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In order to clarify the effect of high molecular weight component on the crystallization of bimodal high
density polyethylene (HDPE), a commercial PE-100 pipe resin was blended with small loading of ultra
high molecular weight polyethylene (UHMWZPE). The isothermal crystallization kinetics and crystal
morphology of HDPEJUHMWPE composites were studied by differential scanning calorimetry (DSC) and
polarized optical microscopy (POM), respectively. The presence of UHMWPE results in elevated initial
crystallization temperature of HDPE and an accelerating effect on isothermal crystallization. Analysis of

gce)}lme/[t)l:dsl;ne growth rate using Lauritzen-Hoffman model shows that the fold surface free energy (o) of polymer
Cry{tall?lzation chains in HDPEJUHMWPE composites was lower than that in neat HDPE. Morphological development
Nucleation during isothermal crystallization shows that UHMWPE can obviously promote the nucleation rate of

HDPE. It should be reasonable to conclude that UHMWZPE appeared as an effective nucleating agent in
HDPE matrix. Rheological measurements were also performed and it is shown that HDPEJUHMWPE
composites are easy to process and own higher melt viscosity at low shear rate. Combining with their
faster solidification, gravity-induced sag in practical pipe production is expected to be effectively avoided.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Since its first introduction in pipe application over 40 years ago,
polyethylene (PE) has been taking a growing place in transportation
and distribution of water and gas. PE pipes offer distinct advantages
compared with other piping materials because they are lightweight,
corrosion-free, exhibit very high ductility and allow all-welded
construction [1]. First- and second-generation PE pipe resins for
water and gas distribution are known as PE-63 and PE-80, which
must withstand a minimum required hoop stresses of 6.3 MPa and
8.0 MPa for up to 50 years at 20 °C, respectively. Driven by the
advancement in catalyst and polymerization technology, the third-
generation PE pipe resins called “bimodal” resins have emerged
since 1990s, and are classified to PE-100 (i.e., pipe must withstand
hoop stress of 10 MPa for up to 50 years at 20 °C, see ISO 12162). The
molecular feature that allows these bimodal resins to exhibit
improved properties is not the shape of the molecular weight dis-
tribution (MWD) but the preferred incorporation of comonomers in
the long polymer chains within the second reactor during a cascade
polymerization process. This way a polymer blend is formed with
low-molecular weight ethylene homopolymer components and
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high-molecular weight ethylene-1-alkene copolymer components
[2-4]. Bohm [3] has recently concluded that in a bimodal PE-100
resin, the high-molecular weight copolymers form amorphous
regions and act as tie molecules that connect the crystal lamella
mainly formed by the low-molecular weight homopolyethylene. In
this manner, a physical network is formed and thus the mechanical
properties of the polymer are greatly improved.

However, compared with unimodal resins, bimodal PE-100
resins lack the melt elasticity due to the absence of both long chain
branching (LCB) and the very high molecular weight tail [4]. The
result is that PE-100 resins are limited in producing large diameter,
thick wall pipes because the molten polymers tend to sag before
hardening. Another problem with pipe fabrication is the thermal
gradient across the pipe wall during extrusion process. The outside
and inside surfaces are cooled down by a water spray and solidified
quickly. But the crystallization (shrinkage) of the core region is
much slower which causes residual stress within a pipe [5].
Industrially, it has been widely accepted that accelerating the
crystallization rate of PE pipe resins could effectively avoid sag due
to the fast hardening of the molten polymers. Meanwhile, if the
overall crystallization rate is increased, the residual stress within
a pipe will decrease because the differences in shrinkage between
surface and core region of the pipe wall become inconspicuous.

The crystallization of polymer is an important physical process
and remains a hot issue. Many methods, models as well as
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technologies have been invented aiming to describe the whole
process of crystallization from the very beginning to the late stage
and clarify the mechanism behind it. Recently, the early stages of
crystallization in polyethylene have been explored by some
researchers [6-8] using various techniques and Bassett [9] studied
a new linear nucleation and oriented crystallization of PE. It is
widely accepted that the crystallization of polymers such as PE and
polypropylene (PP) is mainly controlled by the nucleation stage.
Using some specific nucleating agents to shorten the inducing time
of crystallization and accelerate the formation of crystalline nuclei
is a technique that is commonly applied in polymer industry.
However, unlike PP, there are few commercial nucleating agents for
PE. Therefore, how to promote the crystallization of bimodal PE
pipe resins has been a challenging problem both for academe and
industry.

UHMWEPE is one of the leading plastics that have been de-
veloped in recent decades. The outstanding properties of
UHMWPE, such as toughness, high wear strength, and abrasion
resistance, provide not only new utilities but also scientific in-
terests. UHMWPE has been widely used to optimize the property of
polymers such as PE, PP, ethylene-propylene-ternary (EPT) rubber,
polyaniline (PANI) and polyacrylate (PA) [10-15]. Recently, Busby
et al. [16] obtained a novel nanostructured polymeric composite of
polycarbonate (PC) and UHMWPE via a supercritical-fluid route.
With regard to the blending of HDPE and UHMWPE, many research
works have already been reported elsewhere [17-21,24,25]. For
example, Tincer and Coskun [17] have prepared the blends of
HDPE/UHMWPE at different compositions and mixing rates to
study their mechanical properties, thermal oxidative degradation
and morphologies. Lim et al. [20,21] have studied the suitability of
HDPE/UHMWPE composites as biomaterials. However, most of
these works were focused on mechanical or processing properties.
As UHMWPE owns a high melt viscosity and can be drawn even
from a melt, special morphology such as shish-kebab can be
formed during the crystallization of UHMWPE [22,23]. Accordingly,
whether UHMWPE will have a special influence on crystallization
behaviors of bimodal HDPE is an interesting problem and has not
been well understood up to date, although some investigations
have paid attention to the crystallization behavior of HDPE/
UHMWPE composite under shear [26-28].

In our previous studies [29,30], using self-consistent mean field
theory, it has been found that, for the case of a binary polymer
blend, broadening MWD would decrease the energy barrier of
nucleation and theoretically the high molecular weight component
has the capability of inducing nucleation. Therefore, if UHMWPE
could act as a certain nucleating agent for bimodal HDPE pipe resins
and accelerate their crystallization rates, we may develop a poten-
tial preparation technique for producing high performance pipe
materials with improved sag-resistance. However, few relevant
experimental research works have been reported.

In the present study, we introduced a small amount of
UHMWPE into a commercial bimodal PE-100 pipe resin by melt
blending. The aim of this work is to clarify the effect of ultra high
molecular weight component on the crystallization of bimodal
HDPE. The isothermal and nonisothermal crystallization behaviors
of physically blended HDPE/JUHMWPE composites were studied
with differential scanning calorimetry (DSC). The DSC thermo-
grams provided necessary crystallization kinetics data which were
further analyzed by the Avrami method. Using successive self-
nucleation and annealing (SSA) thermal fractionation technique,
changes in chain structures induced by UHMWPE were obtained.
The spherulitic morphologies of neat HDPE and HDPE/UHMWPE
composites during isothermal crystallization were observed by
polarized optical microscopy (POM). Rheological measurements
were also performed to evaluate the processing property of the
composite.

2. Experimental
2.1. Materials and sample preparation

HDPE 4803T, a commercial bimodal PE-100 pipe resin provided
by Yangzi Petrochemical Co., SINOPEC (Nanjing, China) was used in
this study. Its melt flow rate (MFR) is 0.04 g/10 min (190 °C, 2.16 kg
load) with a density of 0.948 g/cm>. UHMWPE powders with
molecular weight My, = 3.5 x 10° g/mol were kindly provided by
Second Auxiliary Factory of Beijing (China).

The HDPE granules and UHMWPE powders were melt-blended
by a Brabender Mixer (PLE651) at a speed of 45 rpm and a mixing
temperature of 165 °C for 7 min. During this period, a constant
value of torque was obtained for the homogeneous blend. The
HDPE samples containing 0.5 wt%, 1.0 wt%, 2.0 wt% and 3.0 wt% of
UHMWPE were prepared and denoted as UHMWPE-0.5, UHMWPE-
1.0, UHMWPE-2.0, UHMWPE-3.0, respectively. The neat HDPE
granules were subjected to an identical mixing process for the
purpose of comparison.

2.2. Calorimetric experiments

The calorimetric experiments were carried out using a Q-100
differential scanning calorimeter (DSC) (TA Instruments). Calibra-
tion for the temperature scale was performed using indium
(Tm =156.60°C and AHP = 28.45]/g) as standard to ensure
reliability of the data obtained. The temperature inaccuracy of the
apparatus is +0.05°C. All the experiments were carried out in
nitrogen atmosphere.

2.2.1. Crystallization and melting behavior characterization

Samples were sealed in aluminum pans for DSC measurements.
To minimize the thermal lag between samples and DSC furnace,
each sample weighed about 10 mg. The measurements were per-
formed following the procedure: samples were heated to 160 °C at
10 °C/min and kept at this temperature for 5 min to erase any
previous thermal history. Then samples were cooled to 25 °C at
10 °C/min to determine the initial crystallization temperature (T.)
at the onset of the crystallization. The melting point (T,) was taken
at the melting endotherm peak of the second heating cycle after
erasing the thermal history. The melting enthalpy (AHp) was
determined by linear interpolation of the baseline between the
clear-cut end of the melting endotherm and its onset arbitrarily
taken at 70 °C for all samples [31].

Isothermal crystallization study has been carried out according
to the following procedure: (a) samples were heated to 160 °C and
kept for 5 min to standardize the physical state of the materials
prior to the experiment. (b) Fast cooling down to a desired
crystallization temperature was operated at 40 °C/min. (c) Samples
were isothermally kept for a period of time necessary to complete
the crystallization. For each run, the heat released during crystal-
lization was recorded as a function of time, at different given
crystallization temperatures.

2.2.2. SSA thermal fractionation

The SSA procedure used for the thermal treatment of neat HDPE
and HDPE/UHMWPE composites involved a series of heating-
annealing—cooling cycles. (a) Samples were firstly heated to 160 °C
at 10 °C/min and kept at this temperature for 5 min to erase previous
thermal history. (b) Samples were cooled to 25 °C at 10 °C/min to
create an initial “standard” state and kept at this minimum
temperature for 5 min. (¢) Samples were heated to a selected
self-seeding temperature at 10 °C/min and kept at this temperature
for 5 min. This step results in partial melting and annealing of
unmelted crystals, while some of the melted species may iso-
thermally crystallize [32]. (d) Crystallization after self-nucleation
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was achieved by subsequently cooling the samples to 25 °Cat 10 °C/
min. The heating-annealing—cooling cycle was repeated at a self-
seeding temperature interval of 5 °C from 140 °Cto 30 °C. Finally the
thermally treated samples were heated from 25 °Cto 160 °Cat 10 °C/
min and the corresponding endothermic curves were recorded.

2.3. Polarized optical microscopy

Morphologies of neat HDPE and HDPE/UHMWPE composites
were observed using an Olympus BX-51 polarized optical micro-
scope with a Linkam-THMS600 hot stage. The sensor accuracy of
the hot stage is +0.1 °C. Samples were melted at 200 °C and
squeezed to films. These films were kept in hot stage between two
microscope slides. Each sample was heated to 200 °C at 10 °C/min
and kept at this temperature for 5 min to allow complete melting.
Samples were subsequently cooled to a desired isothermal crys-
tallization temperature at 40 °C/min. The nitrogen gas was purged
through the hot stage during measurements.

2.4. Rheological experiments

The rheological measurements were carried out using an ARES
Strain-Controlled Dynamic Torsion Rheometer, equipped with TA
Orchestrator software. The torque resolution and strain resolution
is 1 nN'm and 0.04 prad, respectively. The inaccuracy of tempera-
ture control is +0.1 °C. Samples for rheological measurements were
compression-molded to 25-mm disks at 200 °C using a laboratory
mixing molder (LMM). Dynamic frequency sweeps were carried out
in nitrogen at 160 °C and 190 °C with parallel plate geometry. The
angular frequency (w) varied from 0.03 rad/s to 100 rad/s. A single
shear strain of 1.0% and a gap height of 1.7 mm were applied for all
measurements.

3. Results and discussion
3.1. Thermal properties of HDPE/UHMWPE composites

The thermal properties of neat HDPE and HDPE/UHMWPE
composites were measured by a standard heating—cooling-heating
procedure at an identical rate of 10 °C/min. The melting tempera-
ture (Ty), the heat of fusion (AHp,), the initial crystallization
temperature (T!) and the crystallinity (¥c) are shown in Table 1. For
samples UHMWPE-0.5-UHMWPE-3.0, as the content of UHMWPE
was pretty low, the melting temperatures and the enthalpies of
fusion have not substantially changed compared with neat HDPE.
However, it is clear to see that the initial crystallization tempera-
tures of UHMWPE-0.5-UHMWPE-3.0 have been elevated by about
1-1.3 °C, which implies that the introduction of a small amount of
UHMWPE could promote the crystallization capability of neat

Table 1
Thermal properties of neat HDPE and HDPE/UHMWPE composites studied in this
work

Materials Tn? (°C) AH? (J/g) T (°C) XcpeS (%)
Neat HDPE 129.63 181.6 116.66 63.21
UHMWPE-0.5 128.96 1794 117.74 62.44
UHMWPE-1.0 129.23 186.1 117.73 64.78
UHMWPE-2.0 129.48 180.1 117.91 62.69
UHMWPE-3.0 129.69 177.8 117.66 61.89

2 Mean value of three measurements determined from melting endotherm of DSC
heating trace after erasing the previous thermal history. Calculated standard
deviation (S) is within +£0.50 °C for T, and +4.0% for AHp,. S is calculated according
to the following equation: S = /(> (Xn — 7()2)/(11 -1).

b Mean value of three measurements determined from crystallization exotherm of
DSC cooling trace after melted. Calculated standard deviation (S) is within +0.35 °C.

¢ Determined from measured enthalpies of fusion, AHm (AHY oz = 287.3]/g).
Calculated standard deviation (S) is within +2.0%.

HDPE by shortening the inducing time. Industrially, the elevation of
initial crystallization temperature is usually achieved by adding
some nucleating agents. Therefore, in this study, the UHMWPE
molecules essentially act as an effective nucleating agent for HDPE
matrix and increase the crystallization rate of HDPE during the
nonisothermal crystallization.

3.2. Isothermal crystallization kinetics
of HDPE/UHMWPE composites

The effect of a small amount of UHMWPE on the isothermal
crystallization kinetics of HDPE is very important but still a question
unresolved. Therefore, the isothermal crystallization behaviors of
neat HDPE and HDPE/UHMWPE composites were investigated and
compared in this work. The isothermal DSC curves of neat HDPE at
121.5°C,122.0 °C, 122.5 °C and 123.0 °C are presented in Fig. 1. The
relative degrees of crystallinity (X;) changing with crystallization
time at these temperatures are also given in the inset of Fig. 1. The X;
in this study is a relative value and could be defined as follows:

t o
X, = /0 (dH/dt)de/ /0 (dH/db)de 1)

where the firstintegral is the heat generated at time t and the second
one is the total heat when the crystallization is completed. According
to the results shown in Fig. 1, it is clear that the isothermal crystal-
lization rate of neat HDPE was strongly sensitive to the crystalliza-
tion temperature. For example, when the crystallization
temperature was selected as 123 °C, the whole isothermal crystal-
lization process took 180-200 min while it only took less than
40 min to complete the crystallization at 121.5°C. For HDPE/
UHMWPE composites, similar results were obtained under the same
experimental condition. These results imply that the isothermal
crystallization temperature should be well-chosen to ensure feasi-
bility of the measurements and integrality of the data obtained. For
the neat HDPE and HDPE/UHMWPE composites studied here, on the
one hand, if lower crystallization temperature (<121 °C) is chosen,
the isothermal crystallization of HDPE/UHMWPE composite will be
so fast that only part of the exothermic curve could be recorded
because the sample starts to crystallize before the selected crystal-
lization temperature is reached. On the other hand, isothermal
crystallization at higher temperatures (>123.5°C) will be time-
consuming and unsuitable for laboratory investigation. In this study,
temperatures ranging from 121.5 °C to 123.0 °C have been proved to
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Fig. 1. The isothermal crystallization DSC curves at 121.5°C, 122.0°C, 122.5°C and
123.0 °C for neat HDPE; inset shows the plot of crystallinity versus crystallization time
corresponding to DSC curves.
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Fig. 2. Isothermal crystallization DSC curves of samples at various crystallization temperatures (a) neat HDPE, (b) UHMWPE-0.5, (c) UHMWPE-1.0, (d) UHMWPE-2.0 and (e)

UHMWPE-3.0.

be appropriate for the isothermal crystallization investigations of
neat HDPE and HDPE/UHMWPE composites.

The isothermal crystallization curves of neat HDPE and
UHMWPE-0.5-UHMWZPE-3.0 are shown in Fig. 2. It shows that the
time to reach the maximum of exothermic peak of isothermal
crystallization curve, t,, decreases with the increase of supercooling
temperature. Under the same crystallization temperature, the t,
values of almost all HDPE/UHMWPE composites are smaller than
those of neat HDPE implying that the isothermal crystallization has
been accelerated by the addition of a small amount of UHMWZPE.
However, it is interesting to note that at a low crystallization

temperature, suchas 121.5 °C, the t, values of neat HDPE determined
from the exotherm was 6.5 min which appeared to be slightly larger
than those of HDPE/UHMWPE composites which were all around
5 min. When a higher crystallization temperature was selected, for
example, 123.0 °C, the t;, value of neat HDPE was close to 40 min
while the values of HDPE/UHMWPE composites were all lower than
30 min. These results indicated that at lower crystallization tem-
perature the difference of t, between neat HDPE and HDPE/
UHMWPE composites does not seem to be as prominent as that at
higher crystallization temperature. It is well known that at higher
crystallization temperature, the formation rate of nuclei is lower
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Fig. 3. The plot of X; versus t of five samples at various isothermal crystallization temperatures (a) 121.5 °C, (b) 122.0 °C, (c) 122.5°C and (d) 123.0 °C.

than the growth rate of crystals and the overall crystallization rate of
polymer is mainly determined by the nucleation rate. Consequently,
we may conclude that a small amount of UHMWPE dispersed in
HDPE matrix is likely to induce the formation of more nuclei which
leads to an increase of overall isothermal crystallization rate.

The plots of X; versus crystallization time for HDPEJUHMWPE
composites with different UHMWPE contents are presented in
Fig. 3. It shows that within the selected isothermal crystallization
temperatures, the crystallization rates of HDPE/UHMWPE com-
posites were dependent on UHMWPE content. With UHMWPE
content increased, the accelerating effect was more pronounced
and the best effect was achieved for UHMWPE concentration of
3.0 wt% (sample UHMWPE-3.0) in this investigation. However, it is
notable that the first addition of 0.5 wt%» UHMWPE (sample
UHMWPE-0.5) has a significant accelerating effect on the overall
crystallization rate compared with neat HDPE: the time to reach
50% relative crystallinity, determined from X; — t plot, decreases by
almost 39% at 121.5 °C and 57% at 123.0 °C. However, with further
increase of UHMWPE content, the accelerating effect becomes
weaker and weaker, especially at a relatively high content. For
example, when the UHMWPE content increases from 2.0 wt%
(sample UHMWPE-2.0) to 3.0 wt% (sample UHMWPE-3.0), the time
to reach 50% X; decreases by only 8% and 6% at 121.5°C and
123.0 °C, respectively. These results imply that UHMWPE has an
optimum content and too much UHMWPE has no more help for
accelerating the crystallization process of HDPE. Therefore, in this
work we choose the sample containing 3.0 wt% UHMWPE
(UHMWPE-3.0) as a model composite for further analysis.

The Avrami model has been proposed to analyze the isothermal
crystallization of polymers which provides a convenient approach

to explore the overall crystallization kinetics and its logarithmic
form is expressed as [33],

In[—In(1 -X;)] = InKy(T) +nlint (2)

where K;(T) is the kinetic growth rate constant, n is the Avrami
exponent related to the type of nucleation and to the geometry of
growing crystals. Fig. 4 gives the Avrami plots corresponding to
neat HDPE (a) and sample UHMWPE-3.0 (b). Theoretically, the
Avrami plot should be linear and the exponent should be an integer.
However, in practical situation, due to the complexity of polymer
system, the Avrami plot is not always linear and the Avrami
exponent is not an integer as well. From Fig. 4, we can see that each
Avrami plot is composed of two linear sections. The fact indicates
that there existed a secondary crystallization of HDPE and HDPE/
UHMWPE composite, with the deviation which may due to the
secondary crystallization that is caused by the spherulites’ im-
pingement in the later stage of crystallization process [34]. From
the slope and intercept of the initial linear part, the Avrami expo-
nent n and the rate constant K(T) can be obtained. If the time the
polymer spends from the beginning of the crystallization process to
the time at which a certain amount of relative crystallinity has been
developed is known, the half-time of crystallization, 13, can also be
directly calculated as follows:

tijp = (%)1/" (3)

The values of n, Ky(T) and t;2 of two samples at various tempera-
tures are listed in Table 2. It can be seen that introducing 3.0 wt% of
UHMWEE into neat HDPE greatly shortened t1,. It can also be seen
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in Table 2 that the n value of neat HDPE is around 2.8, which is
slightly lower than the theoretical value 3. The depression of n
could be explained by the following reasons. Firstly, for polymers
with quick crystallization rate, the experimental n value will be
usually lower than 3, which has been confirmed by the isothermal
crystallization of neat PBT (n=2.6-2.9) [35-37]. Secondly, fol-
lowing Vyazovkin’s suggestion [38], a disadvantage of isothermal
runs is that quick cooling from melting temperature to a desired
temperature was followed by a period of temperature stabilization
during which the crystallization kinetics remains inestimable. It
should be, therefore, reasonable to treat the uncertainty in de-
termining the initial time of crystallization processes as the main
reason for a decrease in n value [39]. However, this should not
influence the comparison of n values for different materials under
the identical conditions. Compared with neat HDPE, the n value of
HDPE/UHMWPE composites slightly increased. Krumme et al. [40]
obtained similar results when they blend a low molar mass HDPE
with a high molar mass HDPE. It is well known that the Avrami
exponent n is in relation to type of nucleation and to the geometry
of growing crystals. So these results show that the addition of
UHMWPE may change the nucleation type and geometry of
growing crystals of neat HDPE.

Hoffman and Lauritzen (LH) [41] had developed a dependence
of the linear growth rate of spherulites, G, on the crystallization
temperature T, that is,

Table 2

The Avrami exponent (n), crystallization half-time (t1/2), and overall crystallization
rate (K,(T)), of neat HDPE and UHMWPE-3.0 at various crystallization temperatures
(To)

Samples T. (°C) Ky(T) (min™™) n? t12° (min)

Neat HDPE 1215 4.28 E-04 2.85 13.37
122.0 1.47 E-04 278 20.96
1225 3.07 E-05 2.72 39.87
123.0 2.88 E-06 2.76 89.08

UHMWPE-3.0 1215 4.40 E-03 291 5.69
122.0 1.80 E-03 2.96 7.47
122.5 1.27 E-04 2.96 18.30
123.0 1.92 E-05 3.01 32.67

¢ Mean value of three measurements. Calculated standard deviation of n is
within +0.2.
b Calculated from the value of K,(T) and n.

-uU —K,
¢ = Coexp {R(Tc - m] x|ty ®

where Gy is the pre-exponential factor, U” is the transport activation
energy, AT = T, — T¢ is the supercooling range (TY is the equi-
librium melting temperature). f is the correction factor related to
temperature, usually described as f = 2T/(T, + T¢) to account for
the variation in the heat of fusion per unit volume of crystals, Aht. Tg
is a hypothetical temperature below which all viscous flows cease,
namely, To=T; — 30 K. K; is the nucleation constant and can be
expressed as,

Ky = jboooeT? /kg (Ahf) (5)

where j = 4 for regimes I and III growth and j = 2 for regime II. by is
the layer thickness, oo is the product of lateral and fold surface free
energies, Ahg is the enthalpy of fusion, kg is Boltzmann’s constant.
Using the kinetic growth rate constant K,(T) and the Avrami
exponent n, Eq. (4) could be rearranged as follows:

U Kg

RT.-T.) ™" T(any (©)

1
~InKn(T) + AT

Therefore we could obtain K by plotting the curve of 1/fT(AT)
versus (1/n) In Kn(T) + (U"/(R(Tc — T<))). The obtained K, values
can be used to calculate the fold surface free energy (g.) of the
samples from Eq. (5). The lateral surface free energy ¢ could be
evaluated form the following empirical equation:

g = OCAhf\/ aobo (7)

where « is an empirical constant and usually assumed to be 0.1, aphg
represents the cross-sectional area of polymer chains, Ahg is the
volumetric heat of fusion. Ahs, ag and bg of PE are supposed to
be 2.80 x10°ergem 3, 455x107°m and 4.15x10"°m, re-
spectively, based on the literature [42]. It was obtained that Kg was
3.04x10°K? and 227 x10°K? for neat HDPE and sample
UHMWPE-3.0, respectively. The addition of UHMWPE gave rise to
the decrease in K of neat HDPE. Therefore, the value of o is also
reduced with the decreasing Kg. The calculated ¢e value was
138.97 erg/cm? and 126.62 erg/cm? for neat HDPE and sample
UHMWPE-3.0, respectively. Many researchers found that the value
of g could be changed by nucleating agents such as filler particles
and fibers. These additives tend to promote the nucleation of
spherulites on their surfaces and lead to epitaxial growth of the
crystallites [43]. As a result, the value of ¢, is reduced, thereby
giving rise to an increase in crystallization rate. In our experiment,
the introduction of UHMWPE may act as a kind of nucleation agent
which reduces the ¢. during the crystallization process and
enhances the overall crystallization rate.
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10 min 10 min

(a) Neat HDPE (b) UHMWPE-3.0

Fig. 5. Morphologies of crystallization process of HDPE/UHMWPE composite and HDPE at 129.0 °C, magnification 50x: (a) Neat HDPE and (b) UHMWPE-3.0. The white bar
represents 50 pm.
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Fig. 6. DSC melting curves of neat HDPE and UHMWPE-3.0 before and after SSA
thermal fractionation.

3.3. Morphologies of HDPE/UHMWPE composites

The morphological development and size of spherulites for neat
HDPE and HDPE/UHMWPE composites were also investigated with
polarized optical microscopy (POM). Equipped with a hot stage,
real-time isothermal crystallization process could be observed and
morphologies during the process could be photographed. As we
have shown before, the sample UHMWPE-3.0 exhibited much
faster crystallization kinetics than neat HDPE; therefore the
undercooling should be well-selected to ensure a large time win-
dow for observation. The isothermal crystallization temperature
was determined to be 129 °C here.

Fig. 5 displays the morphological evolution of neat HDPE and
UHMWPE-3.0 during the isothermal crystallization at 129 °C. It can
be seen that after 10 min of isothermal crystallization, several
sporadic nuclei were visible in the neat HDPE sample. However,
with regard to UHMWPE-3.0, much more nuclei appeared under
the same isothermal crystallization time. At 20 min, more nuclei
formed in both samples and the screen has already been full of
the nuclei. Under an identical crystallization temperature, the
number of nuclei formed during the same crystallization time may
represent the nucleation rate of the sample. Therefore, it can be
estimated that sample UHMWPE-3.0 owned a much faster nucle-
ating rate than neat HDPE. After the formation of nuclei, the crystals
tend to grow on these nuclei to form spherulites. It can be seen
from Fig. 5 that at 50 min, the neat HDPE as well as UHMWPE-3.0
exhibited spherulite morphologies. However, it is also clear that the
size of spherulites of UHMWPE-3.0 was much smaller than that of
neat HDPE. It is known that adding nucleating agent will induce the
formation of smaller crystal spherulites. POM observations were
also conducted for UHMWPE-0.5, UHWMPE-1.0 and UHMWPE-2.0.
Similar results were obtained. Therefore, with these results, we
may conclude that UHMWPE molecules act as a kind of nucleating
agent in HDPE matrix.

3.4. Thermal fractionation

Successive self-nucleation and annealing (SSA) thermal frac-
tionation enhances the potential molecular fractionation which can
occur during crystallization, while encouraging annealing of the
unmelted crystals at each stage of the process, so that small effects
can be magnified. This technique is based on the sequential appli-
cation of self-nucleation and annealing steps to a polymer sample
originally devised by Fillon et al. [32,44,45] and has been widely

used to analyze the chain structures of semi-crystallized polymers
such as PE and PP [46-51]. For a SSA fractionated polymer sample,
the final DSC heating run will reveal a distribution of melting points
induced by thermal treatment indicating the heterogeneous nature
of the chain structures of the polymer. Compared with another
thermal fractionation technique so-called stepwise crystallization
(SC), SSA exhibits a leading advantage that it is performed at
substantially shorter times and with better resolution [52,53].

In fact, commercial bimodal HDPE resins are the mixtures of
various components in which the M,,, the MWD and the short chain
branched (SCB) are rather different [54]. Recently, An et al. [55]
reported the influence of molecular composition on the crystalli-
zation of a sheared polyethylene. As we mentioned before, the ultra
high molecular weight component may act as some kind of nu-
cleating agent for bimodal HDPE. Therefore, the addition of
UHMWPE is likely to change the chain structures of neat HDPE.

In order to understand the microstructure changes of neat HDPE
after adding UHMWPE, SSA thermal fractionation was performed.
The DSC heating curves of neat HDPE and sample UHMWZPE-3.0
before and after SSA fractionation are shown in Fig. 6. It can be seen
that, compared with untreated samples, both fractionated samples
clearly exhibit a series of melting peaks that correspond to the
melting of different mean lamellar thickness crystallites formed
and annealed at each self-nucleation temperature employed. The
Thomson-Gibbs equation [53] can be used to establish a correlation
between temperature and lamellar thickness as given in the fol-
lowing equation:

20TY,

= AH, (Tg1 - Tm>

(8)

The equation has been used by several authors who have applied
SSA fractionation [47,52,56,57]. According to Eq. (8), higher melting
temperature means that thicker crystal lamellar has formed. For
fractionated HDPE/UHMWPE composite, the melting temperatures
of fractions between 110 °C and 140 °C are about 1-2 °C higher than
those of neat HDPE. It implies that with the help of UHMWPE, the
mean crystal lamellar thickness of HDPE/UHMWZPE composite be-
comes larger. As we mentioned, SSA thermal fractionation involves
a series of self-nucleation and annealing steps. UHMWPE may act
as a nucleation center during these steps. Therefore, the self-nu-
cleation and annealing process is greatly promoted by the presence
of UHMWPE; more stable nuclei have been formed and growing
faster with the same supercooling. As a result, thicker crystal
lamellar with higher melting temperature could be obtained.

3.5. Influence of UHMWPE on rheological property

Industrially, commercially viable HDPE pipe resin must be melt
processible and be able to be formed into pipe at reasonable rates
and extrusion pressures. Therefore, processing property is of great
importance. Usually UHMWPE does not melt and is difficult to
process because melt viscosity increases rapidly with M,,. Conse-
quently, it is necessary to consider the influence of UHMWPE on
melt viscosity of HDPE/JUHMWPE composites. To compare the dif-
ference in melt flow behaviors of neat HDPE and HDPE/UHMWPE
composites, rheological measurements were carried out using
dynamic frequency sweep mode. Fig. 7 shows the dynamic melt
viscosities plots of neat HDPE and sample UHMWPE-3.0 at 160 °C
and 190 °C. From the insets, we can see that the viscosity is
independent of shear strain within the frequencies from 0.03 rad to
100 rad.

It is evident from Fig. 7 that neat HDPE should be easy to process
since it has reasonable low viscosities at higher shear rates.
Although sample UHMWPE-3.0 shows noticeably larger viscosities
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Fig. 7. The plots of dynamic melt viscosity versus frequency for neat HDPE and
UHMWPE-3.0 at (a) 160 °C and (b) 190 °C. The insets show the dependence of shear
strain on viscosity.

than neat HDPE at higher shear rates, it should not be difficult to
process because it is shear-thinning. It could also be seen in Fig. 7
that at low shear rates close to zero, sample UHMWPE-3.0 exhibits
much larger viscosities than neat HDPE sample which indicates the
existence of a high molecular weight tail. The result shows that
the high molecular component (UHMWPE) can effectively elevate
the viscosity close to zero shear. Previous studies [4] have shown
that Newtonian (zero shear) viscosity can successfully be used to
model the effects of gravity-induced sag in commercial large-di-
ameter pipe processing and an inverse relationship between zero
shear viscosity and gravity-induced sag was found. Therefore, we
concluded that with a small amount of UHMWPE, the zero shear
viscosities of HDPE/JUHMWPE composites could be elevated and
the happening of gravity-induced sag during pipe manufacturing
may effectively be avoided.

4. Conclusion

In this study, UHMWPE in a bimodal HDPE pipe resin acted as
a kind of nucleation agent that promotes the crystallization be-
havior of HDPE, at a very small loading of UHMWPE, was demon-
strated. The isothermal crystallization behaviors of neat HDPE and
HDPE/UHMWPE composites were studied. The crystallization
kinetics analyzed by the Avrami method reveals that the in-
troduction of a small amount of UHMWPE to neat HDPE could

obviously accelerate the isothermal crystallization rate. In terms of
LH theory, it is found that the fold surface free energy o. of HDPE/
UHMWPE composite is lower than that of neat HDPE. This
reduction in g, may attribute to the nucleating effect of ultra high
molecular weight component in HDPE matrix, which conceals the
possible confinement effect induced by the UHMWPE. The mor-
phological development during crystallization clearly exhibited
that the nucleation rate of HDPE is increased by the presence of
UHMWPE which is in accordance with the kinetic results. The SSA
thermal fractionation results showed that during self-nucleation
and annealing process, the UHMWPE molecules act as some nu-
cleating centers which help to form thicker crystal lamellar. With
the results of rheological measurement, HDPE/UHWMPE compos-
ite is proved to be easy to process as neat HDPE. Moreover, at lower
shear rate, the composite shows higher melt viscosity which makes
it more sag-resistant.

At industrial level, the solidification times of bimodal HDPE pipe
resins are crucial for both avoiding gravity-induced sag and
optimizing production; hence, the nucleating effect of UHMWPE is
of great importance in improving the production of bimodal HDPE
pipes. Moreover, in order to well explain the nucleating action of
UHMWPE in HDPE matrix at very small loading, deeper in-
vestigation should be carried out in future.
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