Considering the
nonisothermal crystallization character, the crystal
growth constant Z, was revised by Z_ with the follow-
ing equation'”:

InZ.=InZ,/¢ (4)

where ¢ is the cooling rate. Figure 8 illustrates the
plots of In [— In (1 — X (t))] against Inf (min) for each
cooling rate. The results showed that the Avrami
equation was suitable to describe the nonisothermal
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crystallization process of PA66, but was not suitable
for PA66/SiO, hybrid material. It was interesting that
when the PA66/SiO, hybrid material was at a low
relative degree of crystallinity X (t) <1 — 1/e, the In
[— In (1 — X (t))] was linear to Int. The crystallization
kinetic parameters obtained from Avrami Z_ plots and
the Jeziorny method are listed in Table I. As can be
seen in Table I, the Avrami exponent n for PA66 was
larger than that of the PA66/SiO, hybrid material at
every cooling rate, showing that the PHPMA-MMA /
5i0, composite acted as a hetero phase nucleation
agent and changed the nucleation mechanism. More-
over, compared to PA66, the crystal growth constant
Z. of PA66/5Si0, hybrid material at every cooling rate
was larger than that of PA66 at X (t) < 1 — 1/e,
implying the addition of PHPMA-MMA /SiO, com-
posite could accelerate the overall crystallization pro-
cess of PA66/5Si0O, hybrid material.

Ozawa method

Based on the Evans theory, Ozawa deduced the crys-
tallization kinetic equation of polymers in a noniso-
thermal crystallization process as follows:'®

In[ — In(1 — X(¢))] = InP(T) — mIn¢ (5)

where X (t) is the relative degree of crystallinity at
time t, m the Ozawa exponent depending on the di-
mension of the crystal growth, and ¢ the cooling rate.
P (T) is the function of temperature depending on the
nucleation mechanism, nucleation rate, crystal growth
constant, and so forth. Plotting In [— In (1 — X (1))]
against In¢ at a given temperature, the curves shown
in Figure 9 were obtained. It was clearly seen that the
curves for PA66 exhibited a linear relationship, but for
PA66/Si0, hybrid material, the curves were nonlin-
ear. That is to say, the Ozawa method was valid for
PA66 and invalid for PA66/5i0O, hybrid material.

Liu method

Combining the Ozawa method with Avrami equa-
tions, Liu obtained a new method to describe noniso-
thermal crystallization, and the following equation
was obtained:'”

In¢ = InF(T) — alnt (6)

where F (T) = [K (T)/Z,] /™ and refers to the cooling
rate that must be chosen within a crystallization time
unit when the measured system crystallizes to a cer-
tain degree. a = n/m, the ratio of the Avrami expo-
nent n to the Ozawa exponent m. As can be seen in
Figure 10, a linear relation between In¢ and Int was
observed. The kinetic parameters F (T) and a deter-
mined from the intercept and slope of the lines are
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Figure 9 Plots of In [- In (1 — X (t))] versus Int during
thermal crystallization process: (a) PA66 and (b) PA66/SiO,
hybrid material (1 wt % SiO,).

listed in Table II. The value of F (T) for PA66 was
much bigger than that for PA66/SiO, hybrid material,
indicating PA66/SiO, hybrid material crystallized
more quickly than PA66, which was in conformity
with the conclusions drawn from the Jeziorny method.

Kissinger method

The Kissinger equation®® as follows could be used to
describe the crystallization process on condition that
the relationship between the crystallization rate and
the temperature agreed with the Arrhenius equation.

¢
d(lnTé) . E (7)
R
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Figure 10 Plots of In¢ versus Int during thermal crystalli-
zation process: (a) PA66 and (b) PA66/SiO, hybrid material
(1 wt % SiO,).

where T, was the temperature at the maximum crys-
tallization peak and E, the crystallization active en-
ergy. Plots of In (¢ /T?) against 1/T of PA6 and

TABLE 1I
Nonisothermal Crystallization Kinetic Parameters for
PA6 and PA6/SiO, Hybrid Materials

Sample X(t) a F(T) AE(KJ/mol)
PA66 0.2 140 25.03 150.8
0.4 140  31.50
0.6 140  36.23
0.8 143 45.60
PA66/Si0, hybrid
material (1wt %
5i0,) 0.2 1.21 7.75 248.82
0.4 1.23 10.27
0.6 1.31 13.46
0.8 1.22 20.08

WANG ET AL.
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Figure 11 Plots of In (¢ /T,?) versus 1/T, for PA66 and
PA66/SiO, hybrid material.

PA6/SiO, hybrid material were made. The crystalli-
zation active energy E,; determined from the slope of
the lines shown in Figure 11 is listed in Table II. As can
be seen, the value of E,; for PA66 is smaller than that
for PA6/SiO, hybrid material, indicating the addition
of PHPMA-MMA /SiO, composite improved the crys-
tallization active energy.

CONCLUSIONS

The addition of PHPMA-MMA /SiO, composite nearly
did not change the crystal form of PA66, but had a hetero
phase nucleation effect on the PA66 matrix and en-
hanced the crystallization ability, which shortened the
crystallization time and temperature range, and in-
creased the start crystallization temperature. The Jezi-
orny method and the Ozawa method were suitable to
describe the nonisothermal crystallization process of
PA66 and unsuitable for PA66/SiO, hybrid material, but
when X (t) waslessthan1 — 1/e,In[— In (1 — X (£))] was
linear to Int for PA66/SiO, hybrid material. The Liu
method was successful in describing the nonisothermal
crystallization processes for both PA66 and PA66/5i0,
hybrid material. Attributing to the strong interaction
between polyamide chains and surfaces of PHPMA-
MMA /SiO, composite, the presence of PHPMA-MMA /
510, composite improved the crystallization active en-
ergy calculated by the Kissinger equation.
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