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ABSTRACT: Blends of Polyamide-6/Poly(phenylene oxide) (PA-6/PPO) were prepared by
in situ polymerization, in which the reactive compatibilizer SP was added. Based on two
kinds of kinetic equation of nonisothermal crystallization proposed by Ozawa and Liu,
the influences of PPO, the cooling rate, and the compatibilizer on crystallization process
of PA-6 were investigated. At a given cooling rate, the presence of PPO reduces the
overall crystallization rate of PA-6; for a fixed PPO level, the time of crystallization
completed becomes shorter when the cooling rate is higher; the addition of SP impedes
the development of crystal growth. Scanning electronic microscope (SEM) results for-
tified the above conclusion. According to the analysis result of experiment data, it shows
that the Ozawa equation does not adequately describe the nonisothermal crystalliza-
tion behavior of PA-6/PPO blends, whereas the Liu approach can be well applied in this
studied system. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 767–775, 1999
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INTRODUCTION

At present, blends of PA-6/PPO are the engineer-
ing thermoplastics of high consumption due to
their special physical and mechanical properties,
such as excellent chemical resistance, high-di-
mensional stability, and good thermal properties.
This has been widely applied in mechanics, elec-
tronic applications, and automobile package ma-
terials.1 But because PPO is an amorphous poly-
mer and PA-6 is a crystalline material, the two
components of the blend are immiscible, and may
appear to phase separate during the melting mix-
ing process. Thus, it causes the blend to exhibit
poor mechanical properties. It is generally be-
lieved that the key factors that affect the proper-
ties of blends are dispersion quality and the ad-
hesion degree between the two phases.2, 3 To im-

prove the compatibility between the two phases,
our laboratory adopted a reactive blending tech-
nique, in situ polymerization, and the addition of
a reactive compatibilizer SP, which is a type of
bisphenol A epoxide. The epoxy functional groups
of the SP compatibilizer can react with both the
amine and carboxylic end groups of PA-6 and the
hydroxyl end group of PPO at an interface to form
various copolymers. These in situ-formed grafted
copolymers tend to concentrate along the inter-
face between PA-6 and PPO as an effective com-
patibilizer. In our previous work, the mechanical
properties and the morphology of in situ PA-6/
PPO blends have been studied.4 These results
indicate that the reaction between functional
units that exists in polymer blends during the
polymerization process can improve the interface
interaction between the two components, in the
meantime, the addition of SP can reduce the size
of dispersed phase of the blends markedly. The
morphology of incompatible polymer blends in the
presence of the in situ-formed copolymers during
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the reactive processing becomes a very fine struc-
ture due to the reduction of interfacial tension
between the dispersed phase and the matrix.

The final properties of blends of PA-6/PPO in
an engineering application are critically de-
pended on the degree of crystalinity and the na-
ture of crystalline morphology, which in turn, rely
on the processing condition, because most practi-
cal process such as industrial synthesis, extru-
sion, molding, and melt spinning of synthetic fi-
bers frequently occur under situations closed to
nonisothermal conditions.5,6 Compared to the iso-
thermal crystallization experiment, the noniso-
thermal crystallization investigation is of consid-
erable practical significance.

It is well known that the Avrami equation has
been widely used in the study of polymer crystal-
lization in isothermal conditions because the
Avrami parameters provide information both on
the nucleation and growth of the crystal.7 To elu-
cidate the mechanism of nonisothermal crystalli-
zation, several different data-analyzing methods
based on the Avrami equation were produced.
Among these mathematics treatments, more
widely applied were those proposed by Mandelk-
ern,8 Ziabicki,9 Jeziorny,10 and Ozawa.11 For ex-
ample, the Ozawa equation has been well used to
describe the nonisothermal crystallization behav-
ior of PET,11 PP,12 PPS,13 but for PBT,14 PE,12

and PEEK,15 the Ozawa analysis failed to char-
acterize the crystallization behavior. Recently a
new approach was proposed by Liu, derived by
combining Avrami and Ozawa equations to study
the nonisothermal crystallization kinetics of a
polymer. It has been successfully applied to the
PEO/PBHE16 and PEEKK17 systems, but it is
also difficult to show that this method is suitable
for all systems. In fact, all these mathematics
treatments have a common drawback, i.e., each
only applying to limited systems. Despite the
above limit, these treatments can still provide
useful information regarding the mechanism and
rates of crystallization.

In this article, the nonisothermal crystalliza-
tion behavior of PA-6/PPO blends was investi-
gated by means of a differential scanning calorim-
eter and scanning electronic microscope. Based on
the experimental results, the effects of PPO, cool-
ing rate, and SP on PA-6 crystallization behavior
were investigated. Furthermore, the applicability
of the Ozawa equation and the Liu analysis to
this studied system was discussed.

EXPERIMENTAL

Materials

Blends of PA-6/PPO were prepared from the ho-
mogeneous system «-Caprolactam/PPO above the
melting point of PA-6 via hydrolytic ring-opening
polymerization. During the polymerization pro-
cess, the reactive compatibilizer (SP) was added.
PPO was provided by GE plastics, SP was made
by us, which is a kind of bisphenol A epoxide.
«-Caprolactan was obtained through redistillia-
tion, and 6-amino-caproic acid was provided by
Beijing Chemistry Company. The different PA-6/
PPO blends compositions (PA-6/PPO/SP wt/wt/
wt) were pure PA-6, 95/5/0, 95/5/0.25, 95/5/0.5,
90/10/0, and 90/10/0.5.

Differential Scanning Calorimeter

The overall nonisothermal crystallization kinetics
of molten blends was analyzed by a differential
scanning calorimeter (Perkin-Elmer DSC 7). The
samples were heated from room temperature to
553 K, and after 10 min at that temperature they
were cooled at various constant cooling rates: 10,
15, 20, 25, and 30°C/min. The heat of the crystal-
lization as a function of performance time was
recorded.

Melting point and heat of fusion of PA-6/PPO
blends were also measured by a Perkin-Elmer
DSC 7. Samples were heated from room temper-
ature to 553 K, and then rapidly cooled to room
temperature to erase the thermal history of the
samples. A second run was carried out at the
heating rate of 10°C/min. All these operations
were carried out under a nitrogen purge, and the
samples were dried in a vacuum at 120°C for 24 h
before measuring. Sample weights were about
7–8 mg.

SEM Observation

Samples were merged in liquid nitrogen and then
fractured at the primed notch. The fractured ar-
eas of samples were gilded with gold before test-
ing. An Hitachi S-530 scanning electronic micro-
scope was used to study the morphology of the
samples.

RESULTS AND DISCUSSION

Figure 1 shows the crystallization exotherms for
the 95/5 PA-6/PPO blend at various cooling rates.
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It is obvious that the crystallization peak is
moved down to lower temperatures as the cooling
rate is increased, which can be explained by the
fact that there must enough time to activate nu-
clei at different cooling rates, i.e., the nuclei are
activated at lower temperature as the cooling rate
is increased.18

Meanwhile the temperature, at which the max-
imum of the peaks occurs, Tcmax decreases with
increased cooling rate. The undercooling degree,
Tm 2 Tcmax , where Tm is the equilibrium melting
temperatures of PA-6/PPO blends (which were
respectively measured by means of DSC at the
same heating rate). The dependence of the under-
cooling degree on the cooling rate is shown in
Figure 2. From this plot, it can be seen for a given
composition that the undercooling degree in-
creases at higher cooling rates, which also can be
explained by the fact that the lower time scale
was afforded to the polymer to crystallize as the
cooling rate increased, therefore requiring a
higher undercooling degree to initiate crystalliza-
tion.19

Following the heat flow’s relationship with the
temperature at a fixed component, the relative
degree of crystallinity can be calculated:

X~T! 5 E
T0

T

~dH/dt! dt/E
T0

T`

~dH/dt) dt (1)

where T0 and T` are the onset and end crystalli-
zation temperatures, respectively. The relative
degree of crystalinity X(T) as a function of temper-
ature for the 95/5 PA-6/PPO blend at different
cooling rates is illustrated in Figure 3. During the
nonisothermal crystallization process, the time
and the temperature exhibit the following rela-
tionship:

t 5P~T0 2 T!/RP (2)

where T0 is initial temperature when the crystal-
lization begins (t 5 0), T is the temperature at
time t, and R is the cooling rate. According to
Figure 3 and eq. (2), the half-crystallization time,
t1/2, for different components at various cooling
rates can be obtained. Figure 4 shows how the t1/2
depends on the cooling rate for blends of PA-6/
PPO; the value of t1/2 is clearly decreased as the
cooling rate is increased. In general, the overall
crystallization rate is determined by both the nu-
cleation and the growth of crystal. Although at a
high temperature range close to the melting point
of materials the crystallization rate mainly de-
pends on the nucleation, in such a temperature
range the nucleation rate increases with decreas-
ing temperature. In this studied system, the crys-
tallization temperature is in the range of 433–
473 K, which is much closer to the melting point
of PA-6/PPO blends. (The melting point of pure

Figure 1 DSC crystallization traces for the 95/5/0 PA-6/PPO/SP blend at various
cooling rates.

CRYSTALLIZATION KINETICS OF PA-6/PPO 769



PA-6, 95/5/0 PA-6/PPO/SP, and 90/10/0 PA-6/
PPO/SP are 493.3, 493.5, and 488.5 K.)

As also can be seen in Figure 4, for a given
cooling rate, the values of t1/2 increase with the
presence of PPO; furthermore, as the content of
PPO increases, the values of t1/2 become larger. It
is well known that t1/2 can be used to characterize
the crystallization rate under isothermal condi-
tions: the higher the value of t1/2, the lower the

crystallization rate. For nonisothermal crystalli-
zation, t1/2 can also be used to illustrate the crys-
tallization rates.16 The trend in Figure 4 shows
the presence of PPO reduces the overall crystal-
lization rate of PA-6/PPO blends, which were ex-
pected behaviors. On one side, the presence of
amorphous PPO diluted the crystalline polymer
PA-6 chains at the crystal growth front; on the
other side, the presence of PPO increased the Tg

Figure 2 Variation of undercooling degree vs. cooling rate for blends of PA- 6/PPO.

Figure 3 Relative degree of crystallinity as a function of temperature for the 95/5/0
PA-6/PPO/SP blend at various cooling rates.
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of the blend, consequently reducing the mobility
of crystalline chains (PPO, Tg 5 493 K, PA-6, Tg 5
323 K),18 which has been proven by DMA in our
previous work.4

Ozawa has extended the Avrami equation,
originally valid for isothermal crystallization, to
nonisothermal condition of a controlling constant
cooling rate. Assuming that nonisothermal crys-
tallization is the result of infinite isothermal pro-
cesses, and the mathematics analysis proposed by
Evans is appropriate,20 the following equation
has been derived:

log$2ln@1 2 X~T!#% 5 log K~T! 2 n log R (3)

where X(T) is the fraction of material crystallized
at temperature T, R is the cooling rate, K(T) is the
cooling function, and n is the Ozawa exponent
that depends on the nucleation type and the
growth dimension. Plotting log {2ln[1 2 X(T)]}
against logR at a given temperature, if the Ozawa
method is valid, a series of parallel straight lines
should be obtained, and K(T) and n can be deter-
mined from the intercept and slope, respectively.

Figure 5 shows the plot of log {2ln[1 2 X(T)]} vs.
log R for the 95/5/0 PA-6/PPO/SP blend. Clearly,
these straight lines do not exhibit a parallel rela-
tionship, which makes it very difficult to deter-
mine the constant value of n. The values of n
obtained through the linear treatment of these
scattering dots increased with a raised tempera-

ture; this trend is illustrated in Figure 6. It is
impossible to predict the nucleation mechanisms
occurring during nonisothermal crystallization
from a wide range of n values.

Three main factors can be contributed to ex-
plain the inapplicability of the Ozawa equation:
the Ozawa analysis does not take into consider-
ation secondary crystallization processes, such as
PE, PEEK, or PEEKK, in which a large portion of
the crystallization is attributed to secondary pro-
cesses; the Ozawa exponent may change with the
crystallization temperature, the cooling rate, and
the transformed volume function; at a given tem-
perature, during the plotting log {2ln[1 2 X(T)]}
against log R, it is very difficult to find more than
two or three points; getting a straight line in such
a case appears to be a little incorrect.

To the same sample, the crystallization tem-
peratures are distinct at various cooling rates,
when plotting log {2ln[1 2 X(T)]} against log R at
different crystallization temperatures; if the
range of cooling rate is broader, the parallel rela-
tionship of the above plot is poor, it is indeed
difficult for the Ozawa equation to reflect the
practical crystallization process. Recently a new
convenient approach for the nonisothermal crys-
tallization was proposed by Liu,16,17 derived by
combining the Avrami equation with the Ozawa
equation. Under no-isothermal conditions the
crystallinity is related to both the cooling rate R
and the crystallization time t. At a fixed crystal-

Figure 4 Variation of the half-crystallization time t1/2 as a function of the PA-6/PPO
blend composition at different cooling rates.
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linity, the relationship between R and t can be
derived by combining the Avrami equation and
the Ozawa equation as follows:

Log$2ln@1 2 X~T!#% 5 log Zt 1 n log t (4)

Log$2ln@1 2 X~T!#% 5 log K~T! 1 m log R (5)

Combining eqs. (4) and (5):

Log Zt 1 n log t 5 log K~T! 2 m log R (6)

Equation 6 can be rewritten as follows:

Log R 5 log F~T! 2 a log t (7)

where the parameter F(T) 5 [K(T) /ZT]1/m refers to
the value of cooling rate, which has to be chosen
at a unit crystallization time when the measured

Figure 5 Ozawa plot of log{2ln[1 2 X(T)]} vs. log R for the 95/5/0 PA-6/PPO/SP blend.

Figure 6 Variation of Ozawa exponent vs. temperature for the PA-6/PPO blend.
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system amounts to a certain degree of crystallin-
ity: a is the ratio the Avrami exponent n to the
Ozawa exponent, i.e., a 5 n/m. It can be seen that
F(T) has a definite physical and practical meaning.
Plotting logR vs. logt should obtain a straight
line; the F(T) and a can be determined from the
intercept and slope of the line. The logF(T) has
been plotted for a given temperature against
logR, as illustrated for the 95/5/0 PA-6/PPO/SP
blend in Figure 7. Table I lists the values of pa-
rameter F(T) and a at different relative degrees of
crystallinity for the pure nylon PA-6/PPO series
blends. It can be seen that the values of a are
almost constant at a fixed PPO composition and
the values of F(T) systematically increase with rais-
ing the relative degree of crystallinity; meanwhile,
these increase as the amount of PPO in the blend
increase, indicating the increase of amorphous PPO
reduces the overall crystallization rate. The higher
the values of F(T), the lower the crystallization rate;
these phenomena can be attributed again to the
previous two factors, and is well in accordance with
the conclusion derived by referring to t1/2.

From Table I we can also find that the presence
of SP increases the values of F(T) for a given
composition (95/5 PA-6/PPO), and the increase in
the amount of SP increases the values of F(T),
which indicates the addition of a compatibilizer
reduces the overall crystallization rate. On one
hand, the nucleation agent SP may accelerate the

development of crystal growth. On the other
hand, the presence of SP can improve the compat-
ibility between PA-6 and PPO. SEM micrographs
of the fracture surface of 95/5 PA-6/PPO blends

Figure 7 Plot of log R vs. logt for different relative degree of crystallinity for the
95/5/0 PA-6/PPO/SP blend.

Table I Value of F(T) and a of Blends of PA-6/
PPO at Various Compositions

PA-6/PPO/SP X(T) (%) F(T) a

40 1.56 1.56
50 1.82 1.50

100/0/0 60 2.47 1.46
75 3.50 1.44
40 2.79 1.59
50 3.10 1.70

95/5/0 60 4.06 1.64
75 5.37 1.65
40 3.81 1.49
50 5.06 1.43

90/10/0 60 5.96 1.43
75 7.72 1.43
40 4.13 1.47
50 5.37 1.42

95/5/0.25 60 6.35 1.39
75 8.24 1.39
40 4.48 1.34
50 5.58 1.29

95/5/0.5 60 6.59 1.30
75 8.23 1.30
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are shown in Figure 8. The large dispersed and
spherical PPO particles can be easily identified
from the uncompatibilized blend (95/5/0 PA-6/
PPO/SP) in Figure 8(A). With increasing the
amount of SP, the configuration of PPO particles
become small and finely dispersed, resulting in
fine and stable morphology, which can be ob-
served in Figure 8(B) (95/5/0.25 PA-6/PPO/SP)
and Figure 8(C) (95/5/0.5 PA-6/PPO/SP). Conse-
quently, the dispersed PPO particles more effec-
tively impede the mobility of orderly crystalline
PA-6 chains, and step up the growth of crystals of
PA-6. Comparing the effects of these two aspects,
the latter is more important.

CONCLUSION

The results of experiment data were analyzed by
using Ozawa and Liu equations with the DSC

technique. The presence of PPO impedes the
growth of cystals of PA-6, and reduces the overall
crystallization rate. Meanwhile, because the com-
patibilizer (SP) improved the compatibility of
PA-6 and PPO, the addition of SP steps up the
development of crystallinity, which was also
proven by SEM results.

The Ozawa equation failed to describe the
nonisothermal crystallization behavior of the PA-
6/PPO blend probably because of the inapplicabil-
ity of some of the inherent assumption in this type
of analysis, such as secondary crystallization. The
Ozawa exponent was related to the cooling rate
and crystallization temperature. Liu’s approach,
combined by Avrami and Ozawa equations, was
applied to study the nonisothermal crystallization
process. The experiment results analyzed shows
agreement with this new equation. It also sug-

Figure 8 Morphology of the 95/5 PA-6/PPO series blends: (A) 95/5/0 PA-6/PPO/SP
blend; (B) 95/5/0.25 PA-6/PPO/SP blend; (C) 95/5/0.5 PA-6/PPO/SP blend.
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gested that the compatibility between the compo-
nents for a certain system could be observed by
DSC. But the imperfect aspect of this method is
that it does not provide some information about
the dimension of crystal growth because the val-
ues of a (the ratio of the Avrami exponent n to the
Ozawa exponent m) are not easily compared.
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