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ABSTRACT: The crystallization kinetics and melting be-
havior of nylon 10,10 in neat nylon 10,10 and in nylon
10,10-montmorillonite (MMT) nanocomposites were sys-
tematically investigated by differential scanning calorime-
try. The crystallization kinetics results show that the addi-
tion of MMT facilitated the crystallization of nylon 10,10 as
a heterophase nucleating agent; however, when the content
of MMT was high, the physical hindrance of MMT layers to
the motion of nylon 10,10 chains retarded the crystallization
of nylon 10,10, which was also confirmed by polarized op-
tical microscopy. However, both nylon 10,10 and nylon
10,10-MMT nanocomposites exhibited multiple melting be-

havior under isothermal and nonisothermal crystallization
conditions. The temperature of the lower melting peak (peak
I) was independent of MMT content and almost remained
constant; however, the temperature of the highest melting
peak (peak II) decreased with increasing MMT content due
to the physical hindrance of MMT layers to the motion of
nylon 10,10 chains. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 88: 2181-2188, 2003
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INTRODUCTION

Nylon-montmorillonite (MMT) nanocomposites' ™
have attracted much attention because of their out-
standing properties, including a high modulus,”” a
high heat distortion temperature,>* good barrier
properties of water,® and fireproof properties.” Nylon
10,10 is one of the important polyamide engineering
plastics that has been produced commercially in China
since the 1970s. It has a high strength, elasticity, tough-
ness, and abrasion resistance;® however, it also has
some of the inherent drawbacks of nylons due to its
polar amide bonds, such as a lower modulus and a
higher moisture absorption. However, it is possible to
overcome these drawbacks through the preparation of
a nylon 10,10-MMT nanocomposite. Recently, nylon
10,10-MMT nanocomposites have been prepared suc-
cessfully by intercalating polymerization in our lab,
and this nanocomposite has a higher modulus and
onset temperature of decomposition compared with
neat nylon 10,10.”

It is well known that nylon is a semicrystalline
polymer. The crystallization kinetics and melting be-
havior of nylon 10,10 in nylon 10,10-MMT nanocom-
posites are worth studying as a new material with a
potential value of application, even though there are
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many reports on the crystallization kinetics'®™'* and

melting behavior'> of neat nylons. In this study, the
crystallization kinetics and melting behavior of nylon
10,10 in nylon 10,10-MMT nanocomposites were in-
vestigated by differential scanning calorimetry (DSC).

EXPERIMENTAL
Materials and preparation

The nylon 10,10-MMT nanocomposite was prepared
by intercalating polymerization.” The MMT was firstly
modified with 11-aminoundecanoic acid. Then, it was
mixed with 10,10 salt. The nanocomposites were syn-
thesized by typical melting polycondensation. The
MMT contents were 1 wt % (1010-1), 6 wt % (1010-6),
and 10 wt % (1010-10). The neat nylon 10,10 (1010-0)
was synthesized by the same polymerization proce-
dure for the purpose of comparison. A sample with a
thickness of 0.2 mm was obtained by hot molding at
220°C for several minutes followed by quenching to
room temperature.

DSC measurement

All measurements were performed using a PerkinElmer
Pyris-1 differential scanning calorimeter (USA) under a
nitrogen purge, and the temperature was calibrated with
indium. Sample weight varied from 5 to 6 mg.
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Figure 1 Heat flow versus time during the isothermal crystallization of (A) 1010-0, (B) 1010-1, (C) 1010-6, and (D) 1010-10

at specified T.'s by DSC.

Isothermal crystallization from the melt was carried
out by heating the sample (20°C/min) to 230°C for 10
min to eliminate residual crystals, then cooling it
quickly (—100°C/min) to the predetermined crystalli-
zation temperature (T,), and isothermally crystallizing
it for 30 min in a temperature range of 181 to 187°C.
The exothermic curves of heat flow as a function of
time were recorded. Finally, the sample was heated to
230°C at 10°C/min to investigate the melting behavior
under the isothermal crystalline process.

In the case of nonisothermal crystallization, the
sample was heated to 230°C at 20°C/min and held
there for 10 min, then cooled to 50°C at a rate of
10°C/min, and finally heated to 230°C again at 10°C/
min. The cooling and the second heating scanning
processes were recorded to investigate the nonisother-
mal crystallization and melting behavior, respectively.

Polarized optical microscope observations

Morphological observations were performed on a
Leica polarized optical microscope (Germany) equipped
with a temperature-controlled stage.

RESULTS AND DISCUSSION
Isothermal crystallization kinetics analysis

Figure 1 shows the isothermal crystallization DSC
curves for neat nylon 10,10 and nylon 10,10-MMT
nanocomposites. All the sample were heated to 230°C
at the rate of 20°C/min, held there for 10 min to
destroy all residual crystals, and then cooled (100°C/
min) to various T.'s. With the increase of T, the crys-
tallization exothermic peak shifted to longer times and
became flatter in both neat nylon 10,10 and nylon
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Figure 2 Xt at different times in the process of isothermal crystallization on (A) 1010-0, (B) 1010-1, (C) 1010-6, and (D)

1010-10.

10,10-MMT nanocomposites, which indicates that the
total crystallization time was lengthened and that the
crystallization rate decreased with increasing T..
Figure 2 shows the relative crystallinity (Xt) for
different crystallization times. The Avrami equa-
tion®**” can be used to analyze the isothermal crystal-
lization process of semicrystalline polymers as shown:

Xt=1—exp(— Kt")
or
log[—In(1 — Xt)] = nlog t + logK (1)

where ¢ is crystallization time, K is the crystallization
rate parameter and n is the Avrami parameter.

The double logarithmic plot of log[—In(1 — Xt)]
versus log t is shown in Figure 3. A pretty good
linear relation for the isothermal crystallization was
observed, and there was no rolloff at longer times,
which implies that the secondary crystallization
of nylon 10,10 did not occur in both neat nylon 10,10
and the nanocomposites under the experimental
conditions.

The values of 7 and K can be determined by fitting
the linear line of log[—In(1 — Xt)] versus log t, and
they are listed in Table I. n varied from 2.4 to 2.9 in
both neat nylon 10,10 and the nanocomposites, de-
pending on T.. However, the value K increased with
decreasing T of the same sample, which indicates that
the addition of MMT apparently did not change the
crystallization mechanism of nylon 10,10.



2184

Igl-In(1-Xt)]

Igl-In(1-Xt)]

-0.5 0.0 05 1.0 15 2.0 25 3.0
lg(t/s)

(B)

ZHANG AND YAN

X

=4

@

R

0.0 0.4 0.8 1.2 1.6 2.0 24 2.8 32

Ig{t/s)
©)

X

£

=)

Figure 3 Plots of log[—In(1 — Xt)] versus log t for the isothermal crystallization of (A) 1010-0, (B) 1010-1, (C) 1010-6, and (D)

1010-10 at different temperatures.

The crystallization half-time (t,,,) is defined as the
time at which the crystallinity reaches 50%. It can be
determined from the measured kinetics parameters:

ti,, = (In 2/K)"" (2)

Usually the rate of crystallization (G) can be defined as
the reciprocal of t,,,, thatis, G = 7,, = 1/t;,,; the
values of both ¢, ,, and 7, are listed in Table 1.

It is shown in Table I that the crystallization rate of
nylon 10,10 in the nanocomposites, 7, ,,, was faster than
for the neat nylon 10,10, which could be ascribed to the
effects of MMT as an efficient nucleating agent to facili-
tate nylon 10,10 crystallization. It is interesting that the
crystallization rate of nylon 10,10 in 1010-6 and 1010-10
was slower than that in 1010-1 and similar to that in neat

nylon 10,10, which implies that the presence of MMT
also tended to retard the nylon 10,10 crystallization. It is
evident that the MMT played two roles in the crystalli-
zation of nylon 10,10: a heterophase nucleating agent to
facilitate the crystallization and a physical hindrance to
retard the crystallization. When the content of MMT was
high, only a part of MMT played the role of the nucle-
ating agent, and the physical hindrance became more
serious. So the crystallization rates of 1010-6 and 1010-10
began to slow down but were still faster than that of neat
nylon 10,10.

Nonisothermal crystallization kinetics analysis

The practical processes are usually performed under
nonisothermal conditions, so it is of practical signifi-
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TABLE 1
Parameters of Isothermal Crystallization

T, ~log tis2 T1/2

Sample (°C) n K (min)  (min~ Y
1010-0 181 2.4 3.18 0.31 3.23
1010-0 182 2.6 3.94 0.48 2.08
1010-0 184 2.8 5.22 1.14 0.88
1010-0 186 2.6 6.04 3.25 0.31
1010-0 187 2.5 6.35 4.78 0.21
1010-1 181 2.5 3.00 0.24 4.17
1010-1 182 2.9 3.89 0.33 3.03
1010-1 184 2.7 4.69 0.76 1.32
1010-1 186 2.8 5.79 1.65 0.61
1010-1 187 2.7 6.12 291 0.34
1010-6 181 2.4 2.40 0.27 3.70
1010-6 182 2.5 2.46 0.37 2.70
1010-6 184 2.7 2.75 0.96 1.04
1010-6 186 2.5 2.50 3.25 0.31
1010-6 187 2.5 2.47 4.11 0.24
1010-10 181 2.5 2.47 0.30 3.33
1010-10 182 2.8 2.76 0.44 2.27
1010-10 184 2.8 2.78 0.96 1.04
1010-10 186 2.4 2.37 3.31 0.30
1010-10 187 2.7 2.68 4.26 0.23

cance to study the crystallization kinetics under
nonisothermal conditions, particularly for a material
with potential value for application. Figure 4 shows
the crystallization exothermic peaks (T),’s) of neat ny-
lon 10,10 and the nylon 10,10-MMT nanocomposites
at a cooling rate of 10°C/min. The integration of the
exothermic peak during the nonisothermal scan gave
relative crystallinity as a function of temperature
(shown in Fig. 5). A series of reversed S-shaped curves
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Figure 4 Heat flow versus temperature during the noniso-
thermal crystallization of 1010-0, 1010-1, 1010-6, and 1010-10
at a cooling rate of 10°C/min by DSC.
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Figure 5 Xt atdifferent T.'s in the process of nonisothermal
crystallization for 1010-0, 1010-1, 1010-6, and 1010-10.

were obtained. The values of T, and the crystallization
enthalpies (AH,’s) are listed in Table II. The addition of
MMT accelerated the crystallization of nylon 10,10,
which indicates that the MMT particles acted as a
heterophase nucleating agent. This was confirmed by
the increase in crystallization temperature, T,,. Concur-
rently, when the MMT content was high (6 and 10 wt
%), the values of T, decreased compared with the
nanocomposite with a lower MMT content (1010-1), so
the effect of physical hindrance became obvious,
which decreased the rate of crystallization and T, com-
pared with those of 1010-1. These results are in accord
with the previous data. However, AH, of nylon 10,10
almost remained constant, which implies that the ad-
dition of MMT did not change the extent of crystalli-
zation of nylon 10,10.

Crystal morphology analysis

The crystal morphologies of neat nylon 10,10 and ny-
lon 10,10-MMT nanocomposites are shown in Figure
6. The neat nylon 10,10, which isothermally crystal-
lized at 182°C [Fig. 6(A)], displayed larger and fewer
spherulites compared with the nanocomposite isother-
mally crystallized at the same temperature [Fig. 6(B)].

TABLE 1I
Parameters for Nonisothermal Crystallization
Sample
1010-0 1010-1 1010-6 1010-10
T, (°C) 178.0 179.1 178.6 178.4
AH, (J/g)* 41.08 39.14 38.65 39.52

@ Calculated by AH./(1 — MMT content wt %) due to the
presence of MMT.
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Figure 6 Polarized optical micrographs for (A) neat nylon
10,10 and (B) a nylon 10,10-MMT nanocomposite heated to
230°C for 10 min and then cooled to 182°C, at which time the
samples were isothermally crystallized for 30 min.

From a comparison of the two, one can see that the
MMT particles in the nanocomposite played a strong
nucleation and physical hindrance role, which in-
creased the quantity of spherulites and decreased the
size of them.

Melting behavior analysis

Figure 7 shows a set of DSC heating thermograms for
nylon 10,10 and the nylon 10,10-MMT nanocompos-
ites that were collected at a heating rate of 10°C/min
after nonisothermal crystallization to 50°C at 10°C/
min. All the DSC curves showed double melting
peaks, which reflects the so-called multiple melting
behavior coined for nylons'>?* previously. Moreover,
the temperature of the low melting peak (peak I) was
independent of the MMT content and stayed almost

ZHANG AND YAN

constant, whereas the temperature of high melting
peak (peak II) decreased with increasing MMT con-
tent.

The heating DSC curves of nylon 10,10 and the
nanocomposites isothermally crystallized at specified
temperatures for 30 min at a rate of 10°C/min are
shown in Figure 8. All the DSC curves also exhibited
double melting peaks at the high temperature side,
which was similar to the result obtained under noniso-
thermal crystallization conditions. Also, the low melt-
ing peak (peak I) shifted to a higher temperature as the
crystallization temperature increased, and meanwhile,
the high melting peak (peak II) remained almost con-
stant.

The double melting behavior of nylon 10,10 could
be attributed to recrystallization phenomena during
heating;*?® that is, peak I was due to the melting of
the material crystallized previously, and peak II cor-
responded to the melting of the recrystallization ma-
terials. With the increase of the isothermal crystalliza-
tion temperature, the crystals became thickened and
more perfect, so the temperature of peak I was en-
hanced. On heating, the less stable crystals melted to a
supercooled state where recrystallization could occur
very rapidly with the formation of better crystals. The
final melting of the recrystallized material took place
at the same temperature, regardless of the isothermal
crystallization temperature. An endothermic peak
close to the isothermal crystallization temperature (at
about T, + 3°C) is also shown in Figure 8; this was
believed to be due to the annealing effects in the
crystallization process. It resulted from the melting of
crystals that were noncrystallized materials between
bundles of lamellae initially and finally formed as thin
and very defective crystal aggregates.

Figure 9 shows the temperatures of peak I and peak
IT as a function of MMT content. The temperature of
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Figure 7 DSC heating thermograms for 1010-0, 1010-1,
1010-6, and 1010-10 at a heating rate of 10°C/min.
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Figure 8 DSC curves of (A) 1010-0, (B) 1010-1, (C) 1010-6,

temperatures for 30 min. The heating rate was 10°C/min.

peak I did not depend on the MMT content; on the
contrary, the temperature of peak II decreased with
increasing MMT content. The crystallization kinetics
data show that the presence of MMT silicate layers
confined the motion of nylon 10,10 chains. Concur-
rently, the peak of high temperature (peak II) corre-
sponded to the melting of the thickened, more perfect,
and stable recrystallized materials. Apparently, the
physical hindrance of MMT affected peak II more than
peak L. So it is conceivable that peak II increased, and
peak I remained constant. With increasing MMT con-
tent, nylon 10,10 chains were more restricted and dif-
ficult to recrystallize into thickened, perfect, and stable
crystals, so the melting point of recrystallized material
decreased, and peak II shifted to lower temperatures.
However, the effect the physical hindrance played on
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and (D) 1010-10 isothermally crystallized at the indicated

peak I was less compared with peak II, so the temper-
ature of peak I was independent of the MMT content
and almost remained constant, and the temperature of
peak II decreased with increasing MMT content. It is
worth noting that the temperature of peak II did not
decrease linearly with increasing MMT content, which
may have originated from the random but not uni-
form dispersion of MMT layers.

CONCLUSIONS

The Avrami equation could be used to describe the
isothermal crystallization of nylon 10,10 in neat nylon
10,10 and nylon 10,10-MMT nanocomposites. The
data obtained from the analysis of isothermal process
show that the addition of MMT facilitated the crystal-
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Figure 9 Temperature of (A) peak I and (B) peak II for
1010-0, 1010-1, 1010-6, and 1010-10 taken as a function of
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lization of nylon 10,10 because MMT could be consid-
ered a heterophase nucleating agent. However, when
the content of MMT was high, the physical hindrance
of MMT layers to the motion of nylon 10,10 chains
retarded the crystallization of nylon 10,10. Polarized
optical microscopy also confirmed this result.

Both nylon 10,10 and nylon 10,10-MMT nanocom-
posites exhibited multiple melting behavior under iso-
thermal and nonisothermal crystallization conditions.

ZHANG AND YAN

The temperature of the lower melting peak (peak I),
resulting from the melting of lamellae with different
thicknesses under different conditions, was indepen-
dent of the MMT content and almost remained con-
stant, whereas the highest melting temperature (peak
II), originating from the melting of the recrystallized
crystals, decreased with increasing MMT content due
to the physical hindrance of MMT layers to the motion
of nylon 10,10 chains.

This work was sponsored by the Special Funds for Major
State Basic Research Projects (G1999064802).
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