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ABSTRACT: The effects of organophilic montmorillonite
(OM)/poly(ethylene glycol) (PEG) hybrids and polypro-
pylene (PP) on the phase morphology, rheological behav-
iors, and mechanical properties of ultrahigh molecular
weight polyethylene (UHMWPE) were investigated. The
presence of the OM/PEG hybrids and PP in UHMWPE
was found that it was able to lead to a significant reduc-
tion of melt viscosity and enhancement in tensile strength,
and elongation at break of UHMWPE. A quantitative anal-
ysis indicated a larger affinity of the OM to the PEG than
to PP or UHMWPE in the composites, suggesting that OM

was intercalated by PEG. This was proposed to be respon-
sible for the reduction of viscosity. Polarizing optical mi-
croscopy analysis, on the other hand, indicated that the
dispersed OM, which acted as a nucleating agent, lowered
the spherulite dimension and increased the spherulite
number, resulting in high tensile strength and elongation
at break. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
1200–1209, 2007
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INTRODUCTION

Ultrahigh molecular weight polyethylene (UHMWPE)
was chosen for this study because it exhibits a num-
ber of desirable chemical and mechanical characteris-
tics, including high tensile and impact strength,
good chemical resistance, and excellent wear proper-
ties.1,2 Its application, however, is limited due to its
poor processability.

In the last 25 years, the development of high-
performance UHMWPE composites has been well
established in industry and academia, and often
involved the use of a low molecular weight solvent
to reduce the high entanglement density in forming
the final products. The apparent disadvantage of such
processes is the use of organic solvents, which are
difficult to recycle and to remove. Alternative route
of its modification by incorporation of a second

polymer, an intermediate molecular weight polyethyl-
ene for example, indeed could improve the melt proc-
essability of UHMWPE. It is, however, not without
an attendant disadvantage in the process as effective
amounts of intermediate molecular weight polyethyl-
ene causes a remarkable decrease in some of the most
desirable properties. For example, the original excel-
lent mechanical properties are not easy to maintain.

Recently, mixtures of polymers and layered smec-
tite clays have been prepared with significantly
enhanced solid-state mechanical, dimensional, per-
meability, and flame-retardant properties3,4 relative
to the pure polymer. These enhancements have been
achieved at low clay particle loadings, typically in
the range 1–10 wt %. It has been hypothesized that
large surface area, high aspect ratio, and good inter-
facial interaction are essential to produce enhanced
solid-state properties in composites materials.5 Thus,
the optimal nanocomposite structure is thought to
consist of disordered, exfoliated clay platelets dis-
persed in a polymer matrix.

The desired clay morphology has been accom-
plished by the melt mixing method. Natural clay is
hydrophilic, and the polymer in which natural clay
is to be dispersed is often hydrophobic. Thus, surfac-
tants, typically aliphatic amines are introduced in
the gallery regions between the clay layers by means
of cation exchange. This process renders the clay
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more hydrophobic. The intercalated amine species
thereby improve compatibility with the polymeric
host while also increasing the clay layer interlayer
spacing. Increased intercalation and exfoliation will
occur if the organophilic clay possesses sufficient af-
finity for the host and the additive. Polypropylene
(PP) and poly(ethylene oxide) clay hybrids have all
been prepared by melt mixing.6–8 Most attention has
been paid to the mechanical properties of nanocom-
posites while only a few investigations have
reported their rheological behaviors.9,10

In this article, the effects of UHMWPE/PP weight
ratio, hybrids organophilic montmorillonite (OM)/
poly(ethylene glycol) (PEG) weight ratio and content
on the phase morphology, rheological behaviors and
mechanical properties of UHMWPE composites have
been investigated. The possible mechanisms of
enhancement in mechanical properties and reduction
of melt viscosity have been proposed.

EXPERIMENTAL

Materials

Ultrahigh molecular weight polyethylene (UHMWPE)
(M-II), with an average viscosity molecular weight of
2.5 � 106 and a mean particle diameter of about 300
mm, was supplied by Beijing No. 2 Auxiliary Agent
Factory (Beijing, China). Poly(ethylene glycol) (PEG)
was supplied by Liaoyang Aoke Chemical Co.
(Liaoning, China) with a molecular weight of 6000.
Polypropylene (PP) (F401) was supplied from Lanzhou
Chemical Industry Factory (Lanzhou, China) with a
melt flow rate (MFR) of 2.0 g/10 min (2308C, 2.16 kg
load). Organophilic montmorillonite (OM) named DK-
1 was supplied by Zhejiang Fenghong clay Chemicals
Co. (Zhejiang, China) with a BET surface area of
150 m2/g. DK-1 is a natural montmorillonite modified
with hexadeoyltrimethylammonium chloride.

Sample preparation

PEG was first added to alcohol to form a uniform
solution. The as-received OM powders were subse-
quently added to the uniform solution. The mixture
was then heated to 608C for 3 h and under vigorous
stirring and formed a homogeneous suspension. The
OM/PEG hybrids (MP) were dried in a 508C oven
for 4 days and then pulverized. The OM/PEG with
weight ratio 1 : 1, 1 : 2, and 2 : 1 were donated as
MP11, MP12, and MP21, respectively.

The addition of MP was 1–5 parts per hundred
parts of UHMWPE/PP (phr) by weight. UHMWPE
was physically mixed with PP and MP, then
extruded by a general three-section single-screw ex-
truder (D ¼ 20 mm, L/D ¼ 25). The temperatures

were 190, 210, and 2208C for each section of the bar-
rel and 2108C for the die. The extrudates were then
made into pellets and compression molded into 1
and 4 mm plates. Compression molding was carried
out in the following conditions: preheated at 2008C
for 5 min at low pressure, compressed for 5 min at
13 MPa at the same temperature, and then cooled to
ambient temperature with the cooling rate 308C/min
in the mold at 13 MPa. Specimens for tensile test or
izod-notched impact tests were got from the 1 and
4 mm plates, respectively.

Mechanical properties

Tensile tests were carried out at room temperature
according to GB/T 1040-92 standard on Instron
model 4302 machine (Instron Co., Birmingham, UK).
Modulus and elongation at break were measured at
a cross-head speed of 50 mm/min. Notched izod
impact strength was measured with XJ-40AX (Wuz-
hong Material Testing Technical Co., China) at room
temperature according to GB 1843-80 standard.

Thermal analysis

Crystallization studies were performed on a Netzsch
DSC 204 (Netzsch Co., Germany) differential scanning
calorimeter under constant nitrogen flow. Sample
weight was maintained at low level (3–4 mg) for all
measurements. All samples were first heated to 1908C,
held at 1908C for 5 min, and then cooled with a rates
108C/min to 608C, and held at 608C for 5 min. They
were then scanned from 60 to 1908C at a rate of 108C.

Transmission electron microscopy

TEM observations were carried out with an H-7100
(Tokyo, Japan) instrument with an accelerating volt-
age of 100 kV. The ultra thin sections with a thick-
ness of 100 nm were microtomed at 208C by a Reich-
ert Ultracut cryoultramicrotome without staining.

Wide-angle X-ray diffraction

WAXD spectra were recorded with a Philip X’pert
prd diffractometer (Japan). The X-ray beam was
nickel-filtered Cu Ka (l ¼ 0.1542 nm) radiation oper-
ated at 40 kV and 100 mA. OM or MP was studied as
powders. Samples of UHMWPE/PP/MP composites
were cut from 1 mm plates. The scanning range was
varied from 2y ¼ 18 to 508 with a rate of 58/min.

Rheological experiments

The rheological measurements were carried out on a
Gottfert Rheograph 2002 (Gottfert Co., Germany).
The capillary diameter and its length-to-diameter
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ratio were 1 and 30 mm, respectively. The die had
an entrance angle of 1808. Entrance pressure losses
were assumed to be negligible for such a long capil-
lary die, and therefore no Bagley correction was
applied. The flow properties of these specimens
were measured at 2008C.

Polarizing optical microscopy

Polarized optical micrographs were taken on a Leitz
Laborlux 12POL (Leitz Co., Germany) at 50� magni-
fication. Samples were prepared through cutting
small pieces from prepared films. Samples weighing

Figure 1 SEM micrographs of cryogenically fractured surfaces after etching: (a1) and (a2) pure UHMWPE; (b1) and (b2)
UHMWPE/PP (90/10); (c1) and (c2) UHMWPE/PP/MP11 (90/10/3).
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25 mg were melted on glass slides with cover slips
to form thin films that were � 20–50 mm thick.

Scanning electron microscope

A JSM 5900 LV scanning electron microscope (Tokyo,
Japan) was used to observe the morphology of
UHMWPE/PP blends. Before the SEM observation,
the specimens were prepared by brittle fracturing
under liquid nitrogen, then etching in a solution of 1.3
wt % KMnO4 dissolved in a H2SO4/H3PO4/H2O (10/
4/1) mixture to eliminate the amorphous phase.

RESULTS AND DISCUSSION

Phase structure of UHMWPE/PP blends

Figure 1 shows morphology of UHMWPE,
UHMWPE/PP(90/10) blends and UHMWPE/PP/
MP(90/10/3) composites after etching of the amor-
phous phase. Pure UHMWPE displays characteristic
fibril-like crystal morphology [Fig. 1(a1,a2)]. In
UHMWPE/PP(90/10) blends, the morphology of the
etched specimens shows an abundance of blocks, as
shown in Figure 1(b1,b2). By careful observation it
was determined that the dispersed blocks exhibit
morphology similar to that of pure UHMWPE. It was
concluded that these dispersed blocks are the crystal
domains of UHMWPE, and the tangled UHMWPE
can be divided into many blocks by PP in
UHMWPE/PP(90/10) blends. When 3 phr MP11 was
added into UHMWPE/PP (90/10) blends, the size of
the dispersed blocks and the gaps between the blocks
decreased and the numbers of the blocks increased.

The dispersion of the OM in the UHMWPE/PP/MP
composites

Figure 2 compares the WAXD patterns of MP21,
MP11, UHMWPE/PP/MP21 (90/10/3), UHMWPE/
PP/MP11 (90/10/3), and OM. The mean interlayer
spacing of the (001) plane (d(001)) for the OM sample
estimated by Bragg’s formula nl ¼ 2dsin y is 2.29
nm (2y � 3.858) [Fig. 2(a)]. The identification of the
(001) diffraction peaks is summarized for all investi-
gated samples in Table I.

As it is shown in Figure 2 and Table I, the peaks
of (001) plane shifted to lower angles in both MP11
and MP21, and the peak of (001) plane disappeared
in UHMWPE/PP/MP11 and UHMWPE/PP/MP21.
The shifts established the formation of exfoliated
and intercalated structure for UHMWPE/PP/MP, as
opposed to an intercalated structure for MP systems.
Figure 2 and Table I also indicate that the d-spacing
of MP11 is larger than that of MP21.

Figure 3 shows the transmission electron micro-
graphs of UHMWPE/PP/MP11 (90/10/3), UHM-
WPE/PP/MP21 (90/10/3), MP11, and MP21. As can
be seen in Figure 3(a2,b2), apart from intercalated
OM, well dispersed layers are also present in
UHMWPE/PP/MP11 (90/10/3) and UHMWPE/PP/
MP21 (90/10/3). But only the intercalated structure
was able to be observed in MP11 and MP21
[Fig. 3(c,d)]. All the observations from Figure 3 are
well consistent with WAXD results.

Aranda and Greeland have found that polymers
containing the groups capable of associative interac-
tions, such as hydrogen bonding, lead to intercala-
tion.11,12 FTIR spectra for OM is given in Figure 4, in
which the absorption band at � 3432.50 cm�1 repre-
sents the hydroxyl (��OH) group. The driving force
of the intercalation originates from the strong hydro-
gen bonding between the oxygen groups of PEG and
hydroxyl groups from OM.

The intercalated PEG chains improve the interaction
of OM and UHMWPE (or PP), producing the inter-
calated and exfoliated OM in the matrix [Figs. 2(d,e)
and 3(a2)]. Additively, the surface modifier for OM
lowers the surface energy of the inorganic host and
converts the normally hydrophilic silicate surface to an

Figure 2 Wide-angle X-ray diffraction patterns of (a) OM
and various composites. (b) MP21, (c) MP11, (d)
UHMWPE/PP/MP21 (90/10/3), and (e) UHMWPE/PP/
MP11 (90/10/3).

TABLE I
(001) Diffraction Peaks and Corresponding d-Spacing

of OM and Various Composites

Samples

(001)

2y d-Spacing

OM 3.85 2.29
MP11 2.61 3.39
MP21 2.73 3.22
UHMWPE/PP/MP11(90/10/3) No peak Exfoliated
UHMWPE/PP/MP21(90/10/3) No peak Exfoliated
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Figure 3 Transmission electron micrographs of (a1) and (a2) UHMWPE/PP/MP11 (90/10/3), (b1) and (b2)
UHMWPE/PP/MP21 (90/10/3), (c) MP11, and (d) MP21.
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organophilic one, making the intercalation and exfolia-
tion of OM possible.

Analysis of phase structure formation

Premphet and Horanont showed that in filled blends
with two immiscible polymers the filler distributed
selectively in the polymer-phase with which it had
the lowest interfacial tension.13 An extension of this
qualitative approach has been provided by Sumita
et al.14 They introduced a wetting coefficient, Wa,
which allows predicting the selectivity of filler.

Wa ¼ gfiller-B � gfiller-A
gA-B

(1)

where gfiller-A and gfiller-B are the interfacial tensions
between the fillers and polymer A or B, and gA-B is
the interfacial tension between polymer A and B. In
this equation, A is PEG and B is PP or UHMWPE. If
Wa > 1, the filler distributes within A-phase; if �1
< Wa < 1, the filler is located at the interface; if Wa

< �1, the filler is selective for the B-phase.
The interfacial tensions between polymers are

determined with the harmonic mean equation of

Wu15,16 [eq. (2)] where A and B are the two
polymers:

gAB ¼ gA þ gB �
4gdAg

d
B

gdA þ gdB
� 4gpAg

p
B

gpA þ gPB
(2)

Here gA and gB are surface tensions of the two
materials in contact, and d and p superscripts denote
the dispersion and polar components of the surface
tensions.

For the calculation of the interfacial tensions
between filler and polymers the geometric mean
equation of Wu15 [eq. (3)] is used since it is recom-
mended for systems of a high-energy material, OM,
and a low-energy material, such as the polymers
used:

gAB ¼ gA þ gB � 2
�
gdAg

d
B

�1
2 � 2

�
gpAg

p
B

�1
2 (3)

The corresponding values of the surface tensions
at 2008C are taken from literature15,17 and are listed
in Table II. The resulting interfacial tensions for the
possible pairs are given in Table III.

To apply eq. (1) to the UHMWPE/PP/PEG/OM
system, we studied UHMWPE/OM/PEG and PP/
OM/PEG, respectively. Table III shows that the
interfacial tension between the OM and PP (or OM
and UHMWPE) is by 50.4 mN/m (or 58.3 mN/m)
larger than the corresponding value for the pair
OM-PEG. According to Refs. 13 and 18, this indi-
cates a large affinity of the OM to the PEG than to
PP or UHMWPE in the blend. The concept of the

Figure 4 FTIR spectra for OM.

TABLE II
Surface Tensions at 2008C of the Polymers

and Filler Used

Material

Surface tension (mN/m)

Total,
g

Disperse
component, gd

Polar
component, gp

PEG 28.5 20.4 8.1
PP 19.6 19.3 0.4
UHMWPE 26.6 26.6 0.0
OM 257.7 94.7 163.0

TABLE III
Interfacial Tensions (gA-B) and Wetting Coefficients (Wa) of All Possible

Polymer–Polymer- and Polymer–Filler-Pairs

System Possible pairs gA-B (mN/m) Wa Final phase structure

UHMWPE/OM/PEG PEG/OM 125.6 7.1 Encapsulation
PP/OM 176.0
UHMWPE/OM 183.9

PP/OM/PEG PP/PEG 7.1 6.6 Encapsulation
UHMWPE/PEG 8.9

INFLUENCE OF OM AND PP ON THE PROPERTIES OF UHMWPE 1205

Journal of Applied Polymer Science DOI 10.1002/app



wetting coefficient also confirms this tendency:
eq. (1) yields wetting coefficients of 7.1 and 6.6 in
PP/OM/PEG and UHMWPE/OM/PEG system,
respectively. Consequently, in the extrusion of the
UHMWPE/PP/MP system, PEG molecules still cov-
ered on OM layers, instead of being replaced by PP
or UHMWPE molecules. Hence, an encapsulation
structure of MP was finally found in the UHMWPE/
PP/MP composites.

Rheological behaviors

The effect of MP and PP on the rheological proper-
ties of UHMWPE was investigated, as is shown in
Figures 5–7. The melts of pure UHMWPE flew
unsteadily at lower shear rate, and no steady rheol-
ogy data could be obtained at higher shear rates
because of the pressure vibration. Figure 5 shows
that the addition of MP reduced the apparent viscos-
ity of UHMWPE/PP (90/10) blend in the whole
shear rate range investigated. With more addition of
MP, more viscosity reduction of UHMWPE/PP
occurred. When 1, 3, or 5 phr MP11 was added, the
apparent viscosity decreased to 30, 21, and 16%,
respectively, (Fig. 5). A comparison of the flow
behavior of UHMWPE/PP/MP12 (90/10/3),
UHMWPE/PP/MP11 (90/10/3), and UHMWPE/
PP/MP21 (90/10/3) shows that the effect of the rate
of (MMT : PEG) on the viscosity reduction of
UHMWPE is significant and the most obvious effect
occurs in UHMWPE/PP/MP11 (90/10/3) (Fig. 6).

With 5 wt % PP and 3 wt % MP11 contents in the
UHMWPE/PP/MP11 composites, the apparent melt
viscosity was much lower than that of pure

UHMWPE, and no pressure vibration occurred
throughout the whole range of shear rate [Fig. 7(a)].
Moreover, as the PP content in the blends increased,
the melt apparent viscosity of UHMWPE/PP blends
decreased (Fig. 7).

It is well known that PEG has very low viscosity
and good lubricating property, and PEG is incom-
patible with UHMWPE and PP. Intercalated and
exfoliated OM layers serve as a lubricant carrier in
the composite. In other words, the short PEG chains

Figure 5 Plot of the logarithm of the apparent viscosity ver-
sus the logarithm of the apparent shear rate for (a)
UHMWPE/PP (90/10), (b) UHMWPE/PP/MP11 (90/10/1),
(c) UHMWPE/PP/MP11 (90/10/3), and (d) UHMWPE/PP/
MP11 (90/10/5).

Figure 6 Plot of the logarithm of the apparent viscosity
versus the logarithm of the apparent shear rate for (a)
UHMWPE/PP (90/10), (b) UHMWPE/PP/MP21 (90/10/
3), (c) UHMWPE/PP/MP11(90/10/3), and (d) UHMWPE/
PP/MP12 (90/10/3).

Figure 7 Plot of the logarithm of the apparent viscosity
versus the logarithm of the apparent shear rate for (a)
UHMWPE/PP/MP11 (95/5/3), (b) UHMWPE/PP/MP11
(90/10/3), (c) UHMWPE/PP/MP11(80/20/3), and (d)
UHMWPE/PP/MP11 (70/30/3).
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on the surface of OM can act as an internal lubricant
to induce interphase slippage of the blend. Finally,
synergistic effect of PEG and OM on reducing the
viscosity is achieved.

Crystal structure and crystallinity

Figure 8 shows the typical spherulitic texture of
UHMWPE and composites. In the case of UHMWPE,
UHMWPE/PP (90/10), UHMWPE/PP/MP11 (90/
10/3), and UHMWPE/PP/MP11 (90/10/5), the cor-
responding diameters of spherulites are about 169,
89, 53, and 28 mm. Obviously, the spherulite size
gradually decreases with increasing OM content.
The dispersed clay particles act as a nucleating
agent, which is evident from the increase in the
number density of nuclei causing smaller spherulites
formation.

A series of representative endotherm curves for
UHMWPE and composites were shown in Figure 9
and the corresponding values are listed in Table IV.

The crystallinity of samples, Dwc, can be calculated
by eq. (4) (Ref. 19).

Dwc ¼
DHm

ð1� fÞDH�
m

� 100% (4)

where f is the weight fraction of the filler (specifi-
cally, MP and PP in present discussion) in compos-
ite, DHm is the heat fusion, DH*

m denotes heat of
fusion for an infinitely large crystal. DH*

m of
UHMWPE was measured by Wunderlich and Corm-
ier and it was reported to be 293.0 J/g.20

Figure 9 and Table IV shows that crystallinity of
UHMWPE in UHMWPE/PP blends tends to
decrease with increasing PP ratios. In the case of
pure UHMWPE, UHMWPE/PP (90/10) and
UHMWPE/PP (70/30) blends, the corresponding
crystallinities were 56.8, 53.2, and 52.0%. However,
when 1 and 3 phr MP11 was used, the crystallinity
of UHMWPE in the UHMWPE/PP (90/10) blends
increased to 53.5 and 56.1%, respectively. When

Figure 8 Optical micrographs of pure (a) UHMWPE, (b) UHMWPE/PP (90/10), (c) UHMWPE/PP/MP11 (90/10/3), (d)
UHMWPE/PP/MP11 (90/10/5).
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5 phr MP11 was added, the crystallinity of
UHMWPE decreased to 50.6% (Table IV).

Mechanical properties

Table V summarizes the mechanical properties of
UHMWPE, UHMWPE/PP, and UHMWPE/PP/
MP11. The stress–strain curves for the samples are
similar. In the case of UHMWPE/PP(90/10) blend,
its mechanical properties remain nearly unchanged
when compared with pure UHMWPE. But apparent
enhancement of tensile strength, elongation at break,
and Young’s modulus of UHMWPE/PP(90/10)
blend appeared when 1, 3, and 5 phr MP11 were
respectively, added into it, except that Izod-notched
impact strength was without much obvious change.
Especially when 3 phr of MP11 was added, a 28.3%
increase in tensile strength, 17.0% increase in Elonga-
tion at break, and 35.8% increase in Young’ modulus
were observed. The mechanical properties enhanced
as a result of the decrease of defects at boundaries

between UHMWPE spherulites because of the role
of MP11 as nucleating agent.

CONCLUSIONS

The WAXD analysis and TEM observation clearly
indicate the intercalation and exfoliation structure of
OM in UHMEPE/PP/MP. The extent of dispersion
depends on the hybrids (OM/PEG) weight ratio and
the dispersion is best when PEG : OM ratio is 1 : 1.

The addition of a small amount of MP11 has been
found able to reduce the melt viscosity of UHMWPE/
PP (90/10) blend significantly. With 1 wt % MP11 con-
tents in UHMWPE/PP (90/10) blend, the apparent
melt viscosity is much lower than that of pure
UHMWPE, and no pressure vibration occurs through-
out the whole range of shear rate. With more addition
of MP11, more viscosity reduction of UHMWPE/PP
(90/10) occurs.

The UHMWPE/PP/MP11 (90/10/3) composite has
the optimum comprehensive mechanical property.
When the amount of MP11 is 1 or 5%, properties such
as tensile strength and elongation at break of compo-
sites decrease, but they are still higher than those of
the pure UHMWPE and UHMWPE/PP blend.
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