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ABSTRACT: The crystallization behaviors of ultra high-
molecular weight polyethylene (UHMWPE) in liquid par-
affin under isothermal and nonisothermal conditions
were studied by differential scanning calorimetry during
the solid–liquid thermally induced phase separation
(TIPS) process. For isothermal crystallization, the devel-
opment of relative crystallinity with the crystallization
time is analyzed by the Avrami equation with the expo-
nent n ¼ 2.7. The relatively high content of secondary
crystallization at higher crystallization temperature can be
obtained due to the high mobility of UHMWPE chains.
For nonisothermal crystallization studies, the Avrami
theory modified by Jeziorny is used, and the result is

found that the Avrami exponent n is variable around 5
and decreases slightly as the cooling rate decreases. In
addition, the extent of secondary crystallization increases
with increasing cooling rate. The calculated activation
energies are 881 kJ/mol for isothermal crystallization
obtained from the Arrhenius equation and 462 kJ/mol for
nonisothermal crystallization from the Kissinger equation,
respectively. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
122: 2442–2448, 2011
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INTRODUCTION

Thermally induced phase separation (TIPS) is one of
the main techniques for the preparation of polymeric
porous membranes by controlling phase separa-
tion.1,2 In its simplest form, a polymer is dissolved
in a high-boiling, low-molecular weight diluent to
form a homogeneous solution at the high tempera-
ture. Then, the solution is cast or extruded into the
desired shape followed by a cooling process to
induce phase separation. Finally, the diluent is
removed from the polymer/diluent systems to yield
a microporous structure.3 According to the mecha-
nism of phase separation, TIPS can be classified into
two processes: liquid–liquid (L–L) phase separation
and solid-liquid (S–L) phase separation.4,5 As for L–L
phase separation, droplets of diluent rich phase
form within a continuous matrix of polymer rich
phase. The size of droplets is closely related to the
pore size of membrane. For S–L phase separation,
the polymer crystallizes before L–L phase separation.

Therefore, the membrane structure is only deter-
mined by the polymer crystal behaviors.
The kinetics of droplet growth in L–L phase sepa-

ration has been widely investigated. McGuire
et al.6,7 simulated the coarsening process for drop-
lets, and the results showed that the theoretically
obtained droplets growth rate agree well with the
experimental data. However, little works have
focused on the crystallization behaviors of polymer
in S–L phase separation. Gu et al.8 studied the crys-
tallization behavior of poly(vinylidene fluoride)
(PVDF) in dimethylphthalate, but they focused on
the PVDF crystallization in polymer rich phase for
L–L phase separation process. Ji et al.9 investigated
the nonisothermal crystallization kinetics of PVDF in
dibutyl phthalate/di(2-ethylhexyl)phthalate blends
via S–L phase separation through differential scan-
ning calorimetry measurements.
Ultra high-molecular weight polyethylene

(UHMWPE) is an attractive material due to its
unique unmatchable physical and mechanical prop-
erties. Very high molecular weight (typically in the
range of 2 � 106 to 16 � 106 Da) and long relaxation
time of UHMWPE chains provide a structural foun-
dation for superior toughness and resistance to
impact and wear.10 Li et al.11 have prepared the po-
rous flat UHMWPE membranes with mineral oil as
a diluent and poly(ethylene glycol) (PEG) as an
additive via S–L phase separation. They studied the
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effect of PEG content on the crystallization behavior
of UHMWPE and found that the addition of PEG
could be beneficial to the improvement of the crys-
tallization rate and crystallinity, but the over addi-
tion of PEG went against crystal growth. However,
the kinetics parameters of crystallization, such as
crystallization rate constant and crystallization acti-
vation energy, were not discussed.

In the present study, the isothermal and noniso-
thermal crystallization kinetics of UHMWPE in LP
during S–L phase separation were investigated.
Through differential scanning calorimeter measure-
ments, the effects of crystallization temperature and
cooling rate on the Avrami parameters and crystalli-
zation rate constant are discussed. Furthermore, the
crystallization activation energies of UHMWPE in
LP for isothermal and nonisothermal crystallization
process are also calculated using the Arrhenius and
Kissinger equation, respectively.

EXPERIMENTAL

Materials

UHMWPE (Mn ¼ 1.5 � 106) was kindly supplied by
Beijing No.2 Auxiliary Agent Factory, Beijing, China.
Liquid paraffin (bp > 300�C, density is 0.864–0.860
g/mL at 20�C) was supplied by Hangzhou Chemical
Reagent Co., China.

Preparation of UHMWPE/LP blends samples

Homogeneous sample of ultra high-molecular
weight polyethylene (UHMWPE)/LP blend with 10
wt % UHMWPE content was prepared in the mixing
chamber of a rheometer (HAAKE HBI System 90).
The mixing condition was melting temperature,
170�C; rolling speed, 64 r/min; and mixing time, 10
min. Then, the blends were cooled at room tempera-
ture for crystallization kinetic tests.

Isothermal and nonisothermal crystallization
process

For isothermal crystallization kinetic studies, the
UHMWPE/LP blend samples were first heated to
200�C, maintained for 5 min to erase thermal history,
and then quenched at 100�C/min to the designated
crystallization temperatures. The exothermic curves,
as a function of time, were then recorded.

To reveal the nonisothermal crystallization
kinetics, the UHMWPE/LP sample was first heated
to 200�C and maintained for 5 min to erase thermal
history, and then the sample was cooled to 30�C at a
cooling rate of 2, 4, 8, and 30�C/min, respectively.
The exothermic curves of heat flow with the
decrease of temperature were recorded.

RESULTS AND DISCUSSION

Isothermal crystallization kinetics

Figure 1 shows the isothermal crystallization ther-
mograms of the UHMWPE/LP blend at different
crystallization temperature (Tc). It can be seen that
the crystallization exothermic peak becomes flatter
and the time to reach the maximum degree of crys-
tallization increases as Tc increases, that is, the crys-
tallization rate decreases with the increase of Tc.
The isothermal crystallization kinetics of a mate-

rial can be analyzed by evaluating the variation of
its crystallinity as a function of time at a constant
temperature. The relative crystallinity, Xt, at differ-
ent crystallization time can be defined according to
the equation as following:

Xt ¼
R t
0 ðdHc=dtÞdtR1
0 ðdHc=dtÞdt

¼ DHt

DH1
(1)

where dHc/dt is the rate of crystallization heat evo-
lution, DHt is the heat generated at time t, and DH1
is the total heat generated up to the end of the crys-
tallization process. The Xt of 10 wt % UHMWPE/LP
blend at different Tc was plotted in Figure 2. It can
be seen that all the curves have the similar ‘‘S’’
shape. Furthermore, characteristic sigmoid isotherms
shift to the right with the increase of Tc, which
means the crystallization rate of UHMWPE becomes
slower at a higher Tc.
Development of relative crystallinity can be ana-

lyzed using the Avrami equation.12

Xt ¼ 1� expð�KtnÞ (2)

Figure 1 Relative heat flow of isothermal crystallization
of UHMWPE/LP blend at different crystallization temper-
atures (Tc), UHMWPE content is 10 wt %.
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or

log½� lnð1� XtÞ� ¼ n log tþ log K (3)

where n is a constant, which is determined by the
mechanism of nucleation and the formation of crys-
tal growth. K is crystallization rate constant concern-
ing the nucleation and the growth processes. From a
graphic representation of log[�ln(1 � Xt)] versus log
t, the Avrami exponent n (slope of the straight line)
and the crystallization rate constant K (intersection
with the y-axis) can be obtained.

Figure 3 illustrated the plot of log[�ln(1 � Xt)]
versus log t at the different crystallization tempera-
tures for a UHMWPE/LP blend with a UHMWPE
content of 10 wt %. It can be seen that each curve

for the isothermal crystallization of UHMWPE/LP
blend shows an initial linear portion and then subse-
quently tends to level off. This deviation compart-
mentalizes the whole crystallization process into two
stages, a primary and secondary crystallization pro-
cess. The primary crystallization process consists of
the radial growth of the crystallites until impinge-
ment, and the secondary crystallization process
involves the growth or subsidiary lamellae or
lamella thickening within the crystallites in the later
stage of isothermal crystallization process.13 There-
fore, secondary crystallization as a source of struc-
tural evolution is closely relative to the mechanical
strength of membrane. The percentage of secondary
crystallization in total crystallinity, Xs, can be
defined according to the equation as following:

XS ¼ 1� XP (4)

where Xp is the relative crystallinity at the end of
the primary process. Figure 4 illustrates the variation
of Xs with isothermal crystallization temperature for
UHMWPE/LP blend with a UHMWPE content of 10
wt %. It can be seen that the extent of secondary
crystallization for the isothermal crystallization at
105�C is relatively small (about 46%). However, it
increases dramatically with the enhancement of Tc

and reaches 78% at 108�C. The relatively high con-
tent of secondary crystallization at higher Tc can be
attributed to the higher mobility of UHMWPE
chains. As we know that the diffusion of UHMWPE
chains toward the crystallization growth front will
become easy and frequent with the increase of Tc.
Therefore, a great part of crystallizable chains, which
did not incorporate into crystallites at primary crys-
tallization, is more prone to crystallize into thinner
less-perfect lamellar during secondary crystallization

Figure 2 Development of relative crystallinity, Xt, with
crystallization time, t, for UHMWPE/LP blend at different
crystallization temperatures during isothermal crystalliza-
tion, UHMWPE content is 10 wt %.

Figure 3 Avrami curves for 10 wt % UHMWPE in liquid
paraffin at different crystallization temperatures.

Figure 4 Plot of the proportion of secondary crystalliza-
tion (Xs) versus Tc for the isothermal crystallization of
UHMWPE/LP blend, UHMWPE content is 10 wt %.

2444 ZHANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



and leads to the enhancement of the secondary crys-
tallization content accordingly.

Fitting the initial linear portion of log[�ln(1 � Xt)]
versus log t allows us to determine n and K in pri-
mary crystallization stage, and the values are listed
in Table I. A narrow spread of n values centered at
2.7 can be obtained. Generally, an n with value close
to 3 is attributed to three-dimensional crystal growth
(spherical structure) resulting from instantaneous
athermal nucleation process. On the other hand, an
n value between two and three represents non-three-
dimensional-truncated spherical structures resulting
from instantaneous nucleation, which is controlled
by diffusion process. So, the nonintegral n values
indicate the presence of the combination of thermal
and athermal mixed nucleation mechanisms.14 In the
present case for UHMWPE/LP blend, it can be
observed that the exponent n is close to 2.7 when Tc

changed at the studied Tc range from 105 to 108�C.
This indicates that a two-dimensional and a spheri-
cal three-dimensional crystal growth occur simulta-
neously with a combination of thermal and a ther-
mal nucleation under the studied experimental
conditions.

Crystallization half-time, t1/2, is defined as the
time at which the extent of crystallization is 50%. It
can be read conveniently from Figure 2 and is also
regarded as a very important crystallization kinetic
parameter. Usually, t1/2 is used to characterize the
crystallization rate directly. The greater the t1/2
value, the lower the crystallization rate. Further-
more, t1/2 can also be derived from the crystalliza-
tion rate parameter K according to eq. (5)15:

t1=2 ¼ ðln 2

K
Þ1=n (5)

Figure 5 shows the dependency of t1/2 on Tc for
UHMWPE/LP blend with a UHMWPE content of 10
wt %, and the values of t1/2 obtained from Figure 2
are also shown in Figure 5. Obviously, the higher
the Tc, the larger the t1/2, which indicates that the
crystallization rate is lower at higher Tc. Meantime,
the values of t1/2 calculated from eq. (5) are in agree-
ment with those obtained from Figure 2, which sug-
gests that the Avrami analysis works very well in

describing the isothermal crystallization process of
UHMWPE/LP blend.
Obtained from the intercept of the Avrami plot

(Fig. 3), the crystallization rate parameter can be
used to determine the activation energy for crystalli-
zation. Thus, K can be approximately described by
an Arrhenius equation as follows:

K1=n ¼ K0 expð�DE=RTcÞ (6)

where K0 is a temperature-independent pre-expo-
nential factor, DE is an activation energy, and R is a
gas constant. DE/R is determined by the linear
regression of the experimental data of (1/n)ln K ver-
sus 1/Tc as plotted in Figure 6, and the crystalliza-
tion activation energy is calculated as 881 kJ/mol for
the isothermal crystallization of 10 wt % UHMWPE/
LP blend.

TABLE I
Parameters of Isothermal Crystallization of 10 wt %

UHMWPE/LP Blend

Tc (
�C) K (s�1) n

105 2.42 2.66
106 4.31 � 10�1 2.66
107 8.38 � 10�2 2.62
108 4.68 � 10�3 2.81

Figure 5 Plot of t1/2 versus Tc for the isothermal crystalliza-
tion of UHMWPE/LP blend, UHMWPE content is 10 wt%.

Figure 6 Arrhenius plot of UHMWPE/LP blend during
the isothermal crystallization, UHMWPE content is
10 wt %.
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Nonisothermal crystallization kinetics

The nonisothermal crystallization of UHMWPE/LP
blend was investigated at different cooling rates. The
exothermal curves of heat flow developing with tem-
perature were recorded as shown in Figure 7. It is
notable from Figure 7 that the Tc shifts to a lower
temperature with the increase of cooling rate. This
observation is typical and common for most semi-
crystalline polymer while crystallizing nonisother-
mally and can be explained that a lower cooling rate
provides a relatively long time to promote sufficient
movement of polymer segments for the growth of
crystallization when the polymer is undergoing a
crystallization process. When cooled at a relatively
rapid rate, however, polymer segments are prone to
be frozen before the formation of regular crystallite,
thus decreasing the crystallization temperature.

Integration of the exothermal peaks in Figure 7
can give the variation of relative crystallinity as a
function of time, and the results are shown in Figure
8. The relationship between Tc and the nonisother-
mal crystallization time, t, can be determined by eq.
(6).

t ¼ T0 � T

U
(7)

where T is the crystallization temperature during the
nonisothermal crystallization process, T0 is the initial
temperature at the beginning of crystallization (t ¼
0), and U is the cooling rate. It can be seen from Fig-
ure 8 that the higher the cooling rate, the shorter the
crystallization time. Generally, increasing the cooling
rate can provide the system with more energy to
improve the activity of chain segment, thus result in
the increasing of crystallization rate.

Just like isothermal process, nonisothermal crystal-
lization can also be analyzed by the Avrami equa-
tion. But considering the nonisothermal characteriza-
tion of the process investigated and the effect of the
cooling rate, Jeziorny16 modified the Avrami equa-
tion with the cooling rate as follows:

log½� lnð1� XðtÞÞ� ¼ n log tþ U log Zc (8)

where Zc is the kinetic crystallization rate constant.
Figure 9 shows the plots of log[�ln(1 � X(t))] versus
log t for UHMWPE/LP blends at different cooling
rate.

Figure 7 Differential scanning calorimeter curves of noni-
sothermal crystallization of UHMWPE/LP blend at differ-
ent cooling rate, UHMWPE content is 10 wt %.

Figure 8 Development of relative crystallinity, Xt, with
crystallization time, t, for UHMWPE/LP blend during
nonisothermal crystallization, UHMWPE content is 10 wt
%.

Figure 9 Plots of log[�ln(1 � X(t))] versus log t for
UHMWPE/LP blend during nonisothermal crystallization,
UHMWPE content is 10 wt %.
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Similar to the Avrami curve of the isothermal
crystallization, all plots of log[�ln(1 � X(t))] versus
log t show the obvious roll-off at the later stage of
crystallization, which indicates that the secondary
crystallization of UHMWPE occurs under noniso-
thermal crystallization conditions. The Xs for noniso-
thermal crystallization can also be determined
according to eq. (4). Figure 10 illustrates the depend-
ence of Xs on the cooling rate under the nonisother-
mal crystallization conditions. It can be seen that the
value of Xs increases with the increase of the cooling
rate. In common, the secondary crystallization was
considered to be the further perfection of crystal,
which was caused by the reorganization of initially
poorly crystallized macromolecules or small and
metastable crystals. At higher cooling rate,
UHMWPE chains have little time to move to the
crystallization growth front to form the perfect crys-
tal. Thus, most of the imperfect or metastable crys-
tals would be developed into the perfect ones
through the reorganization of molecular chains at
the secondary crystallization stage, which resulted in
the higher content of the secondary crystallization
accordingly.

Fitting the initial linear portion of primary crystal-
lization stage in Figure 9, the values of n and Zt can
be obtained for UHMWPE/LP blend under noniso-
thermal crystallization conditions and listed in Table
II. The Avrami exponent n is variable around 5 as
the cooling rate changed. Generally, the reported
values of n for PE range from 2 to 4 (mostly for iso-
thermal crystallization).17–19 High values of n for
UHMWPE/LP blends may be caused by high vis-
cosity, which would lead to a more complicated
crystallization mechanism. It is also found from Ta-
ble II that n decreases slightly as the cooling rate

decreases. This result is in consistent with Eder20

and Zou’s work.21 This is because that the fast crys-
tallization rate of UHMWPE at higher cooling rate
would prevent the spherulites from their full devel-
opment and result in the decrease of the value of n.
The data in Table II also shows that the values of Zc

[calculated from eq. (4)] for UHMWPE/LP blend
increases as the increase of cooling rate. The
enhancement of Zc means an increase of crystalliza-
tion rate, which is in consistent with our results
above.
Considering the influence of the various cooling

rates U on the nonisothermal crystallization process,
Kissinger proposed that the activation energy can be
determined by calculating the variation of the crys-
tallization peak with the cooling rate.22 It reads:

d ln U
T2
p

8
:

9
;

d 1
TP

8
:

9
;

¼ �DE
R

(9)

where R is the gas constant and Tp is the crystalliza-
tion peak temperature. Graphs of ln(U/Tp

2) versus
1/Tp are shown in Figure 11. The slope of the curve
determines DE/R. Activation energy DE for

Figure 10 Variations of XS with cooling rate of
UHMWPE/LP blend for nonisothermal crystallization,
UHMWPE content is 10 wt %.

Figure 11 Kissinger plots of the nonisothermal crystalli-
zation for UHMWPE/LP blend, UHMWPE content is 10
wt %.

TABLE II
Kinetic Parameters of Nonisothermal Crystallization for

UHMWPE/LP Blend

U (�C/min) Tp (�C) n Zc

2 106.02 5.14 0.229
4 105.04 5.06 1.039
8 103.78 5.02 1.448

30 100.35 4.97 1.361

CRYSTALLIZATION KINETICS OF UHMWPE IN LIQUID PARAFFIN 2447

Journal of Applied Polymer Science DOI 10.1002/app



nonisothermal crystallization is found to be 462 kJ/
mol, which is smaller than that of the isothermal
crystallization process.

CONCLUSIONS

The investigation of the isothermal and nonisother-
mal crystallization kinetics of UHMWPE/LP blend
was carried out through differential scanning calo-
rimetry during S–L TIPS process. The Avrami equa-
tion was used to analyze the isothermal crystalliza-
tion of UHMWPE. From the narrow spread of n
values centered at 2.6, it was proposed that the iso-
thermal crystallization may proceed via two-dimen-
sional and a spherical three-dimensional growth
simultaneously. This can be attributed to that a high
mobility of UHMWPE chains at higher Tc resulted in
the relatively high content of secondary crystalliza-
tion. Then, the activation energy 881 kJ/mol was
obtained by crystallization rate parameter, K, at dif-
ferent crystallization temperatures according to the
Avrami equation. Furthermore, the Avrami theory
modified by Jeziorny was used to analyze the noni-
sothermal crystallization of UHMWPE in LP. The
results showed that the Avrami exponent n is vari-
able around 5 and decreases slightly as the cooling
rate decreases, while the extent of secondary crystal-
lization increases with increasing the cooling rate.
The activation energy obtained according to the Kis-
singer method was lower than that of the isothermal
crystallization process.
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