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ABSTRACT: In this study, a systematic investigation on
the nonisothermal crystallization kinetics of conversional
polypropylene (PP) containing various amounts of ultra-
high molecular weight polyethylene (UHMWPE) was
reported, and the effects of UHMWPE on crystallization
behavior of these PP materials and their foaming properties
were also presented. The kinetic studies revealed that the
incorporation of UHMWPE into PP led to an increase in the
crystallization temperature and temperature range during
the crystallization process as well as the relative crystallin-
ity. This behavior was attributed to a comprehensive effect
of the nucleation and entanglement of the UHMWPE chains.
The kinetic models based on Ozawa’s and Mo’s methods
were used to analyze the nonisothermal crystallization

behaviors. It was found that the latter succeeded in describ-
ing the nonisothermal crystallization behavior of the PP con-
taining UHMWPE, while the former was not appropriate.
The activation energy for the nonisothermal crystallization
determined by Kissinger’s method also indicated that the
crystallization ability of PP was improved with the addition
of UHMWPE. Owing to the modification of the crystalliza-
tion kinetics of the PP materials by introduction of
UHMMWEE, the foaming properties (i.e., cell uniformity and
expandability etc.) were improved significantly. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 119: 1275-1286, 2011
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crystallization behavior; foaming properties

INTRODUCTION

Foamed thermoplastics are polymeric materials with
a cellular structure created by the expansion of
blowing agent. Owing to the presence of numerous
voids or cells dispersed throughout their mass, these
polymers are characterized by a decreased apparent
density and have great advantages such as reduced
weight, energy absorption, and low thermal conduc-
tivity. This internal structure also achieves an opti-
mization of stiffness, strength, or energy absorption
for a given weight, and provides unique properties
of the formed plastics for their effective and various
industrial applications." The most common polymers
used for thermoplastic foams are polystyrene (PS),
polyethylene (PE), and polyvinyl chloride. They
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have advantages of low cost, good temperature sta-
bility, high chemical resistance, and wide processing
window. Their foamed products have been commer-
cialized for a long time. However, these polymers
have limited physical properties, which results in a
hindrance to application of their foams.

Polypropylene (PP) is considered to be a substitute
of other thermoplastics as foam materials because it
has more advantages than PS and PE. PP has a higher
rigidity, higher service temperature range, and good
temperature stability as compared with other polyo-
lefins, and offers a higher strength and better impact
toughness as compared with PE and PS, respec-
tively.>* However, only a few researches have been
conducted on the production of PP foams so far,
which shows that it is difficult for PP to be foamed
for two main reasons: (1) PP is a semi-crystalline
polymer with fast crystallization, and it is difficult to
form a fine cellular structure in PP in such a narrow
processing window; (2) The melt strength of linear
PP is very weak. In this case, the cell-separated walls
may not have enough strength to bear the extensional
force and easily rupture during foaming.”®

Some researches have been conducted to enhance
the melt strength and foamability of PP in the last
decade. Earlier efforts including the crosslinking and
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blending modification for PP resins significantly
improved the volume expandability, cell uniformity,
and formability.”® Other efforts have also been
made to improve the melt strength of PP materials
with long-chain branching.”'® Several commercial
long-chain branched PP materials with high melt
strength have been developed as a foamable grade.
Some investigations on foaming mechanism and
processing technology were also conducted, but few
about the effects of crystallization behaviors of PP
resins on formability.'"'* The crystallization behav-
ior of semicrystalline materials is a critical factor for
plastic foam processing. In a typical extrusion foam-
ing process, the melt temperature decreases due to
the external cooling outside the foaming die and the
cooling effect resulted from isentropic expansion of
the blowing gasses. Thus, the processing tempera-
ture at the final stage determines the time required
for the polymer melt to solidify. For semicrystalline
polymers, it was observed that the polymer melt sol-
idifies at the moment of crystallization. Therefore,
the foam structure “freezes” at the crystallization
temperature, which will make the cells grow to the
point, where the foam cannot be fully expanded.''*
Besides the effects of the processing parameters on
the crystallization, the materials’ properties and
foaming additives can also contribute to the changes
in crystallization temperatures.’” To obtain good
foaming products (fine bubble size and high content
of closed cells) from such semicrystalline PP, solu-
tions of polymer/gas system should be cooled as
closely as possible to its incept crystallized tempera-
ture to enhance the melt viscosity and shorten the
solidification time. However, when the temperature
approaches to the crystallization temperature, the
viscosity of PP will increase sharply due to its intrin-
sic crystallinity and hence block the growth of bub-
ble definitely.16’17 On the contrary, if the foaming
process is carried out at an elevated temperature,
the low viscosity, long crystallization time, and
increased probability of gas escape will make it very
difficult to prepare PP foams with high folds of
expansion.'® Therefore, the appropriate temperature
and crystallization speed play key roles on the stable
extrusion foaming of PP materials.'**

Ultra-high ~ molecular ~ weight  polyethylene
(UHMWPE) is one of the leading plastics that have
been developed 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 interests.
UHMWPE has been widely used to optimize the
property of polymers such as PE, PP, ethylene-propyl-
ene-diene elastomer rubber, polyaniline, and polya-
crylate.?’® Kayama and coworker’®* reported a
study on rheology of PP containing small amounts of
UHMWPE, and they found that the rheological
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behavior of the modified PP changed dramatically in
comparison with conversional PP. At a low frequency,
the melt elasticity increases evidently with longer
relaxation time. Wang et al.”® found that addition of
small amount UHMWPE improved the toughness
of the PP, which was attributed to the network of
UHMWPE domains formed in the PP matrix. Li et al.
compared the mechanical properties and morphology
of the PP/UHMWPE blends by the injection-compres-
sion molding, and found that the injection-molded
sample exhibited the higher modulus and yield
strength, but the lower toughness and elongation at
break, due to the high orientation of UHMWPE par-
ticles in the skin part.*’ They also found that the addi-
tion of poly(ethylene glycol) could result in a
significant reduction of melt viscosity for PP/
UHMWPE due to disentanglement effect.*” Khaira and
coworkers®! developed a novel modification method
for PP/PET blends by incorporation of UHMWPE, and
the mechanical properties and abrasive wear of these
blends could be significantly enhanced. In addition,
incorporation of small amount of UHMWPE into PP
improved the melt viscosity, and the materials exhib-
ited a prominent strain hardening. These properties
were favorable to the extrusion foaming for PP.>**
However, most of these works were focused on me-
chanical or processing properties.

It is widely acceptable that the high molecular
weight component has a capability of inducing
nucleation. Accordingly, whether UHMWPE will
have a special influence on crystallization behaviors
of the other semi-crystalline polymers is an interest-
ing problem and has been well understood up to
date, although some studies have been focused on
this subject.”*>° Feng et al. investigated the isother-
mal crystallization of a binary HDPE/UHMWPE
blend using self-consistent mean field theory, and
found that the broadening molecular weight distri-
bution could decrease the energy barrier of nuclea-
tion and theoretically the high molecular weight
component has the capability of inducing nucleation.
Therefore, if UHMWPE could act as a certain nucle-
ating agent for bimodal HDPE pipe resins and accel-
erate their crystallization rates.”’*® However, there is
lack of information about the effect of UHMWPE on
the crystallization behavior of PP, which is very im-
portant to stabilize the extrusion foaming of PP. In
this article, the nonisothermal crystallization behav-
iors of PP containing various amounts of UHMWPE
were investigated, and prepared the PP foams con-
taining various amounts of UHMWPE through a
foaming processing under the supercritical CO,. The
aim of this article is to charity the effects of
UHMWPE on the foaming properties of PP and de-
velop the PP foams with fine cell size and high vol-
ume expansion rate through extrusion foaming with
the supercritical COs.
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Figure 1 Scheme of the experimental equipment.

EXPERIMENTAL
Materials

Commercial PP (F401) is a conventional linear isotac-
tic PP with a melt flow index of 2.0 g/10min and a
density of 0.91 g/cm®. It was purchased from Panjin
Petro-Chemical Co., China. The UHMWPE with a vis-
cosity average molecular weight and density of 2.0 x
10° and 0.93 g/cm?, respectively, was kindly supplied
by Beijing No.2 Auxiliary Agent Company, China.
CO; as a blowing agent, with a purity of 99.5%, was
purchased from Beijing Oxygen Co., China.

Experimental setup

Figure 1 shows a schematic of the experimental
foaming extrusion system used in our study, which
consists of a corotating twin-screw extruder (ZSK25-
WLE, Werner & Pfleider, Germany) with a mixing
screw of 30 : 1 L/D ratio, a piston pump with the
flow control/metering system (designed by our labo-
ratory), a melt pump (Extrex 28-4 SP, Magg, Switzer-
land), and a rapid-pressure-drop nozzle die with a
diameter of 2 mm and a land length of 10 mm. A
temperature transducer was installed to measure the
temperature of the flowing polymer melt for precise
control of its temperature at 150°C, and a pressure
transducer was installed to measure the pressure of
polymer melt before exiting the die.

Processing procedure

The PP and UHMWPE pellets, mixed with 1 wt %
talc (only used for the foaming samples) and the
other additives, were first dry blended. The mixtures
were fed into the barrel through the hopper and
were completely melt blended by the twin-screw ex-
truder. The temperatures of the barrel were set from
150 to 210°C, and the screw speeds was fixed at 200
rpm. In all experiments, the amount of injected CO,
was maintained at 7.5 wt % of the solid materials. A
metered amount of CO, was then injected into the
extrusion barrel by a SCF injection system at a given
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weight percentage and mixed with the polymer melt
stream. When the gas was injected into the extrusion
barrel, the remaining section of the twin-screw gen-
erated a shear field to completely dissolve the gas in
the polymer melt via convective diffusion. The sin-
gle-phase polymer/CO, solution went through the
melt pump and was fed into the die, and the foam-
ing occurred at the exit of the die.

Characterizations

Differential scanning calorimetry (DSC) were per-
formed using a Perkin-Elmer PYRIS-1 differential
scanning calorimeter at a scanning rate of 10°C/min
to obtain the melt temperature (T,,) and enthalpy of
fusion (AH), and to investigate the nonisothermal
crystallization behavior of the foamed samples. The
temperature was calibrated with indium, and about
10 mg sample was weighted very accurately. To
reveal the nonisothermal crystallization kinetics, the
samples were first heated to 260°C with 40°C/min,
held there for 5 min, and then cooled to 50°C with the
cooling rate of 10°C/min so as to erase the thermal
and processing history. All DSC measurements were
carried out under the nitrogen atmosphere. Wide-
angle X-ray scattering (WAXS) measurement was
carried out by a Rigaku D/max-r C diffractometer
(40 kV, 50mA) with Cu Ko rad iation (A = 0.154 nm),
and diffraction patterns were collected in the 26
ranges from 5 to 35°C at a scanning rate of 5°C/min.

Scanning electron microscopy (SEM) was per-
formed using a Cambridge Stereoscan 250MK3 scan-
ning electron microscope. The foamed samples were
frozen in liquid nitrogen and then fractured to expose
the cellular morphology. The fractured surfaces were
then sputter-coated with a thin layer of gold, and the
microstructure was observed using the SEM. The cell
density (the number of cells per unit volume of
unfoamed polymer) and mean cell diameter were
determined on the basis of the SEM images. The two
structural foam parameters were calculated using a
software program (Image-Pro” Plus V6.0, Media Cy-
bernetics). The number of cells per unit volume (Ny)
of the foamed samples is determined from:

MRV 1
v= %] =)

where 1 is the number of cells in the SEM image; M,
the magnification of the image; A, the area of the
image; and V;, the void fraction of the foamed sam-
ple. The void fraction is defined as

1)

1
Vi=l-—=1-Y

2
o 5 2)

where p and pf is the density of the unfoamed and
foam materials, respectively, and ¢, the volume
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Figure 2 DSC heating thermograms of PP, UHMWPE,
and the PP containing various amounts of UHMWPE.
[Colour figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

expansion rate. The digital images used to estimate
the cell density and mean cell size were loaded in
the software, and the image scale-bar was used to
program the calibration. The mean cell diameter was
measured by manually drawing the mean diameter
to a minimum of 100 cells.

RESULTS AND DISCUSSION
Thermal analysis

The melt behaviors of the samples were investigated
using DSC. The heating thermograms are illustrated
in Figure2, and T,s and AHs obtained from DSC
analysis were summarized in Table I, in which AHs
were normalized to the weight percents of the PP
and UHMWPE phases in blends, respectively. As
shown in the thermogram of PP, an intensive melt-
ing peak appearing at 163.1°C is attributed to the
monoclinic o-PP crystal, whereas a small shoulder
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characterizes the trigonal B-crystal melting at
146.1°C. The UHMWPE exhibit a sole intensive melt-
ing peak at 134.0°C.*” The thermal data confirm a
high crystallinity for both PP and UHMWPE with
AHs of 98.87 and 163.41 J/g, respectively. For the PP
containing 5 wt % UHMWPE, the melting peak,
appearing in the DSC thermograms at around
134.8°C, corresponds to the melting of crystallized
UHMWPE, and the peak at 164.7°C is attributed to
the melting of the crystallized o-PP in the blend. A
slight improvement in the T,, and AH of the PP
phase is observed as UHMWPE content increases.
This suggests that the UHMWPE phase has a o-
nucleating effect on the crystallization of the PP
phase in the blend, which enhances the a-PP crys-
tal.***! However, the B-PP melting peak weakens,
because the B-PP may easily transfer to o-PP due to
the effect of the second component.*>** For the PP
containing small amounts of UHMWPE, although
the molten UHMWPE does not easily flow due to its
extremely high viscosity, some of PP chains can still
penetrate into the UHMWPE domains. This inter-
feres in the crystallization of the UHMWPE chains,
and thus results in a significant decrease of AH of
the UHMWPE phase.

Crystallography

The crystallography of PP, UHMWPE and the PP
containing various amount of UHMWPE was inves-
tigated by WAXS measurement, and their patterns
were present in Figure 3. PP exhibited a crystalliza-
tion form with the reflection appeared at 26 = 13.9°,
16.7°, 18.4°, 20.9°, and 21.7° corresponding to the
plane (110), (040), (130), (131), and (111) of the o-
crystal phase of PP. The reflection at 20 = 15.9° was
corresponding to the plane (300) of the B-PP.** On
the other hand, it is found from Figure 3, that the
WAXS profile of pure UHMWPE displays an ortho-
rhombic crystal structure with corresponding reflex
positions at 21.4° and 23.8°. From the WAXS pattern
of the PP containing UHMWPE, the presence of
UHMWPE does not affect the crystal structure of the

TABLE I
Thermal Analysis Data from the Heating Thermograms of PP, UHMWPE and the PP
Containing UHMWPE

Sample PP/UHMWPE Tn (°C) AR (8/)
(wt/wt) PP phase UHMWPE phase PP phase UHMWPE phase
100/0 163.14 - 98.87 -
95/5 163.77 134.80 99.95 59.08
90/10 164.95 134.24 108.74 90.47
85/15 164.86 134.01 115.73 102.01
0/100 - 134.02 - 163.41

? The values of AH were normalized to the amounts of the PP and UHMWPE respec-

tive phases in the blends.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 WAXS patterns of PP, UHMWPE, and the PP
containing various amounts of UHMWPE. [Colour figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

PP phase, though the intensity of the diffraction
peak of B-PP decrease slightly and that of o-PP
increases with increasing of the UHMWPE content.
However, the diffraction peak at 23.8 for the
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UHMWPE crystal phase in blends almost disap-
peared, whereas an intensive peak at 21.4° overlapped
by the reflection (130) of a-PP still remains. This result
indicates that the crystallinity of the UHMWPE phase
is diminished significantly. It is understandable that
the PP crystals form at a high temperature, at which
the UHMWPE phase is still in melt state; therefore,
the PP-crystal phase quenches the crystallization of
UHMWPE, and thus results in the depression of the
crystallinity of UHMWPE phase.

Nonisothermal crystallization

The effects of UHMWPE on the crystallization behav-
ior of PP were analyzed quantitatively through noni-
sothermal DSC experiments. Figure 4 displays the
cooling thermograms of pure PP and the PP contain-
ing various amount of UHMWPE at selected cooling
rates of 5, 10, 15, and 20°C/min. From these thermo-
grams, the onset temperature (Tonser), peak tempera-
ture (T,), and end temperature (Teng) for
crystallization, and the temperature at the half-time
(T4 2) of crystallization can be determined, and the en-
thalpy of crystallization (AH,) can also be obtained.
These results are summarized in Table IL. It is clear
that the T, at which the crystallization rate is maxi-
mum, shifts to a lower temperature region as the cool-
ing rate increases, while a similar trend in Tynser, and
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Figure 4 Nonisothermal crystallization DSC thermograms for (a) pure PP, (b) 5wt % UHMWPE in PP, (c) 10 wt % UHMWPE in PP
and (d) 15 wt % UHMWEPE in PP. [Colour figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE II
Characteristic Temperatures and Enthalpies of Nonisothermal Crystallization from
the Cooling Thermograms of Pure PP, and the PP Containing UHMWPE

Sample
PP/UHMWPE Cooling rate
(Wt/Wt) ("C/mm) Tonset (OC) Tp (OC) Tend (OC) T1/2 (OC) AHL (]/g)
100/0 5 128.5 114.6 99.6 115.3 98.4
10 126.2 112.3 95.3 112.3 96.72
15 124.4 1104 93.7 110.3 95.2
20 121.0 108.6 93.8 108.4 93.7
95/5 5 130.3 119.3 98.9 119.5 93.4
10 126.7 114.9 96.4 115.3 90.9
15 125.3 112.3 92.6 112.3 89.9
20 123.5 110.2 89.0 109.7 89.3
90/10 5 132.1 119.8 91.5 120.0 93.4
10 128.9 115.9 91.0 116.1 90.9
15 126.4 113.2 94.5 113.3 88.9
20 125.3 111.2 88.9 111.1 87.9
85/15 5 133.4 121.6 88.1 121.5 87.0
10 129.8 117.7 90.3 117.5 84.5
15 127.3 115.2 90.6 115.0 82.8
20 126.4 113.5 89.5 113.1 81.3

T1, is also observed. This phenomenon is typical for
most semicrystalline polymers while crystallizing noni-
sothermally. When the polymer crystallizes at a low
cooling rate, it has a reasonably long time remaining
within the temperature range, during which a suffi-
cient mobility of segments is promoted for the growth
of crystallization. When cooled at comparatively rapid
rate, the segments are frozen before the formation of
regular crystallite, thereby decreasing the crystalliza-
tion temperature. However, when UHMWPE was
incorporated into PP, T, and the other characteristic
crystallization temperatures increase significantly at a
given cooling rate, which implies that the introduction
of small amounts of UHMWPE could promote the
crystallization capability of PP by shortening the induc-
ing time. It is believable that the UHMWPE molecules
essentially act as an effective nucleating agent for the
PP phase and increase the crystallization rate of PP
during the nonisothermal crystallization. On the other
hand, when much more UHMWPE is incorporated
into PP, the immiscibility of the two polymers causes
interference between their chains, which results in a
depression of the crystallinity of the PP phase, and
thus a reduction of the AH..

Figure 5 Shows the plots of relative crystallinity
[X(T)] versus temperature (T) for pure PP and the
PP containing various amounts of UHMWPE at the
selected cooling rates. Here X(T) as a function of T
is estimated from eq. (3):

- J1,(dH/dT)dT

X(T) 1 (dH,/dT)dT

®)

where Ty is the initial crystallization temperature; T
and T, the crystallization temperature and the ulti-

Journal of Applied Polymer Science DOI 10.1002/app

mate crystallization temperatures, respectively; and
dH,, the enthalpy of crystallization released during
an infinitesimal temperature range dT.

It is well known that the Ozawa’s theory has been
used successfully to describe the nonisothermal crys-
tallization kinetics of polymers.*> Assuming that the
polymer melt was cooled at a constant rate, and the
mathematical derivation of Evans was valid, Ozawa
modified the Avrami equation to the nonisothermal
situation. According to Ozawa’s theory, the relative
crystallinity X(T) at a crystallization temperature (T)
can be calculated as:

Km) @

1-X(T) =exp (— o

where L is the cooling rate; m, the Ozawa exponent,
which is similar to the Avrami exponent to some
extent and depends on the type of nucleation and
growth dimensions, and K(T), the function of cooling
crystallization related to the overall crystallizing rate
that indicates how fast the crystallization proceeds
is. The above equation can also be written in another
expression as:

lg{—1In[1 — X(T)]} = 1gK(T) — mlgh @)

However, many factors are not taken into account
in this theory. For example, the secondary crystalli-
zation and the dependence of fold length on temper-
ature are ignored, and the exponent m is assumed to
be a constant independent of temperature. If this
equation correctly describes the kinetics of noniso-
thermal crystallization, the plot of lg{-In[1-X(T)]}
against Igh should give a straight line. The kinetic
parameter K(T) and Ozawa exponent m should be
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Figure 5 Dependence of the relative crystallinity on crystallization temperature for the nonisothermal crystallization at
the selected cooling rate; (a) pure PP, (b) 5 wt % UHMWPE in PP, (c¢) 10 wt % UHMWPE in PP and (d) 15 wt %

110
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UHMWEPE in PP. [Colour figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

obtained from the intercept and the slope of the line,
respectively. Figure 6 shows the plots of lg{-In[1-

X(D]} versus lgh at the selected temperatures in
terms of eq. (5) for the nonisothermal crystallization
data of pure PP and the PP containing various
amounts of UHMWPE. In our study, the Ozawa
plots of pure PP complied with a good linearity
when the cooling rate varies from 5 to 20 K/min.
This means that an accurate analysis for pure PP of
nonisothermal crystallization data could be per-
formed with Ozawa’s theory. However, the plots of
the PP containing various amounts of UHMWPE
exhibited a deviation from linearity, which indicat-
ing that Ozawa’s equation is not appropriate to
describe the nonisothermal crystallization of the PP
containing UHMWPE. This suggests that Ozawa’s
equation [eq. (5)] may ignore the secondary crystalli-
zation deduced by the nucleation of the UHMWPE
phase in blends.*®
It is obvious that the Ozawa’s equation was pro-
ven to fail to adequately describe the nonisothermal
crystallization kinetics for the PP containing
UHMWPE, in which the further perfection of crystal
occurs. To analyze the nonisothermal crystallization
for these materials better, a modified method pro-
posed by Mo and his coworkers®” was adopted to

deal with nonisothermal data by combining Avra-
mi’s equation with Ozawa’s equation. As the crystal-
linity is related to the A and the crystallization time
(t), the relationship between A and t could be
defined for a given crystallinity. During the noniso-
thermal crystallization process, the relation between
the t and the T is given by t = (Ty-T)/%, Conse-

quently, this new kinetic equation for nonisothermal
crystallization was as follows:

InL=InF(T) —alnt (6)
where the parameters F(T) = [K(T)/k]'/™, k, the crys-
tallization kinetic constant and o, the ratio of the
Avrami exponent n to Ozawa one m, i.e., oo = n/m.
F(T) refers to the cooling rate chosen at unit crystalli-
zation time when the system amounted to a certain
crystallinity. The smaller the value of F(T) is, the
higher the crystallization rate becomes. Therefore,
F(T) has a definite physical and practical meaning to
determine the cooling rate to achieve a certain
crystallinity.*®
In terms of Mo’s equation [eq. (6)], the plots of Ink
versus Int at the selected crystallinity should give a
straight line with an intercept of In[F(T)] and a slope

of o if Mo’s theory is valid. Figure 7 presents these
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Figure 6 Ozawa’s plots of Ig{-In[1-X(T)]} versus Igk for the nonisothermal crystallization at the selected crystallization
temperature; (a) pure PP, (b) 5 wt % UHMWPE in PP, (c) 10 wt % UHMWPE in PP and (d) 15 wt % UHMWPE in PP.
[Colour figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Ina
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Figure 7 Mo’s plots of InA versus Int for the nonisothermal crystallization at the selected relative crystallinity; (a) pure
PP, (b) 5 wt % UHMWEPE in PP, (c) 10 wt % UHMWEPE in PP and (d) 15 wt % UHMWPE in PP. [Colour figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE III
Crystallization Kinetic Parameters Obtained from Mo’s
Equation and Activation Energies Obtained from
Kissinger’s Equation for the Nonisothermal
Crystallization of Pure PP, and the PP
Containing UHMWPE

Sample Relative
PP/UHMWPE crystallinity AE
(wt/wt) (%) o F(T) (kJ/mol)
100/0 10 1.303 9.69 290.49
30 0.979 12.09
50 0.993 13.40
70 1.022 14.68
90 1.070 16.83
95/5 10 1.116 8.05 198.04
30 1.176 10.53
50 1.210 12.38
70 1.235 14.30
90 1.298 17.85
90/10 10 1.056 9.39 208.86
30 1.095 11.67
50 1.115 13.19
70 1.165 15.00
90 1.202 18.06
85/15 10 1.015 9.11 248.09
30 1.056 11.06
50 1.074 12.46
70 1.108 14.11
90 1.123 16.98

plots for pure PP and the PP containing various
amounts of UHMWPE, from which the values of o
and F(T) can be obtained from the slopes and inter-
cepts by fitting the linearity of the eq. (6), as listed
in Table III. It is notable that these plots demonstrate
a good linear relationship in the range of the
selected crystallinity, which indicates that the Mo’s
theory is successful in describing the nonisothermal
process in this study, and this kinetic approach is
reasonable and applicable for the PP containing vari-
ous amounts of UHMWPE. The values of F(T) sys-
tematically increase with an increase of the
crystallinity for all the samples, but the values of o
increase slightly, which indicates a slow crystalliza-
tion rate is needed to reach a high crystallinity
within unit time. It is interesting that the incorpora-
tion of UHMWPE into PP results in a significant
depression of the F(T) at a given crystallinity, and in
succession, the F(T) begins to increase as the amount
of UHMWPE increases continuously. Here, F(T)
mainly reflects the crystallization facilitation to a cer-
tain crystallinity by the effect of the UHMWPE
phase. The depression of F(T) in the presence of
UHMWPE indicates that the PP can achieve the
same crystallinity faster than the pure one at a low
crystallinity (i.e., lower than 70 %), which is resulted
from the nucleating effect of the UHMWPE phase.
However, when the content of UHMWPE increases,
its super-long chains result in an entanglement with
the PP chains. This effect hinders the transport of
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the molten PP chains to the crystal growth surface,
and accordingly the crystallization rate lowers. Fur-
thermore, the entanglement also reduces the crystal
growth dimension, which is reflected by a depres-
sion of the values of o. These results indicate that
the incorporation of UHMWPE may not change the
nucleation type and the geometry of growing crys-
tals of the PP phase.*

It is known that the crystallization process of poly-
mers is controlled by two factors: one is the dynamic
factor related to the activation energy (A E) for the
transport of crystalline units across the phase; the
other is the static factor corresponding to the free
energy barrier for nucleation.To obtain the reliable
values of the effective A E on the melt cooling process,
the Kissinger’s equation can be employed to deter-
mine this important parameter by considering the T,
as a function of the A, and the A E of nonisothermal
crystallization can be deduced as follows™”":

d(ln %) AE o
@) f
p

where R is the universal gas constant, and the other
parameters have been mentioned previously. Figure
8 illustrates the plots of In(L/ sz) versus In(1/T,) for
pure PP and the PP containing various amounts of
UHMWPE, from which the values of —A E/R can be
obtained by fitting the linear slopes. Accordingly, A
E can be calculated, and the results are also listed in
Table III. Since the entropy of a system decreases
while transforming the molten fluid in the disor-
dered state into the order crystalline one, the value

PP/UHMWPE (wt./wt.)
m 100/0
-9.0 ® 95/5
A 90/10
® 85/15

N’_\Q -9.5 -
~
2
=
-10.0 H
-10.5 r T T T X T T T T T
0.252 0.254 0.256 0.258 0.260 0.262
1T x1 0’

Figure 8 Kissinger’s linearity-fitting plots of In(A/ sz)
versus In(1/T,) for the nonisothermal crystallization of
pure PP and the PP containing various amounts of
UHMWPE. [Colour figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 9 SEM images of the foamed samples made of (a) pure PP, (b) 5 wt % UHMWPE in PP, (c) 10 wt % UHMWPE

in PP, and (d) 15 wt % UHMWPE in PP.

of A E for the crystallization is positive. The values
of A Es for the PP containing UHMWPE decrease
remarkably in comparison with that of pure PP,
indicating that the nucleating effect of UHMWPE
improves the crystallization ability of PP. Moreover,
the value of A E begins to increase when the
UHMWPE content increases. This result suggests
that the entanglement caused by UHMWPE generate
a negative effect on the crystallization of PP as dis-
cussed previously.

Foaming properties

Foaming samples of pure PP and the PP containing
UHMWPE were prepared using a designed extru-
sion foaming setup with supercritical CO, as blow-

Journal of Applied Polymer Science DOI 10.1002/app

ing agent. Figure 9 illustrates the morphologies of
these foams. It is clearly visible that the pure PP
foams display a large cell size and a very ununiform
cell size distribution, and two distinct populations of
cells differing in size were apparent. The large cells
were likely to be formed in the amorphous phase of
PP, while the small ones around and/or in crystal-
line regions. On the basis of the cell parameters
obtained from the analysis of the SEM images as
showed in Figure 10 and 11, it is also found that the
pure PP foams have a high bulk density of 0.45 g/
cm®, a low volume expansion rate of 2.0, a large
mean cell size of 114 um, and a low cell density of
1.78 x 10° unit/cm®. These results indicate a poor
foamability of the pure PP. However, the SEM
images reveal that the cell size is reduced, and the
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uniformity of the cell size is improved with the intro-
duction of UHMWPE. This positive effect on the cell
quality is so significant that the PP foams containing
15 wt % UHMWPE exhibits an optimal small cell size
with a narrow size distribution in visible region. Fig-
ure 10 and 11 also show that the bulk density and
mean cell size of the foamed materials are reduced
remarkably, whereas there is a prominent improve-
ment in the volume expansion rate and the cell den-
sity with an increase of the UHMWPE content. It is
observed that, when 15 wt % UHMWPE was incorpo-
rated into PP, the foams achieved a bulk density of
0.029 g/cm?, a volume expansion rate of 31.8, a mean
cell size of 40 pm, and a cell density of 1.36 x 107
unit/cm’. These results imply that the foaming prop-
erties of the modified PP materials are improved
significantly.

It is undoubted that the crystallization behavior of
semicrystalline materials like PP is one of the critical
factors that affect the foaming properties. During the
foaming extrusion process of PP with supercritical
CO,, the melt solidifies at the moment of crystalliza-
tion when cooling, and the foam structure is frozen
in this stage. If the crystallization of the pure PP
occurred in the primitive stage of foaming, the foam
cannot be fully expanded before the dissolved CO,
fully diffused out and in the nucleated cells, There-
fore, to achieve the optimized forming properties of
the PP foams, we have to make the crystallization
(or solidification) occur after all the dissolved gas
diffuses out into the nucleated cells. Owing to its
low melt strength and narrow processing window
(narrow temperature range during crystallization),
the PP melt solidified too quickly before the foam
was expanded fully if the processing temperature
was too close to the crystallization temperature.
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Figure 10 Bulk density and volume expansion rate of the
foamed samples as a function of UHMWPE content. [Col-
our figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11 Cell density and mean cell diameter of the
foamed samples as a function of UHMWPE content. [Col-
our figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

However, if the temperature was too high, the solid-
ification time was too long, the gas that had diffused
out of the PP melt to the nucleated cells would eas-
ily escape out of the foams. As discussed previously,
the incorporation of UHMWPE into PP can induce
the crystallinity of PP through nucleating effect and
change the crystallization course by a long-chain
entanglement, which causes a variety in crystalliza-
tion kinetics. It is most important that the presence
of UHMWPE improves the crystallization tempera-
ture of PP and widens its temperature range during
the crystallization process (Tonset — Tena, Table II).
Compared with conversional PP, the higher crystalli-
zation temperature causes the PP/UHMWPE melt a
high viscosity and thus a high melt strength at the
same temperature, while the wide temperature
range of crystallization makes it easy to control the
foam process and improve the foam stability. These
effects are beneficial to the foaming process, which
can balance the gas loss and solidification (i.e., the
crystallization) of PP. As a result, the foaming prop-
erties (i.e., cell uniformity and expandability etc.)
were improved significantly.

CONCLUSION

A systematic investigation on the nonisothermal
crystallization kinetics of conversional PP containing
various amounts of UHMWPE were carried out
using DSC, and the effect of UHMWPE on the crys-
tallization behavior of the PP materials was eval-
uated. The kinetic studies suggested that the
incorporation of UHMWPE into PP resulted in an
increase in the crystallization temperature and tem-
perature range of crystallization as well as the rela-
tive crystallinity. This behavior is ascribed to a
comprehensive effect of the nucleation and
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entanglement of the UHMWPE chains. The kinetic
models based on Ozawa’s and Mo’s methods were
used to analyze the nonisothermal crystallization
behaviors, the former model was inapplicable to sat-
isfactorily describe the nonisothermal crystallization
behavior of the PP containing UHMWPE, whereas
the method proposed by Mo and his coworkers suc-
ceeded in describing it. The activation energies for
the nonisothermal crystallization determined by Kis-
singer’s method also indicated that the crystalliza-
tion ability of PP was improved with the addition of
UHMWPE. The effect of UHMWPE on the foaming
properties of PP demonstrated owing to the modifi-
cation of the crystallization kinetics of PP by incor-
porating UHMWPE, the bulk density and mean cell
size of their foaming materials were reduced
remarkably, while the volume expansion rate and
the cell density increased significantly.
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