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ABSTRACT: The nonisothermal crystallization kinetics of
modified bamboo fiber/polycaprolactone (MBF/PCL) com-
posites was investigated by differential scanning calorimetry
(DSC) at different cooling rates. The results were studied by
a direct fitting of the experimental data to various macroki-
netic models, namely, Avrami, Ozawa, and Mo models. Both
the Avrami analysis modified by Jeziorny and the method
developed by Mo could describe the nonoisothermal crystal-
lization of the composites very well, but the Ozawa analysis

could not give an adequate description. Kinetic parameters
such as the Avrami exponent (1), the kinetic crystallization
rate constant (Z,), the peak temperatures (Tpea) and the half-
time of crystallization (t;,,) etc. were determined at various
scanning rates. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 2119-2125, 2010
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INTRODUCTION

Currently polycaprolactone (PCL) was the most
widely used commercial polymer. Because the social
demands for degradable and biocompatible polymers
were rapidly increasing, especially in the packaging
sector where it was highly encouraged by environ-
mental management policies." PCL was a type of syn-
thetic, biodegradable polyester that was compatible
with many types of polymers and it was one of the
most promising biodegradable polymers currently
available on the market.”” High costs and low melting
temperature (T,, ~ 60°C) were, however, the main
limitations preventing the PCL widespread industrial
use. To overcome these problems, PCL was usualgy
mixed with other low cost biodegradable polymers.*
Bamboo, one of the strongest natural structural
composite materials, has many distinguishing fea-
tures. Because of the high water-repellent properties,
the high flexibility, the high strength, the low
weight, the fast-growing, and the low purchasing

Correspondence to: Y. Xu (xuym888@163.com).

Contract grant sponsor: National Eleventh Five-Year
plan Foundation of China; contract grant number:
2008BADA9BO01.

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 20976066.

Journal of Applied Polymer Science, Vol. 116,2119-2125 (2010)
© 2010 Wiley Periodicals, Inc.

costs, bamboo became more and more popular as a
building material with many opportunities.®” In this
article, bamboo fiber were made from waste bamboo
scrap. In this way, the environment was protected
and the waste was avoided.

Modified bamboo fiber/polycaprolactone (MBEF/
PCL) composite as a wood polymer composite was
few investigations currently. When proper coupling
agents were used to improve fiber-matrix adhesion,
bamboo fiber can also be used to reinforce the PCL.
There were also economical and environmental rea-
sons for replacing part of the PCL with bamboo
fiber. For example, the MBF added into PCL was
beneficial to reduce costs, avoid environmental pol-
lution and increase stiffness of composites. The stiff-
ness was an advantage in certain areas of practice.
In addition, the melting temperature and onset tem-
perature of crystallization of the MBF/PCL compo-
sites shifted to higher by adding MBF into PCL. It
has a great significance in practice.

The crystallization behavior of polymer was a ba-
sic problem in polymer physics. Especially the filler
in the polymer would affect the crystallization
behavior of the polymer-based composites deeply.®
The crystallization behavior of polymer was usually
studied by differential scanning calorimetry (DSC)
method. The crystallization process can proceed
under either isothermal conditions or nonisothermal
conditions. Most frequently, the investigations were
conducted under isothermal conditions because of
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the convenience of the theoretical treatment of the
data. In fact, polymer and composite usually
undergo a nonisothermal crystallization processing,
especially in practical process. There were many
articles on studying the crystallization kinetics of
polycaprolactone or polycaprolactone composites.”™!
Investigation of crystallization behavior can serve as
a guide for process and application. To be relevant
to industrial processing, it was desirable to study
the crystallization of MBF/PCL composites under
nonisothermal conditions because the isothermal
crystallization conditions were rarely met during the
practical process.

EXPERIMENTAL
Materials

Bamboo fiber (BF) with the size of 74 pm was pro-
vided by Research Institute of comprehensive utili-
zation of Biomaterials, Huazhong Agricultural Uni-
versity, China. Having been dried in 120°C for 24 h,
the surface of BF was modified by silane coupling
agent (SG-51900) (BF/SG-5i900 100/2 by weight),
which was purchased from Nanjing Shuguang
Chemical, before using. Meanwhile, PCL (M, =
70,000) pellets were acquired from Daicel Chemical
Industries, Japan.

Preparation of MBF/PCL composites

The PCL and bamboo fiber modified with silane
coupling agent were mixed by the Stirring Kneader
(NH-20 Rugao Tong-da Machinery Manufacturing,
China) at 80-85°C for 15-20 min. The acquired sheet
was compressing molded at 100°C into 1 mm thick
sheet under a pressure of 9 MPa for 15 min, and
then kept at room temperature. The ratios of MBF/
PCL particle were 0/100; 20/100; 40/100; 60/100;
80/100; 100/100 by weight, respectively.

Thermal measurements

The nonisothermal crystallization kinetics of MBF/
PCL composites was carried out on a Nexus DSC
204F1 in nitrogen atmosphere. The temperature and
melting enthalpy were calibrated with standard in-
dium at each cooling rate in the measurement. The
samples of 5-10 mg were encapsulated into alumi-
num pans and were heated first up to 100°C rapidly
from 20°C and kept this temperature for 5 min to
eliminate the thermal history of samples. Then the
samples were cooled down to 0°C at four different
cooling rates of 25, 5, 10, and 15°C/min,
respectively.
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RESULTS AND DISCUSSION
Theoretical background

The relative crystallinity (X;) as a function of temper-
ature was defined as the following equation:

_ J1,(dH./dT)dT

o (dH,/dT)dT @)

t

where T and Tg were the onset and the end of crys-
tallization temperature, respectively. dHc/dT was the
heat flow at temperature T.

The half-time of crystallization (t;,,) was the time
required for 50% crystallization. The smaller the
value of t; 5, the faster the crystallization rate.

The kinetic parameters of nonisothermal crystalli-
zation were determined, based on the simplified
assumption that crystallization occurred under con-
stant temperature. In this case, the Avrami equation
can be used:'*'*

1—X; = exp(—Zit") (2)

where n was the Avrami crystallization exponent,
which was a dimensionless constant and related
with the nucleation and growth mechanisms. Z, was
a crystallization rate constant, and X; was relative
crystallinity of polymers at different temperatures or
time, t was the time taken during the crystallization
process. In our work, the relationship between time
and temperature can be expressed as follows:

To — T
0

t =

®)

where T was the temperature at crystallization time
t, and ¢ was the cooling rate.
Using eq. (2) in double-logarithmic form

In[-In(1 - X;)] = In Z; — n Int 4)

and plotting In[-In(1—-X})] versus Int for each cooling
rate, a straight line was obtained. From the slope and
intercept of the lines, we can determine the Avrami
exponent n and the crystallization rate Z,. Equation (2)
was suitable for an isothermal crystallization system.
Just like isothermal analysis, nonisothermal crystalliza-
tion can also be analyzed by the Avrami equation, but
considering the characterization of the process investi-
gated, Jeziorny'® considered the effect of the cooling
rate, Z; was corrected by the cooling rate as follows:

In Zt

InZ. = (5)

where ¢ was the cooling rate, Z. was the kinetic
crystallization rate constant.
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Figure 1 The DSC traces of samples nonisothermal crystallized at the specified cooling rate. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Ozawa'® extended the Avrami equation based on
derivation of Evans'” to describe the nonoisothermal
crystallization. The main difference compared to the
Avrami model was that the time variable was
replaced by a cooling rate ¢. Assuming that the non-
oisothermal crystallization process may be composed
of infinitesimally small isothermal crystallization
steps, the following equation was derived:

1= X = exp[=K(T)/¢"] (6)

or

In[-In(1 — X;{)] = In K(T) — m Ino (7)

where K(T) was the crystallization rate constant, X;
was the relative crystallinity, ¢ was the cooling rate,
and m was the Ozawa exponent depending on the
crystal growth and nucleation mechanism. Accord-
ing to Ozawa’s theory, the relative crystallinity, X,
can be calculated from these equations. By drawing
the plot of In[—In(1—X;)] versus Ing at a given tem-
perature, we should obtain a series of straight lines
if the Ozawa analysis was valid, and the kinetic pa-
rameters m and K(T) can be derived from the slope
and the intercept, respectively.

A method modified by Mo was also employed to
describe the nonoisothermal crystallization, which
combined the Avrami equation with the Ozawa
equation. Its final form was given as follows:'®

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Tonsetr Tpeaks t1/2, 1, Z at Different Cooling Rates

Samples ¢ (°C/min) Tonset (°C) Tpear(°C ) AH (J/g) ty /2(min) n Zc
MBE/PCL (0/100 W/W) 2.5 38.8 36.0 199.7 33.31 2.70 0.60
5 36.6 33.4 207.8 21.04 2.49 242
10 34.2 30.6 213.1 14.68 248 8.74
15 32.7 28.5 212.2 12.48 2.07 10.55
MBF/PCL (20/100 W /W) 2.5 39.5 37.1 141.2 32.88 2.33 0.91
5 37.5 34.6 144.4 20.79 2.46 3.00
10 35.1 31.5 151.7 14.55 2.11 6.53
15 34.3 29.4 153.1 12.41 247 11.68
MBEF/PCL (40/100 W/W) 2.5 41.8 39.8 118.9 31.8 2.31 1.27
5 39.5 37.2 114.6 20.28 2.14 3.40
10 38.1 34.5 125.5 14.26 2.46 11.51
15 35.8 324 125.1 12.23 224 20.72
MBE/PCL (60/100 W/W) 25 42.7 40.6 99.53 31.47 2.25 1.17
5 40.5 38.1 102.4 20.1 2.01 2.90
10 38.1 352 107.2 14.22 213 8.28
15 359 329 118.3 12.23 2.18 17.24
MBE/PCL (80/100 W/W) 2.5 40.2 38 88.13 32.48 2.13 0.93
5 38.0 35.3 91.03 20.64 2.15 291
10 35.0 31.8 93.49 14.55 1.81 421
15 33.0 29.3 93.1 12.47 2.34 16.84
MBEF/PCL (100/100 W/W) 25 40.5 382 64.84 3243 242 0.96
5 38.4 354 66.49 20.62 224 2.15
10 35.2 31.9 69.41 14.55 2.26 8.04
15 33.0 29.2 69.45 12.48 225 12.45
Inp = In F(T) — aint (8) and MBF/PCL composites were observed when

where the parameter F(T) = [K(T)/Z]"™, F(T)
refers to the value of cooling rate chosen at unit
crystallization time when the system amounted to a
certain degree of crystallinity. The smaller the value
of F(T) was, the higher the crystallization rate
became. Therefore, F(T) has a definite physical and
practical meaning. A refers to the ratio of the
Avrami exponent n to the Ozawa exponent m (o =
n/m). Plotting Ing versus Int yields a linear rela-
tionship between Ing and Int. The data of kinetic
parameter F(T) and o can be estimated from the
intercept and slope.

Nonisothermal crystallization behavior of PCL
and MBF/ PCL composites

Nonisothermal crystallization exotherms of the pure
PCL and MBE/ PCL composites at four cooling rates
of 2.5, 5, 10, and 15°C/min were shown in Figure 1.
Some kinetic parameters can be derived from the
DSC curves. They were the peak temperature (Tpeat),
the relative degree of crystallinity X,, crystallization
enthalpy AH, onset crystallization temperature
(Tonset), which was the temperature at the crossing
point of the tangents of the baseline and the high
temperature side of the exotherm, and half crystalli-
zation time t;,,, which were listed in Table 1.

The effect of the different cooling rates was fol-
lowing: The decreased onset temperatures (Tonset)
and half crystallization time (t;,,) of both pure PCL

Journal of Applied Polymer Science DOI 10.1002/app

cooling rate increased. The faster the cooling rate,
the lower the temperature at which the crystalliza-
tion occurs. At slower cooling rate, there was suffi-
cient time to activate nuclei at higher temperature.
On the contrary, at faster cooling rates, there was
not enough time on the activation of nuclei, so it
occurred at lower temperature. The Tonget (°C) of
MBF/PCL composites shift to higher. It showed that
the crystallization of composites occurred easier
with the bamboo fiber increased. Tpear (°C) and t1,
also proved this conclusion. The crystallization en-
thalpy AH, increased as the cooling rate increases,
but shifted to lower values when the MBF loading
in the composites increases. It means that the crys-
tallization of MBF/PCL composites became more
imperfect than the pure PCL. The relative degree of
crystallinity X; was a function of temperature which
was plotted in Figure 2. It can be seen that all these
curves have the same reversed “S” shape. However,
because of shorter crystallization time at a faster
cooling rate, the values of X; were lower than those
at a slower cooling rate at the same crystallization
temperatures.

NONISOTHERMAL CRYSTALLIZATION
KINETICS OF MBF/ PCL COMPOSITES

Avrami method

Plots of In[—In(1—X;)] versus Int for the nonoisother-
mal crystallization of the pure PCL and the MBF/
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Figure 2 Plots of X; versus T for the nonisothermal crystallization of the samples at the specified temperature: (a) MBF:
PCL = 0 : 100; (b) MBF: PCL = 20 : 100; (c) MBF: PCL = 40 : 100; (d) MBF: PCL = 60: 100; (e) MBF: PCL = 80 : 100; (f)
MBF: PCL = 100 : 100. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

PCL composites (20/100, 60/100, and 100/100 W/
W) at four cooling rates of 2.5, 5, 10, and 15°C/min
were shown in Figure 3. A good linear relationship
was shown. Two adjustable parameters, Z; and n,
can be obtained by a linear regression. The Z; and n
parameters do not have the same physical meaning
as in the isothermal crystallization, because the tem-
perature varies constantly in nonoisothermal crystal-

lization. This affects the rates of both nuclei forma-
tion and spherulite growth ascribed to their
temperature dependence. Therefore Z; must be cali-
brated to Z. by Jeziorny method. The value of Z,
increases sharply with increasing the cooling rates
for the pure PCL and the MBF/ PCL composites.
This showed that the faster cooling rate, the faster
crystallization rate. The results were listed in Table
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Figure 3 Plots of In[-In(1—-X;)] versus Int for the nonoisothermal crystallization of the MBF/PCL composites. [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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I. As seen from Table I, the Z. values of the MBEF/
PCL composites were bigger than that of the pure
PCL at the same cooling rate, indicating that the
crystallization rates of the MBF/PCL composites
were faster than that of the pure PCL. In other
words, the MBF act as a nucleating agent for the
PCL matrix. The range of the value of n was 2-3
suggested that the nonoisothermal crystallization of
the pure PCL and the MBF/ PCL composites corre-
spond to a three-dimensional growth with homoge-
neous nucleation.

The Ozawa method

Plots of In[-In(1-X;)] versus In¢ for crystallization
of the pure PCL and the MBF/ PCL composites (20/
100, 60/100, and 100/100 W/W) at different temper-
atures were shown in Figure 4. The parameters of m
and K(T) can be determined from the slope and
intercept, respectively. The nonlinear dependence of
In[-In(1-X;)] upon Ing showed that the Ozawa
equation was not suitable to describe the nonoiso-

thermal crystallization in the MBF/PCL composites.
The curvature (in Fig. 4) presented an accurate anal-
ysis of the nonoisothermal crystallization data. For
PCL and its composites, the crystallization was com-
plicated due to an additional slow process, referred
to as secondary crystallization, which was consid-
ered to involve improvement of the crystalline order.
The secondary crystallization effect for PCL may be
the reason that the Ozawa equation was not
fulfilled.

The Mo method

Plots of the Ing versus Int for the nonoisothermal
crystallization of the pure PCL and the MBF/PCL
composites (20/100, 60/100, and 100/100) at various
relative crystallinity were shown in Figure 5, from
which the values of o and F(T) can be obtained by
the slopes and the intercepts of these lines, respec-
tively (Table II). It can be seen from Table II that the
values of F(T) systematically increased with an
increase in the relative degree of crystallinity, which
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Figure 5 Plots of the Ing versus Int for the nonisothermal crystallization of the composites: (a) MBF: PCL = 0 : 100;
(b) MBEF: PCL = 20 : 100; (c) MBF: PCL = 60 : 100; (d) MBF: PCL = 100 : 100. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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TABLE II
Nonisothermal Crystallization Kinetic Parameters Based on the Mo Method

Samples X F(T) ol Samples X F (T) o

MBE/PCL (0/100 W/W) 0.2 0.50 1.24 MBE/PCL (60/100 W/W) 0.2 0.11 1.31
0.4 0.90 1.28 0.4 0.50 1.39
0.6 1.18 1.32 0.6 0.79 1.44
0.8 1.44 1.35 0.8 1.07 1.53

MBEF/PCL (20/100 W/W) 0.2 0.14 1.53 MBF/PCL (80/100 W/W) 0.2 0.07 1.41
0.4 0.64 1.52 0.4 0.49 1.49
0.6 0.97 1.52 0.6 0.80 1.56
0.8 1.27 1.54 0.8 1.11 1.63

MBEF/PCL (40/100 W/W) 0.2 0.01 1.43 MBE/PCL (100/100 W/W) 0.2 0.25 1.37
0.4 0.42 1.48 0.4 0.66 1.44
0.6 0.74 1.49 0.6 0.96 1.52
0.8 1.03 1.54 0.8 1.27 1.60

makes sense according to the meaning of F(T). It
means that a higher cooling rate should be used
within the unit crystallization time at a given degree
of crystallinity, indicating the difficulty of polymer
crystallization. By comparing the values of F(T) of
different samples, we have found that the values of
pure PCL were higher than that of MBF/PCL com-
posites, meaning that the crystallization rate of
MBF/PCL composites was faster than that of virgin
PCL. This was in accordance with the result
obtained from the Avrami approach. o values
remain almost close as the degree of crystallinity
increased for each blends, indicating that the ratio of
crystallization between 2.5°C/min and 15°C/min
remains constant whatever the relative crystallinity.

CONCLUSIONS

In this study, a systematic study of the nonoisother-
mal crystallization kinetics of the pure PCL and the
MBEF/PCL composites has been performed by DSC.
The nonoisothermal crystallization kinetics of each
sample were analyzed according to three various ki-
netic models, namely, the Avrami method, the
Ozawa method and the Mo method. The Avrami
equation modified by Jeziorny’s method and the Mo
method were successful for describing the nonoiso-
thermal crystallization process of the neat PCL and
the MBF/PCL composites. Meanwhile, the Ozawa
equation fails to provide an adequate description of
the nonoisothermal crystallization.

Tonset (°C) and Tpeae (°C) showed that with the
addition of bamboo fiber increased, the crystalliza-
tion occurred at a higher temperature. In the Avrami
method, the parameters Z, and t;,, suggested that
the crystallization rates of all samples increased with
the increasing cooling rate. The changes of the n

value illustrated that the crystallization mechanism
of the pure PCL and the MBEF/PCL composites was
different. t;,, showed that the crystallization rates of
the MBF/PCL composites were faster than that of
the pure MBF at given cooling rates. These were
consistent with the results obtained from the Mo
method.
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