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ABSTRACT: The isothermal and nonisothermal crystalli-
zation kinetics of a semicrystalline copolyterephthalamide
based on poly(decamethylene terephthalamide) (PA-10T)
was studied by differential scanning calorimetry. Several
kinetic analyses were used to describe the crystallization
process. The commonly used Avrami equation and the one
modified by Jeziorny were used, respectively, to describe the
primary stage of isothermal and nonisothermal crystalliza-
tion. The Avrami exponent n was evaluated to be in the
range of 2.36-2.67 for isothermal crystallization, and of 3.05-
5.34 for nonisothermal crystallization. The Ozawa analysis

failed to describe the nonisothermal crystallization behavior,
whereas the Mo-Liu equation, a combination equation of
Avrami and Ozawa formulas, successfully described the
nonisothermal crystallization kinetics. In addition, the value
of crystallization rate coefficient under nonisothermal crys-
tallization conditions was calculated. © 2004 Wiley Periodicals,
Inc. ] Appl Polym Sci 94: 819-826, 2004
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INTRODUCTION

Polyterephthalamides (PTPAs) are partially aromatic
polyamides consisting of terephthalic acid and ali-
phatic diamine monomer units. To lower melting
points and to improve their processability, additional
monomers, such as isophthalic acid,' adipic diacid,?
and e-caprolactam,” may be included as comonomers
[e.g., poly(hexamethylene terephthalamide) (PA-6T)].
The resultant PTPAs may be either amorphous or
semicrystalline, depending on their composition.®
Compared with common aliphatic polyamides such as
nylon-6 and nylon-66, semicrystalline PTPAs are gen-
erally characterized by higher melting points; higher
glass-transition temperatures; better chemical resis-
tance; and lower moisture absorption, thus having
better dimensional stability under moist conditions.
Therefore PTPAs are particularly suitable for uses in
electronics, engineering plastics, and fibers.

Until now, commercially available PPTAs are
mainly based on PA-6T. In consideration of improving
flexibility of macromolecules backbones, which may
change the crystallization behavior and other proper-
ties of PPTAs, longer-chain aliphatic diamines were
used instead of hexamethylene diamine in PA-6T. For
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example, PPTAs based on poly(nonamethylene
terephthalamide) (PA-9T) using nonamethylene dia-
mine, poly(decamethylene terephthalamide) (PA-10T)
using decamethylene diamine, and poly(dodecameth-
ylene terephthalamide) (PA-12T) using dodecameth-
ylene diamine as raw materials were previously syn-
thesized and reported in the literature.>'® We are
particularly interested in the PPTAs based on PA-10T.
This is because of the ample resource of decamethyl-
ene diamine in China, which was synthesized from
the natural product castor oil.

Despite finding several studies that dealt with the
synthesis of semicrystalline PA-10T°” during a review
of the literature, there are few reports about its phys-
ical properties.

It is well known that the crystallization process
dramatically affects polymer properties through the
crystal structure and morphology established during
the solidification process. As an important aspect of
the crystallization process, the study of polymer crys-
tallization kinetics is significant both from the theoret-
ical and the practical perspective. Additionally, to
reach the optimum condition in an industrial process
and to obtain products with better properties, it is
necessary to estimate the rate of crystallization in the
nonisothermal process. Equally important from both
the scientific and the product development perspec-
tives, it is also necessary to compare the relative crys-
tallization rates of different polymer systems.
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In this article, the isothermal and nonisothermal
crystallization kinetics of the aforementioned semi-
crystalline copolyterephthalamide, based on PA-10T,
were investigated by differential scanning calorime-
try. Several kinetics methods were applied to analyze
its crystallization process. Besides, a method to eval-
uate the nonisothermal crystallization rate with a crys-
tallization rate coefficient (CRC) parameter, proposed
by Khanna, was used to compare the semicrystalline
PA-10T with other common aliphatic polyamides
(e.g., PA-6 and -66).

EXPERIMENTAL
Materials and preparation

The additive-free semicrystalline copolyterephthal-
amide used for this study, based on PA-10T, was
kindly provided by Shanghai Genius Advanced Ma-
terials Co., Ltd (China) in the form of pellets. It is a
random copolymer that was synthesized by melt poly-
condensation of the decamethylene diamine salt of
terephthalic acid, the decamethylene diamine salt of
isophthalic acid, and e-caprolactam, which are desig-
nated 10T, 10I, and CAP, respectively. The chemical
structures of its repeating units are presented as fol-
lows:

10T: %ﬁ—@—ﬁ—NH—{-CHHENH%
0

¢}

101: {ﬁ-—g—ﬁ—NH—HHﬁmNH{‘»

0
CAP: %@—eCHﬁTNH}

where the molar ratio of the three repeating units
10T:10I: CAP =8:1:1.

Synthesis procedures were as follows: to a 5-L au-
toclave were charged the required amounts of 10T
salt, 10I salt, and caprolactam. The mixture were
slowly heated under a nitrogen atmosphere while the
pressure was increased to 2 MPa and then kept con-
stant. As the temperature was elevated to 310°C, the
pressure began to level off. Finally, when the temper-
ature reached 330°C, the reaction was further carried
out at atmospheric pressure for 0.5-1 h and the result-
ing polymer, designated as SCPA-10T, had an intrinsic
viscosity of 0.72, as measured in concentrated sulfuric
acid (98%) at 25°C. The sample was dried under vac-
uum at 80°C for 12 h before measurements.
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Differential scanning calorimetry

Isothermal and nonisothermal crystallization kinetics
were studied using a Perkin-Elmer DSC-7 differential
scanning calorimeter (Perkin Elmer Cetus Instru-
ments, Norwalk, CT), where the temperature was cal-
ibrated with an indium standard. All DSC measure-
ments were performed under a nitrogen atmosphere,
and sample weights varied from 6 to 8 mg.

Isothermal and nonisothermal crystallization
processes

For isothermal crystallization kinetic studies, the sam-
ples were first heated to 350°C and maintained at this
temperature for 3 min to erase thermal history, and
then samples were quenched at 200°C/min to the five
designated crystallization temperatures (T, = 283, 284,
285, 286, 287°C, respectively). The exothermic curves,
as a function of time, were then recorded and inves-
tigated. After erasing the previous thermal history,
nonisothermal crystallization kinetics was performed
by the cooling of the melts at five different cooling
rates (5, 10, 20, 30, 40°C/min, respectively). The exo-
thermic curves of heat flow, as a function of temper-
ature, were recorded and investigated.

RESULTS AND DISCUSSION

Isothermal crystallization kinetics: Avrami
equation

The SCPA-10T obtained is semicrystalline, which is
opaque in appearance. Its melting temperature (T,,)
and glass-transition temperature (T,) are 305.8 and
109.1°C, respectively.

Because the crystallization rate of SCPA-10T is very
fast, the range of isothermal crystallization tempera-
ture for the kinetic study is limited to 283-287°C.
Figure 1 shows the exothermic traces for the melt
crystallization of semicrystalline PA-10T at various
isothermal crystallization temperatures. It can be seen
clearly from Figure 1 that the crystallization exother-
mic peak shifts to a longer time and becomes flat with
increasing crystallization temperature T,, which im-
plies that the sample with higher crystallization tem-
perature requires a longer time to complete crystalli-
zation. In the study, the relative degree of crystallinity
at time ¢, X(t), was calculated according to the follow-
ing equation:

fdedt
X(t) = — Y e (1)
“an AH.
E t
0
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Figure 1 Plots of heat flow versus time t for the isothermal
crystallization of SCPA-10T at different crystallization tem-
peratures by DSC.

where dH/dt is the rate of heat evolution; AH, is the
heat generated at time t; and AH,. is the total heat
generated up to the end of the crystallization process.

In general, the process of isothermal crystallization
is composed of two stages: the primary crystallization
stage and the secondary crystallization stage. The
whole crystallization process is markedly temperature
dependent. Assuming that the relative degree of crys-
tallinity increases with increasing crystallization time
t, then the Avrami equation [eq. (1)[rsgb]'"'* can be
used to analyze the isothermal melt-crystallization
process of SCPA-10T, as follows:

X(t)=1—exp(—Kt"
log{ — In[1 — X(#)]} = nlogt + logK (2)

where 7 is the Avrami exponent dependent on the
mechanism of nucleation and on the form of crystal
growth, and K is the isothermal crystallization rate
parameter. In general, the values of n should be an
integer between 1 and 4 for different crystallization
mechanisms. However, the Avrami exponent is not a
straightforward integer, and other complex factors are
probably involved during the process.

The plots of log{—In[1 — X(#)]} versus log t are
shown in Figure 2. Each curve shows an initial linear
portion, then subsequently tends to level off. The de-
viation becomes more obvious with decreasing T..
This deviation is probably attributable to the second-
ary crystallization, which is caused by the spherulite
impingement in the later stage of the crystallization
process.'¥!*

From the slope and intercept of the initial linear
portion in Figure 2, the values of n and K were deter-
mined and are listed in Table I. The obtained Avrami
exponent 7 varies from 2.36 to 2.67, depending on the
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Figure 2 Plots of log{—In[1 — X(#)]} versus log t for the
isothermal crystallization of SCPA-10T at different crystalli-
zation temperatures.

crystallization temperature T.. These results indicate
that the crystal in the initial stage grows in two di-
mensions, controlled by thermal nucleation. The val-
ues of the crystallization rate parameters K increase
with decreasing crystallization temperature T, (Table
I), which indicates that SCPA-10T exhibits a very dif-
ferent temperature dependency, characteristic of nu-
cleation-controlled and thermal-activated crystalliza-
tion associated with the proximity of the melting tem-
perature T,,,.

Figure 3 shows the plots of X(t) versus crystalliza-
tion time t for SCPA-10T at different crystallization
temperatures. It can be seen that characteristic sigmoi-
dal isotherms are shifted to the right with increasing
isothermal crystallization temperatures, indicating
that the crystallization rate becomes slower.

Another important parameter is the half-time of
crystalization t, ,,, which is defined as the time taken
from the onset of the crystallization until 50% comple-
tion and can be determined from the measured kinet-
ics parameters. That is,

TABLE 1
Kinetic Parameters for the Isothermal
Crystallization of SCPA-10T

T. (°C)

Parameter 283 284 285 286 287
n 2.57 2.36 2.43 2.48 2.67
K, min™" 1.66 0.59 0.20 0.07 0.02
t e TIN 0.68 0.99 1.56 2.37 3.63
ty /5, min 0.71 1.07 1.67 2.52 3.77
T1/2r

min ! 141 0.93 0.60 0.40 0.27
X(tax), %o 46.56 49.11 48.99 49.10 43.47
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Figure 3 Development of the relative degree of crystallin-
ity X(t) with crystallization times t for the isothermal crys-
tallization of SCPA-10T at different crystallization tempera-
tures.

In2\ /"
bhp=\% (3)

The dependency of t, ,, on the crystallization temper-
ature is shown in Figure 4. As observed in all poly-
meric materials, t, ,, increases slowly with increasing
T,, indicating that the rate of crystallization is faster
when the degree of supercooling is greater.

Usually, the crystallization rate (G) is described as
the reciprocal of t;,, [e.g., G = Ty,, = (t1/2)71]' The
values of 7, 5, t;,5, and X(t,,) are listed in Table L
Lin'® used eq. (2) to calculate the necessary time for
maximum crystallization rate f_,, because this time

283 284 285 286 287
T (C)
Figure 4 The plot of half-time of crystallization t, ,, versus

the crystallization temperature T, for the isothermal crystal-
lization of SCPA-10T.
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TABLE 11
Values of T%, t,,..., AH, and X(f) During the
Nonisothermal Crystallization of SCPA-10T

R (°C/min)
Parameter 5 10 20 30 40
T*, °C 279.4 276.3 270.7 266.9 263.9
Fnaxy TN 1.52 0.73 0.50 0.41 0.33
AH, J/g 36.76 42.37 46.31 47.88 47.83
X(tmax), %o 43.51 40.53 48.40 49.79 48.67

corresponds to the point at which dQ(t)/dt = 0, where
Q(t) is the heat-flow rate, obtaining

n—1\""
tﬂlﬂx = ( nK ) (4)

The calculated values of t,,,, are listed in Table II. Data
of t,.x can also be obtained from the heat-flow curves
in Figure 1.

Nonisothermal crystallization kinetics: Jeziorny-
modified Avrami equation

In practical processing, such as extrusion, injection
molding, and film production, crystallization usually
proceeds under dynamic nonisothermal conditions, so
it is of practical significance to study the crystallization
kinetics under nonisothermal conditions, particularly
for the technological optimization and manufacture of
high-performance polymeric materials.

The nonisothermal crystallization exothermic
curves of SCPA-10T at various cooling rates (R) are
shown in Figure 5. T* is the peak temperature at which
the crystallization rate was maximum, and T* shifts to

Endo

—O0—5°C/min
—0—10°C/min
—A— 20°C/min
—v— 30°C/min
—O— 40°C/min

4 T T T
200 250 300

Figure 5 Plots of heat flow versus temperature T during
nonisothermal crystallization of SCPA-10T at different cool-
ing rates by DSC.
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Figure 6 Development of the relative degree of crystallinity X(¢) with (a) crystallization temperatures T, and (b) crystalli-
zation times t for the nonisothermal crystallization of SCPA-10T at different cooling rates.

a lower temperature region with increasing cooling
rates. This observation is typical of other samples and
a common phenomenon for semicrystalline polymer
crystallized nonisothermally. When the polymer was
undergoing crystallization at a lower cooling rate, it
had a relatively long time remaining within the tem-
perature range that promoted sufficient mobility of
segments for the growth of crystallites; when cooled at
a relatively rapid rate, however, segments were frozen
before the formation of regular crystallite, thereby
decreasing the crystallization temperature. The values
of T*, the corresponding time ¢,,,,, and the crystalli-
zation enthalpies at different cooling rates are listed in
Table II.

From the DSC data, we can calculate the values of
the relative degree of crystallinity X(t) at different
crystallization temperatures T, as shown in Figure
6(a). During the nonisothermal crystallization process,
we obtained a series of reversed S-shaped curves. A
relationship between T, and time crystallization time ¢
is given as follows:

|T0 - TC|

= (5)

where T, is the initial temperature when crystalliza-
tion begins (t = 0) and R is the cooling rate. With eq.
(5), the horizontal temperature axis in Figure 6(a) can
be transformed into a timescale [Fig. 6(b)]. Because of
the spherulite impingement in the later stage of crys-
tallization, the curves tend to flatten and became S-
shaped (or reversed S-shaped). The higher the cooling
rate, the shorter the time of crystallization completion.
We can obtain the values of T, or t at the various
cooling rates from Figure 6 at a random relative de-
gree of crystallinity X(t). The values of X(t) at the peak
temperature T* are also shown in Table II

Mandelkern'® considered that the primary stage of
nonisothermal crystallization can be described by the
Avrami equation, based on the assumption that the
crystallization temperature (T.) is constant. Mandelk-
ern obtained the following equation:

1= X(t) = exp(— Zit")

log{ — In[1 — X(t)]} = nlogt + 1°gZ, (6)
where Z, is the rate constant in the nonisothermal
crystallization process. Jeziorny considered that the
values of Z,, determined by Avrami eq. (6), should be
adequate. Considered to be an influence on the cool-
ing or heating rate R = dT/dt, Jeziorny'” assumed that
R was constant or approximately constant. The final
form of the rate parameter characterizing the kinetics
of nonisothermal crystallization is given as follows:

logZ,
= 7)

logZ. =

Drawing the straight line corresponding to log{—In[1
— X(t)]} versus log t by using eq. (6), we can determine
the Avrami exponent n and the rate parameter Z, or Z,
from the slope and intercept (Fig. 7). The values of Z,,
Z. and t;,, are shown in Table IIl. Apparently, the
values of the Avrami exponent n from the first crys-
tallization process are much larger than those of the
secondary. Like the previous treatments for the iso-
thermal crystallization kinetics of SCPA-10T (Fig. 2),
all the curves are divided into the following two sec-
tions: the primary crystallization stage and the sec-
ondary crystallization stage. At the secondary stage,
the straight line tends to deviate from the primary
crystallization stage, especially at lower cooling rate.
At the primary stage, the Avrami exponent, n, in the
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Figure 7 Plots of log{—In[1 — X(#)]} versus log t for the
nonisothermal crystallization of SCPA-10T at different cool-
ing rates.

range of 3.05-5.34, indicates that the mode of the
nucleation and growth at primary stage of the noniso-
thermal crystallization for SCPA-10T is more compli-
cated than that for the isothermal crystallization pro-
cess. At the secondary stage, the Avrami exponent, 1,
= 2.17-3.04 (Table III), because of the spherulites’
impingement and crowding, the mode becomes sim-
pler.

Ozama analysis in nonisothermal crystallization
kinetics

Considering the effect of the cooling rate R on dy-
namic crystallization by properly modifying the
Avrami equation, Ozawa'® extended the Avrami
equation to the process of nonisothermal crystalliza-
tion, as follows:

Rm
log{ — In[1 — X(T)]} = — mlogR + logK(T) (8)

K(T)
1—X(T)=exp[— ]
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Figure 8 Plots of log{—In[1 — X(T)]} versus log R from the
Ozawa equation for SCPA-10T.

where X(T) is the relative degree of crystallinity, m is
the Ozawa exponent, and K(T) is the kinetic crystalli-
zation rate constant. A plot of log{—In[1 — X(T)]}
versus log R at a given temperature should result in a
straight line if the Ozawa method is valid. However,
we did not obtain straight lines in Figure 8. This
experimental fact indicates that the Ozawa equation is
not suitable to describe the kinetics in the nonisother-
mal crystallization process of semicrystalline PA-10T,
which has an appreciable extent of secondary crystal-
lization.

Combined Avrami equation and Ozawa equation

To find a method to describe properly the nonisother-
mal crystallization process, Liu and coworkers' pro-
posed a novel method for nonisothermal crystalliza-
tion process and successfully dealt with the noniso-
thermal crystallization behavior of nylon-11,%
PEDEKK,*! nylon-66,** nylon-46,>* nylon-1212,** syn-
diotactic polystyrene,” PP-PP-¢-MAH-Org-MMT,*
and PETIS.* They obtained the following equations
by relating eq. (6) to eq. (8):

TABLE III
Values of n, Z,, Z_, and 7,,, from the Avrami Equation at the Two Stages
of Nonisothermal Crystallization for SCPA-10T

Primary crystallization stage

Secondary crystallization stage

Ti/a
R (°C/min) 1 Zn Z, 71 (min~?) 1, Z Ze (min/’l)
5 5.34 0.072 0.59 0.97 2.46 0.29 0.78 1.05
10 3.40 1.52 1.04 1.13 2.18 1.48 1.04 1.20
20 3.05 4.95 1.08 1.16 2.35 4.46 1.08 1.21
30 3.40 11.92 1.09 1.14 2.86 11.14 1.08 1.17
40 3.37 21.10 1.08 1.14 3.04 23.26 1.08 1.16
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Figure 9 Plots of log R versus log t from the combined
Avrami and Ozawa equation for SCPA-10T.

logZ, + nlogt = logK(T) — mlogR

1 KM n
logR = m 10g|:Z:| T logt (9)
Define F(T) = [K(T)/Z,]"/™ and « = n/m. The param-
eter F(T) is the value of the cooling rate, which has to
be chosen at the unit crystallization time when the
measured system amounts to a certain degree of crys-
tallinity. The smaller the value of F(T), the higher the
crystallization rate becomes. Therefore, F(T) had a def-
inite physical and practical meaning. By the above

assumption, Liu and coworkers obtained the follow-
ing expression:

logR = logF(T) — ologt (10)

At a given relative degree of crystallinity, the plots of
log R versus log t, according to eq. (10), are shown in
Figure 9. Using straight lines to fit these data points,
we can obtain a series of lines with slope = —a and
intercept = log F(T). The values of a and F(T) are listed
in Table IV. It is apparent that the values of F(T)
systematically increase with increasing relative degree
of crystallinity, indicating that at unit crystallization
time, a higher cooling rate should be used to obtain a

TABLE IV
Values of a and F(T) at a Certain Relative Degree of
Crystallinity X(#) from Equation (10) of SCPA-10T

X(#) (%)

Variable 20 40 60 80
a 1.31 1.35 1.35 1.33
F(T) 5.92 7.73 9.51 12.10
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Figure 10 Dependency of the melt-crystallization peak
temperature (T*) on the cooling rate (R) for SCPA-10T dur-
ing the nonisothermal crystallization process.

higher degree of crystallinity; however, the values of «
are approximately constant.

Crystallization rate coefficient

To allow a direct comparison of the crystallization
rates of various polymers on a single scale, empirical
methods were proposed.”®° Among them, Khanna®®
introduced a “crystallization rate coefficient” (CRC),
defined as the variation in cooling rate, required to
change the supercooling of the polymer melt, of 1°C.
The CRC can be measured from the slope of the plot of
cooling rate versus crystallization peak temperature
and can be used as a guide for ranking the polymers
on a scale of crystallization rates. The CRC values are
higher for faster crystallization systems. At the same
time, Khanna presented a series of CRC values for
different polymers.

According to Khanna's treatment, the cooling rate R
is plotted against T*, as shown in Figure 10, and the
CRC value of SCPA-10T obtained from the slope of the
line is 132.2 h™'. Compared with the values reported
for other aliphatic polyamides such as PA-6, -66, and
-46, the CRC of SCPA-10T is appreciably higher (val-
ues of CRC for PA-6, -66, and -46 are 79.6, 82.4, and
81.5 h™", respectively), which is beneficial for injec-
tion-molded fabrication resulting from reduction in
cycle time.

CONCLUSION

The study of bulk crystallization kinetics of polymers
is an important step in understanding, predicting, and
designing structural formation under various process-
ing conditions. In this article, the isothermal and
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nonisothermal crystallization kinetics of SCPA-10T
were investigated by DSC. The Avrami analysis indi-
cates that the crystallization process is composed of
the primary stage and the secondary stage. At the
primary stage of the isothermal crystallization pro-
cess, the Avrami exponent 7 varies from 2.36 to 2.67,
indicating that crystal growth is in two-dimensional
extensions during the primary stage.

For the nonisothermal crystallization process, sev-
eral different analytical methods were explored to in-
vestigate the nonisothermal crystallization behavior.
The Avrami equation modified by Jeziorny was used
to describe the primary stage of nonisothermal crys-
tallization with the exponent 7, in the range of 3.05—
5.34, indicating that the mode of spherulitic nucleation
and growth is more complicated than that in the iso-
thermal crystallization process. At the secondary
stage, however, the crystallization time is lengthened,
the spherulites are impinged and crowded, the crys-
tallization rate decreases, and the mode of spherulitic
nucleation and growth becomes simple (1, = 2.17-
3.04). The Ozawa equation failed to describe the
nonisothermal crystallization process, although with
Mo’s method, the nonisothermal crystallization pro-
cess of SCPA-10T was successfully analyzed. Based on
Khanna’s method, the calculated CRC wvalue for
SCPA-10T is 132.2 h™', which suggests that SCPA-10T
has a high crystallization rate relative to that of the
common aliphatic polyamide.
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