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ABSTRACT: Polypropylene (PP)/wasted poly(ethylene
terephthalate) (PET) fabric composites and these compo-
sites modified by maleic anhydride grafted polypropylene
(PP-g-MA) and reactive monomers were prepared with a
twin-screw extruder. The crystallization morphology, noni-
sothermal crystallization and melting behavior, crystalliza-
tion kinetics, and isothermal crystallization kinetics were
investigated with differential scanning calorimetry. The
results indicated that the wasted fabric (WF) had a hetero-
geneous nucleation effect on PP in the composites, and
this increased the crystallization temperature and induced
PP to form transcrystallinity. PP-g-MA further increased
the crystallization temperature; however, the reactive

monomers weakened the heterogeneous nucleation effect
of WF. Also, the premelting temperature affected the
crystallization and melting behavior of the composites
significantly. The Avrami equation and the Mo method
provided a fairly satisfactory description of the crystalliza-
tion kinetics. The crystallization activation energy, nuclea-
tion constant, and folding surface free energy of PP were
markedly reduced in the PP/waste PET fabric composites
and the compatibilized composites. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 121: 1972–1981, 2011
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is widely used in
textile fiber products. However, nowadays, lots of
PET textile fiber products are abandoned after short-
term use in many countries because they are worn
out, dirty, or out of fashion. It is a tremendous waste
to bury or burn these wasted PET textile fiber prod-
ucts directly; their fabrication involved complicated
processes and consumed large amounts of energy.
From the viewpoint of global environmental protec-
tion and resource conservation, the recycling of these
wastes is a great necessity and emergency. During
past decades, numerous methods have been devel-
oped to recycle wasted PET products; these include
the blending of recycled PET with virgin PET,1,2 pol-
yolefins,3–12 and other polyesters,13 the modification

of PET with chain extenders,14 incineration, and
chemical recycling.15 Among these methods, blend-
ing PET with polyolefins is very attractive because
of the ease of fabrication, economy, and superior
mechanical properties of the blends. Several articles
have been published on blends of recycled PET and
polyolefins.3–12

When PET fibers and polyolefins are blended at
temperatures higher than their melting points, PET
fibers lose their intrinsic fiber morphology and
strength. In recent years, newly developed microfi-
brillar blends of polyolefins and polymers with a
high melting point have exhibited specific properties
comparable to those of polyolefin composites rein-
forced by mineral fibers,16–19 and this is considered
an effective reinforcement method for polyolefins.
There have been many reports of binary micro-
fibrillar blends of polyethylene and polyamide,16

polyethylene and PET,17 polypropylene (PP) and
polyamide,18 and PP and PET.19 It is possible to
both favorably enhance blends of polyolefins with
wasted PET fabrics and maintain the fiber morphol-
ogy of PET in the fabrics during melt blending. The
key to attaining this goal is to solve the problem of
dispersion from fabrics to filaments and the problem
of interfacial adhesion between PET and polyolefins,
which are incompatible with one another. According
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to our previous study,20 when fabric flakes are too
small, the shearing action during melt blending in a
twin-screw extruder can disperse the flakes into the
filaments. In this work, wasted PET fabric was used
to reinforce a PP resin, and a macromolecular com-
patibilizer and reactive monomers were also used to
improve the dispersion and interfacial adhesion of
PP/wasted PET fabric composites. However, the
ultimate mechanical properties of blends or compo-
sites based on crystallizable polymers are deter-
mined in part by the crystallization morphology,
crystallization behavior, and crystallization kinetics.
The main aim of this study was to investigate how
wasted PET fabric and its interfacial modifiers affect
the crystallization morphology, nonisothermal crys-
tallization and melting behavior, nonisothermal crys-
tallization kinetics, and isothermal crystallization
kinetics of PP/wasted PET fabric composites.

EXPERIMENTAL

Materials

Commercial-grade isotactic PP (HP500N; melt flow
rate ¼ 12 g/10 min at 230�C) was supplied by Reli-
ance Industries Limited, Hazira, India. Wasted PET
fabric was obtained from recycled clothing (100%
terylene) at a Chinese salvage station; the monofila-
ment diameter was 20 lm. Maleic anhydride grafted
polypropylene (PP-g-MA) was supplied by Guangz-
hou Lushan Chemical Materials Co. (Guangzhou,
China) with an MA grafting ratio of 1.0% and a melt
flow index of 15 g/10 min. Analytical-reagent-grade
methyl methacrylate (MMA), styrene (St), and azo-
diisobutyronitrile were purchased from Tianjin
Chemical Co., Ltd. (Tianjin, China).

Sample preparation

MMA, St, and azodiisobutyronitrile were mixed in a
beaker in the ratio of 1:1:0.01. The wasted PET fabric
was immersed in the monomer mixture for 1 h and
then was squeezed until only 5 wt % of the mixture
remained in the fabric. Subsequently, the fabric was
heated at 80�C in an oven for 2 h to obtain the hard-
ened fabric. Finally, the fabric was cut into 8 mm �
8 mm pieces and was named modified wasted fabric
(MWF). Pure wasted fabric (WF) was also cut into
8 mm � 8 mm pieces.

PP, PP-g-MA, WF, and MWF were dried at 70�C
for 24 h and were mixed according to the composi-
tions listed in Table I. The mixtures were blended in
a twin-screw extruder at 200�C. The extruded prod-
ucts were cooled at room temperature and crushed
into small blocks in a breaker.

Crystallization morphology

The crystallization morphology was studied with a
polarizing microscope with a hot-stage thermal con-
troller. The samples were placed between two cover
glasses, melted at 230�C for 5 min, cooled to 125�C
quickly, and then held there for 1 h.

Differential scanning calorimetry (DSC)
characterization

A Q200 differential scanning calorimeter (TA Instru-
ments Ltd, Crawley, West Sussex, United Kingdom)
was used to study the thermal behavior of the PP/
PET fabric composites and was calibrated with the
melting temperature and enthalpy of a pure indium
standard. An 8–9-mg sample was accurately
weighed for DSC testing, and all measurements
were performed in a nitrogen atmosphere.
For nonisothermal crystallization and melting

behavior characterization, a composite sample was
rapidly heated to 220�C (or 290�C) and held there
for 5 min. Subsequently, it was cooled to 60�C at the
cooling rate of 20�C/min for the crystallization
behavior study. Then, it was reheated to 220�C (or
290�C) at 20�C/min for the melting behavior study.
For the study of the nonisothermal crystallization

kinetics, a composite sample was rapidly heated to
220�C and held there for 5 min. Subsequently, it
was cooled to 60�C at selected cooling rates ranging
from 5 to 40�C/min. Each sample was used only
once.
For the study of the isothermal crystallization

kinetics, a composite sample was rapidly heated to
220�C and held there for 5 min. Subsequently, it was
cooled to the crystallization temperature at the cool-
ing rate of 100�C/min. The isothermal temperatures
ranged from 126 to 130�C in steps of 1�C, and the

TABLE I
Compositions of the PP/Wasted PET Fabric Composites

Sample

Component (wt %)

PP PP-g-MA WF MWF

PP 100 — — —
WF — — 100 —
F2 98 — 2 —
F5 95 — 5 —
F10 90 — 10 —
F15 85 — 15 —
G5F2 93 5 2 —
G5F5 90 5 5 —
G5F10 85 5 10 —
G5F15 80 5 15 —
MF2 98 — — 2
MF5 95 — — 5
MF10 90 — — 10
MF15 85 — — 15
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sample was held at each isothermal temperature for
25 min to obtain complete crystallization. To observe
the melting behavior, we reheated the isothermally
crystallized samples to 220�C at the rate of 20�C/min.

RESULTS AND DISCUSSION

Crystallization morphology

The final performance of crystalline polymer matrix
composites depends on the crystallization behavior
and crystallization morphology of the polymer ma-
trix to a large degree. In this study, the crystalliza-
tion morphology of pure PP, an unmodified PP/WF
composite, a PP-g-MA-modified PP/WF composite,
and an MMA/St-modified PP/WF composite with
10 wt % WF was observed with polarized optical
microscopy (POM; see Fig. 1). Spherulites with a
black cross extinction phenomenon and an obvious
crystal interface were observed in pure PP [Fig.
1(a)]. In the unmodified F10 composite [Fig. 1(b)],
WF fiber with a diameter of 20 lm could be clearly
observed. The transcrystallinity formed perpendicu-
larly to the fiber surface in the region near the fiber
surface, and this could explain why the melting

temperature increased in comparison with that of
pure PP. However, normal spherulites still formed
in the region away from the fiber surface. Trivial
crystals were seen in the PP-g-MA-modified G5F10
composite both near and far from the fiber surface.
This might have been due to the fact that PP-g-MA,
which exhibited a heterogeneous nucleation effect,
was dispersed uniformly in the PP matrix. When the
crystallization temperature was reached, lots of
nuclei, which retarded the growth of the crystal,
formed in an instant. A condition similar to that
of the F10 composite was observed for the MMA/
St-modified MF30 composite; the arrangement of
transcrystallinity perpendicular to the fiber surface
was less regular than that of the F10 composite.
This may have been due to the fact that the copoly-
mer of MMA and St disturbed the growth of
transcrystallinity.

Nonisothermal crystallization and melting
behavior

Figure 2 illustrates the DSC crystallization and melt-
ing curves of PP and wasted PET fabric. Meanwhile,
the corresponding data are listed in Table II. The

Figure 1 POM micrographs of the PP/WF composite, the PP-g-MA-modified PP/WF composite, and the MMA/St-modi-
fied PP/WF composite with 10 wt % WF. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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peak melting temperatures (T
p
m, see figure 2) value

of PP and wasted PET fabric were 163.60�C and
253.08�C, respectively, and they exhibited great dif-
ferences. Therefore, it could be concluded that the
wasted PET fabric did not melt and retained its orig-
inal fiber morphology at the blending temperature
of 200�C in this study.

Figure 3 shows the DSC crystallization and melt-
ing curves of pure PP and PP/WF composites, and
the corresponding data are listed in Table II. The
crystallization enthalpy (DHc) and the melting
enthalpy (DHm) were normalized by the weight per-
centage of PP. The peak crystallization temperature
(Tc

p) and onset crystallization temperature (Tc
onset) of

PP were increased when it was blended with WF.
Moreover, Tc

p of the composites increased with
increasing WF content. This indicates that WF had a

heterogeneous nucleation effect on PP crystallization
and enabled PP crystallization at a higher tempera-
ture. Tao and Mai21 and Li et al.19 reported similar
results when they were investigating PP/PET
blends. Tc

p of the composite with 10 wt % WF (F10)
was close to that of the composite with 15 wt % WF
(F15), and this indicates that 10 wt % WF was satu-
rated and had a heterogeneous nucleation effect on
PP crystallization. Both DHc and DHm of the PP/WF
composites were smaller than those of pure PP. The
aforementioned POM results showed that irregular
spherulites with a lower crystallization degree
formed in the region away from the fiber surface,
although compact transcrystallinity with a higher
crystallization degree formed near the WF fiber. The
effect of the latter overrode that of the former, and
this reduced DHc and DHm of PP in the PP/WF com-
posites. When it was blended with WF, PP in the
PP/WF composites exhibited higher Tm

p values than
pure PP, and this indicates that WF might induce
the formation of transcrystallinity.
Figure 4 presents the DSC crystallization and

melting curves of pure PP and PP/WF composites
modified by PP-g-MA (the G5Fxx series composites),
and the related data can be seen in Table II. The
PP/WF composites modified by PP-g-MA exhibited
higher Tc

p values than pure PP. In comparison with
the PP/WF composites, the G5F2 and G5F15 compo-
sites possessed Tc

p values close to those of the F2
and F15 composites, respectively, whereas the G5F5
and G5F10 composites exhibited Tc

p values higher
than those of the F5 and F10 composites, respec-
tively. The crystallization process of PP involves
three-dimensional spherulite growth controlled by
heterogeneous nucleation, and it was reported that
the addition of PP-g-MA reduced the interfacial free

Figure 2 DSC crystallization and melting thermographs
of (1,2) pure PP and (3,4) wasted PET fabric.

TABLE II
Nonisothermal Crystallization and Melting Parameters
of Pure PP and PP/WF, PP-g-MA-Modified PP/WF,

and PP/MWF Composites

Sample Tc
p (�C) Tc

onset (�C) DHc (J/g) Tm
p (�C) DHm (J/g)

PP 107.14 115.02 98.13 163.60 95.64
WF 200.40 210.21 39.08 253.08 38.98
F2 109.98 116.65 90.41 166.40 84.02
F5 110.43 117.60 87.32 166.34 83.64
F10 114.08 121.05 97.38 165.14 94.06
F15 114.44 121.64 90.22 171.95 83.52
G5F2 109.25 116.88 90.71 166.15 84.53
G5F5 113.15 120.46 94.44 168.81 87.23
G5F10 114.51 121.84 92.59 168.26 86.78
G5F15 114.29 122.60 91.66 170.10 83.73
MF2 112.00 117.33 92.34 166.49 87.35
MF5 113.59 118.32 95.41 166.62 90.19
MF10 113.31 119.32 92.87 166.53 85.62
MF15 113.51 118.97 97.34 167.73 88.05

Figure 3 DSC crystallization and melting thermographs
of (1,2) PP and (3,4) F2, (5,6) F5, (7,8) F10, and (9,10) F15
composites
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energy of the surfaces of crystal nuclei and pro-
moted heterogeneous nucleation of PP.22 In this
study, Tc

p of the composites containing WF and
PP-g-MA was higher than that of the composites
containing only WF. This indicates that PP-g-MA
also had a heterogeneous nucleation effect on
PP crystallization, and this agrees with the reports of
Wang et al.23 and Seo et al.24 Similarly, the PP/WF
composites modified by PP-g-MA exhibited obvi-
ously higher Tm

p values than pure PP because of the
formation of transcrystallinity

The DSC crystallization and melting curves of
pure PP and PP/WF composites modified by reac-
tive monomers (the MFxx series composites) are
shown in Figure 5, and the related data are listed in

Table II. During blending with MWF, Tc
p of PP in

the composites increased to more than 112.00�C.
However, a further increase in the MWF content did
not markedly affect Tc

p of PP in the composites
when the MWF content was greater than 5 wt %. In
comparison with the Fxx series and G5Fxx series
composites, the MFxx composites possessed higher
Tc

p values than the Fxx and G5Fxx composites when
the fabric content was less than 5 wt %. Meanwhile,
the situation was reversed when the fabric content
was more than 5 wt %. Hence, the modification of
monomers weakened the heterogeneous nucleation
effect of wasted PET fabric on PP crystallization.
From the viewpoint of promoting the crystallization
of PP, the threshold value for MWF is 5 wt %.
According to the values of Tm

p, there also may be
transcrystallinity in PP/WF composites modified by
monomers.
Figure 6 shows the DSC crystallization and melt-

ing curves of F15, G5F15, and MF15 composites that
were premelted at 220 and 290�C, respectively, to
eliminate their heat history. After the heat history
was eliminated at 290�C, the crystallization peak
shapes of all the studied composites became mark-
edly sharper in comparison with the shapes after the
elimination of the heat history at 220�C. Tc

p of PP in
the F15 and MF15 composites changed little, but Tc

p

of PP in the G5F15 composite was obviously
improved. It was concluded that WF melted and
became dispersed in PP after the heat history was
eliminated at 290�C. The dotted line in Figure 6 also
shows the melting and crystallization of WF. In the
G5F15 composite, without disturbing the fabric
fibers, PP-g-MA more obviously exhibited a hetero-
geneous nucleation effect on PP in the composite
and led to a marked increase in Tc

p. In the MF15

Figure 4 DSC crystallization and melting thermographs
of (1,2) PP and (3,4) G5F2, (5,6) G5F5, (7,8) G5F10, and
(9,10) G5F15 composites.

Figure 5 DSC crystallization and melting thermographs
of (1,2) PP and (3,4) MF2, (5,6) MF5, (7,8) MF10, and (9,10)
MF15 composites.

Figure 6 DSC crystallization and melting thermographs
of (1,2,7,8) F15, (3,4,9,10) G5F15, and (5,6,11,12) MF15 com-
posites premelted at 220 and 290�C.
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composite, the resultant reactive monomers covering
the WF surface entered the dispersed PET phase and
did not affect the crystallization behavior of PP
much. After the heat history at 290�C was elimi-
nated, Tm

p of PP in all the studied composites
decreased to 163�C, which was close to Tm

p of pure
PP and at which normal PP spherulites formed. This
demonstrated that the wasted PET fabric had an
induction effect of transcrystallinity.

Nonisothermal crystallization kinetics

Four methods have been widely adopted to describe
the nonisothermal crystallization process: the Avrami
equation, the Ozawa equation, the Jeziorny equation,
and the Mo method. The double-logarithmic form of
the Avrami equation is as follows:25

ln �ln 1� X Tð Þ½ �f g ¼ lnZt þ nlnt (1)

where X(T) is the relative crystallinity after crystalli-
zation time t and Zt and n are the crystallization
kinetic constant and Avrami exponent, respectively
(both are related to the rate and mechanism of
crystallization).

Jeziorny26 calibrated the crystallization kinetic con-
stant of the Avrami equation with cooling rate U:

log Zc ¼ log Zt=U (2)

where Zc is the calibrated crystallization kinetic
constant.

Ozawa27 derived an equation; its double-logarith-
mic form is as follows:

log �ln 1� X Tð Þ½ �f g ¼ logK Tð Þ �mlogR (3)

where R is the cooling rate; K(T) is a function related
to the overall crystallization rate that indicates
how fast the crystallization proceeds; and m is the
Ozawa index, which is somewhat similar to n and
depends on the type of nucleation and growth
dimensions.

By combining the Avrami and Ozawa equations,
Mo et al.28 proposed a different equation that shows
a relationship between cooling rate R and crystalliza-
tion time t at a given relative crystallinity:

logZt þ nlogt ¼ logK Tð Þ �mlogR (4)

logR ¼ logF Tð Þ � alogt (5)

where the kinetic parameter F(T) ¼ [K(T)/Zt]
1/m

refers to the value of the cooling rate, which has to
be chosen at the unit of crystallization time when
the measured system has a certain degree of crystal-
linity, and a ¼ n/m is the Mo exponent. F(T) has a
definite physical and practical meaning: the smaller

the value of F(T) is, the higher the crystallization
rate is.
Moreover, Kissinger29 had suggested a method to

determine the activation energy for the transport of
the macromolecular segments to the growing surface,
DE, by calculating the variation of T

p
c with the cooling

rate U:

d ln U=Tp
c
2

� �h i
=d 1=Tp

c

� �
¼ �DE=R (6)

where R is the gas constant T
p
c is the peak crystalli-

zation temperature.
With eqs. (1)–(6), plots of the nonisothermal

crystallization kinetics of the F10 composite [see
Fig. 7(a–d)] were obtained, and they showed good
linearity with the Avrami method, the Mo method,
and the Kissinger method. This suggests that these
three methods may provide a satisfactory descrip-
tion of the composites in this study. All the noni-
sothermal crystallization kinetic parameters of the
composites with 10 wt % fabric are listed in Table
III according to the same calculating procedures
used for the F10 composite. For pure PP, approxi-
mately 2.8 < n < 3.4 was observed, and this sug-
gests spherulite growth from nuclei initiated at
time zero; this agrees with the relevant literature.30

The n values of the F10, G5F10, and MF10 compo-
sites also ranged from 2.8 to 3.4, and this means
that the wasted PET fabric, PP-g-MA, and reactive
monomers did not influence the nucleation form
and crystal growth form of PP to a large extent.
With the cooling rate increasing, the crystallization
half-time (t1/2) and Tp of the pure PP and the F10,
G5F10, and MF10 composites decreased. At the
same cooling rate, t1/2 and Tp of the F10, G5F10,
and MF10 composites were smaller than those of
pure PP (especially for the G5F10 composite). F(T)
and a of the pure PP and the F10, G5F10, and
MF10 composites increased with increasing X(T),
and this suggests that a more rapid cooling rate
was needed to reach a certain value of X(T) within
the same crystallization time. With the same value
of X(T), the values of F(T) for these specimens
ranked as follows: PP > F10 > G5F10 > MF10. That
is, to reach the same value of X(T), the crystallization
time needed by PP was longest, whereas the crystal-
lization time of the MF10 composite was shortest.
This demonstrated the heterogeneous nucleation
effect of the fabric, reactive-monomer-modified fabric,
and PP-g-PP. Moreover, the values of DE for these
specimens ranked as follows: PP > MF10 > F10 >
G5F10. This indicates that the addition of the wasted
PET fabric obviously depressed DE of PP in the
composites and made the crystallization of PP in the
composites easier under nonisothermal crystallization
conditions.
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TABLE III
Nonisothermal Crystallization Kinetic Parameters of Pure PP and PP/WF, PP-g-MA-Modified PP/WF, and PP/MWF

Composites with 10 wt % Fabric

Sample U (�C/min) n Zc t1/2 (min) Tp (
�C) DE (kJ/mol) X(T) (%) F(T) (K mina�1) a

PP 5 3.4 0.62 1.71 115.45 221.16 20 7.1 1.4
10 3.1 0.95 0.96 111.72 40 9.3 1.4
20 3.3 1.06 0.59 107.14 60 11.5 1.5
30 2.8 1.07 0.48 105.44 80 14.4 1.6
40 3.0 1.06 0.45 103.82

F10 5 3.1 0.64 1.71 122.08 158.23 20 6.6 1.4
10 3.2 0.90 0.91 118.43 40 9.0 1.5
20 3.1 1.09 0.69 114.08 60 11.0 1.6
30 3.1 1.06 0.49 109.16 80 14.3 1.6
40 2.8 1.05 0.43 105.34

G5F10 5 2.8 0.66 1.53 123.14 146.45 20 5.9 1.4
10 3.2 0.91 0.95 119.81 40 8.3 1.5
20 3.2 1.05 0.65 114.51 60 10.8 1.6
30 3.1 1.04 0.47 109.32 80 14.2 1.7
40 3.1 1.05 0.41 105.22

MF10 5 3.4 0.68 1.40 121.46 165.58 20 5.1 1.7
10 2.7 0.96 0.88 118.55 40 7.5 1.8
20 2.9 1.06 0.61 113.31 60 10.3 1.9
30 3.1 1.04 0.55 109.50 80 14.8 2.1
40 2.9 1.05 0.46 105.59

Figure 7 Nonisothermal crystallization kinetic plots of the F10 composite: (a) curves of the relative crystallinity versus
time, (b) Avrami plots at various cooling rates, (c) Mo plots at various crystallinities, and (d) a Kissinger plot.
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Isothermal crystallization kinetics

The Avrami equation is widely used to describe
isothermal crystallization processes in polymers:

1� Xt ¼ exp �Ktnð Þ (7)

where Xt is the volume crystallinity at time t; K is
the overall kinetic rate constant; and n is the Avrami
exponent, which depends on the nucleation and
growth mechanism of the crystal.

In general, the Avrami equation31 is often con-
verted into the traditional linear form:

log �ln 1� Xtð Þ½ � ¼ logK þ nlogt (8)

In our experiment, so-called Avrami plots of
log[�ln(1�Xt)] versus log t were computed to obtain
the values of K and n.

According to Hoffman’s model,32 the spherulite
growth rate (G) can be written as follows:

G ¼ G0exp �U � =R Tc � T1ð Þ½ �exp �Kg=TcDTf
� �

ð9Þ

where G0 is is a preexponential factor generally
assumed to be constant, Kg is the nucleation con-
stant, T1 is the hypothetical temperature at which
all motion associated with viscous flow ceases (233.5
K for PP), Tc is the crystallization temperature, DT ¼
Tm

0 � Tc (where Tm
0 is the equilibrium melting tem-

perature) is the undercooling (481 K for PP), f is the
factor expressed by 2Tc/(Tm

0 � Tc) that accounts for
the change in the heat of function as the temperature
is reduced below Tm

0, R is the gas constant (8.314 J
K mol), and U* is the activation energy for the trans-
portation of segments to the crystallization site (6270
J/mol for PP). G can be taken as 1/t1/2, and the

logarithmic form of Hoffman’s equation can be writ-
ten as follows:

ln t1=2
� ��1 þU�=R Tc � T1ð Þ ¼ A� Kg=TcDTf ð10Þ

where A is in G0.
The free energy of folding can be obtained as

follows: Kg ¼ 4 rreb0Tm
0=k DH (11)

r ¼ ab0 DH (12)

where b0 is the layer thickness (6.56 � 10�10 m for
PP), r is the lateral surface free energy (9.2 � 10�3

J/m2 for PP), re is the folding surface free energy,
DH is the enthalpy of fusion (1.4 � 108 J/m3 for PP),
and k is the Boltzmann constant (1.38 � 10�23 J/K).
In our experiment, a plot of ln(t1/2)

�1þU*/R(Tc �
T1) versus 1/TcDTf was computed to obtain the
values of Kg and re. This plot provided Kg as a slope.
According to eqs. (7)–(12), plots of the isothermal

crystallization kinetics of the F10 composite [see
Fig. 8(a,b)] were obtained, and they showed good
linearity with the Avrami method and the Hoffman
method; this suggests that these two methods may
provide a satisfactory description of the composites
in this study. The parameters of all specimens
are listed in Table IV. Pure PP had a value of
approximately 2.1 < n < 2.3, and this suggests a
two-dimensional, circular, diffusion-controlled
growth of nucleation in this temperature range.30

The n values of the F10, G5F10, and MF10 compo-
sites also ranged from 2.0 to 2.4, and this means that
the wasted PET fabric, PP-g-MA, and reactive
monomers did not influence the nucleation form
and crystal growth form of PP under the isothermal
crystallization conditions. With an increase in the
isothermal crystallization temperature, K decreased

Figure 8 Isothermal crystallization kinetic plots of the F10 composite: (a) Avrami plots at different temperatures and (b)
a plot according to the Lauritzen–Hoffman equation.
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and t1/2 increased in all specimens. This was due to
the fact that at a high crystallization temperature,
the thermal motion of the macromolecular segments
became intense, and this was against the formation
of nuclei and the growth of crystals. At the same
crystallization temperature, the K values ranked
as follows: G5F10 > F10 > MF10 > PP. This
indicates that the fabric, the fabric modified by reac-
tive monomers, and PP-g-MA were favorable to the
formation of nuclei and the growth of crystals, accel-
erated the crystallization rate of PP, and reduced t1/
2. The heterogeneous nucleation effect of the PP ma-
trix composites under the isothermal crystallization
conditions could be embodied by Kg and re. The Kg

values of all specimens ranked as follows: PP >
MF10 > F10 > G5F10. The re values ranked in the
same order. The smaller the Kg and re values were,
the easier the formation of nuclei in the polymer
melts was. PP-g-MA remarkably reduced the crystal-
lization re value of PP in the G5F10 composite
and was beneficial to the isothermal crystallization
of PP. This result agrees with the results for noniso-
thermal crystallization kinetics reported in a previ-
ous section.

CONCLUSIONS

Wasted PET fabric had a heterogeneous nucleation
effect on PP: it increased the crystallization tempera-
ture and induced the transcrystallinity of PP in the
PP/wasted PET fabric composites. Compatibilization
methods influenced the crystallization and melting
behavior of the compatibilized PP/wasted PET fab-
ric composites. PP-g-MA further increased the crys-

tallization temperature, but the reactive monomers
weakened the heterogeneous nucleation effect of the
wasted PET fabric. The premelting temperature also
affected the crystallization and melting behavior of
the composites. The Avrami equation, the Mo
method, and the Hoffman method provided a fairly
satisfactory description of the crystallization kinetics.
The activation energy, nucleation constant, and fold-
ing surface free energy of PP were remarkably
reduced in the PP/wasted PET fabric composites
and the compatibilized composites. From the view-
point of promoting the crystallization of PP, the
G5F10 composite exhibited a better modification
effect in comparison with the other composites.
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