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The dissipative particle dynamics (DPD) simulation method has been used to study mesophase formation
of the binary UHMWPE/PP and ternary UHMWPE/PP/PEG blends. The effects of shear rates and volume
fractions of each of the blend components on end-to-end distances of UHMWPE, diffusivities and
mesoscale morphologies of the blends have been investigated in detail. As compositions of the
UHMWPE/PP and UHMWPE/PP/PEG blends vary, the mesoscale simulations have predicted the ordered
structures with defined morphologies of lamellas, perforated lamellas, hexagonal spheres, and body-

Key vyur@s: . . centered-cubic spheres. Micelle-like melted structures between totally disordered and the ordered
Dissipative particle dynamics ) L
UHMWPE phases have also been found in the UHMWPE/PP (10/90) blends. Immiscibility property of UHMWPE, PP

and PEG induces the phase separation and exhibits different mesoscpic morphologies at different shear
rates and volume fractions. Taking the shear rates dependence of mesophase into account, the change in
morphology of the UHMWPE/PP/PEG blends with shear rate is also well studied in this work. As
a function of PP concentration, the end-to-end distances of UHMWPE are found to decrease with the

Phase separation

increase of PP concentration. This effect is more prominent for a high amount of PP.

Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

1. Introduction

UHMWPE and its composites are widely used as bearing
components, gears, guide rails and medical materials in total joint
replacement [1-4] because of their excellent friction and wear
characteristics, bio-compatibility, chemical stability, effective
impact load damping and mechanical properties [5]. Its application,
however, is limited due to its poor processability.

In the last thirty years, the development of high-performance
UHMWPE composites often involves the use of a low molecular
weight solvent to reduce its high entanglement density in forming
the final products [6-9]. The apparent disadvantage of such
processes is the use of organic solvents, which are difficult to
recycle and to remove. Another effective way to reduce the melt
viscosity is to dilute the UHMWPE with conventional PE (HDPE,
LDPE, and LLDPE) that generally has a lower average molecular
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weight [10,11]. It is, nevertheless, not without an attendant disad-
vantage in the process since effective amounts of intermediate
molecular weight polyethylene causes a remarkable decrease in
some of the most desirable properties. For example, the original
excellent mechanical properties are not easy to maintain.

Our previous investigation indicated that UHMWPE with 10-30%
polypropylene (PP) can be extruded by a conventional single
extruder, and its mechanical and tribological properties were as good
as or even better than that of pure UHMWZPE [12]. Unfortunately, the
melt fluidity of the UHMWPE/PP blend is still low, for example, the
melt flow rate of the UHMWPE/PP (75/25) was 0.66 g/10 min under
the condition of 230 °Cand 21.6 kgload. Our further studies indicated
that the addition of a small amount of PEG could significantly reduce
the die pressure and melt viscosity of the UHMWPE/PP blends [13].

Computer simulations have provided valuable microscopic and
mesoscopic insights into the phase morphology [14-16] and the
interfacial behaviors of the immiscible molecules, such as phase
separation, the interface thickness and the interface molecular
orientation, which significantly influence rheological and mecha-
nical properties of materials [17-22]. The dissipative particle
dynamics (DPD) method developed by Hoogerbrugge and Koelman
[17,23] is a mesoscopic simulation technique for complex fluids that
can study systems over larger length and time scales than classical
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molecular dynamics. Espafiol and Warren have added the fluctua-
tion-dissipation relation in DPD [24] while together with Groot, the
latter have also applied a coarse-grained method to build the
mapping relation of force parameters in DPD with the energy
parameters in Flory-Huggins theory [18].

DPD method has been successfully applied to polymeric
systems by introducing bead-spring type models [25-27], and it is
particularly suitable to investigate the microphase separation and
rheological properties of block copolymers and polymer blends
[22,28,29]. As an example of application, Groot and Warren tested
the DPD model on calculating the interfacial tension between
incompatible components and derived a master curve for that in
terms of the Flory-Huggins y parameter. Comparing the curve with
the experimental data on polystyrene/polymethyl methacrylate
(PS/PMMA) interfacial tension [30], they found that DPD simula-
tion results can be used to quantitatively predict some properties
of the real systems [19,31-37]. Furthermore, Wijmans et al. have
constructed a master equation by which one can make a quanti-
tative comparison between the simulations and the experimental
data [38]. Groot and Rabone showed that by systematically coarse
graining, one may obtain the parameters in DPD directly from
experimental interaction parameters [39]. Studies with DPD on the
influence of phase morphology and interfacial behavior on the
rheological behavior of polymer blends are scarce, however. As
a result, in this work a DPD simulation that focuses on the phase
morphologies, end-to-end distances, density distributions and
diffusivities of the ternary UHMWPE/PP/PEG blends is carried out
to provide useful information on the processing of UHMWPE with
tailored properties. Concentrations of PP and components of the
UHMWPE/PP/PEG blends as well as shear rates are taken into
account in the simulations.

2. Method
2.1. DPD method

In the DPD method, a group of atoms or a volume of fluid, which
is large on the atomistic scale but is still macroscopically small, is
represented by beads. In the present work, the interacting beads’
time evolution obeys Newton’s equations of motion [18]:
dr,~ dVi
G = Vi g = fi (1)
where r; and v; are the position and velocity of the ith particle,
respectively. All the masses are normalized to 1 for simplicity, and
the force acting on a particle is a sum of three pairwise contribu-
tions: a conservative force FC, a dissipative force F°, and a random
force F¥ ie.,

fi = Z(Fg +F +F) 2)
J#1

where the sum runs over all other particles within a certain cutoff

radius rc. As this is the only length-scale in the system, we use the

cutoff radius as our unit of length, r. = 1. The different parts of the

forces are given by:

c _ Jag(1—rye; (ry<1)

= {0l =1 )
Fj = —voP (ry) (viey) ey (4)
Ff = auf(rj)€;a 1 2e; (5)

where rjj =r; — 1, 1ij= |rjjl, €; = 1j|rj;, and vi; = v; — v;. {j; is a random
number with zero mean and unit variance. a;; is a constant which

describes the maximum repulsion between interacting beads. w”
and F, respectively represent r-dependent weight functions for
the dissipative and random forces, and vanish for r > r. = 1. Unlike
the conservative force, the weight functions wD(r,-j) and wR(r,-j) of the
dissipative and random forces couple together to form a thermo-
stat. Espafiol and Warren have shown that there is fluctuation-
dissipation theorem in the dissipative force and the random force
[24]:

WwP(r) = [wR(r)r-az = 2vkgT (6)
the weight functions are chosen simply by [18]:

Dy — [ofr]2= (=120 <1)

) = [ofo] = { (=0 )

for detail comments on them, refer to Groot and Warren’s work
[18].

The soft-sphere interactions of DPD can be mapped onto Flory-
Huggins theory through the x parameter [18,19]. If the system has i
and j components or beads interacting with each other and if one
chooses aj; = aj and assumes that p; + p; is approximately constant,
then, according to Groot and Warren [18], the mapping relation is:

2a(ay — aj) (Pi + Pj)

kBT (8)

X:

where « is a parameter related to the pair-correlation function g(r),
which is expressed as a function of the reduced co-ordinate r = r/r,
and p; + pj = p is the density of the system.

2.2. Simulation parameters and model construction

The conservative interaction strength «;; was chosen according
to the linear relation with Flory-Huggins x parameters [18] for
polymers:
aj = i +327x; (p = 3) (9)
The interaction parameter between the same type beads «;; equals
25.In the present study, we estimated y of UHMWPE/PP, UHMWPE/
PEG and PP/PEG pairs from the solubility parameters by Eq. (9)
[40]:

~ Viead (0; — 5])2
X = RT

where Vpead is the average molar volume of the beads, and 4; and ¢;
are the solubility parameters of beads i and j, respectively [41]. The
DPD simulations of the UHMWPE/PP/PEG blends were performed
in a cell of size 30 x 30 x 30 (without shear flow) or 50 x 20 x 20
(under shear flow), with the bead density p = 3. Periodic boundary
conditions were applied and the shear flow was simulated by
means of Lees-Edwards boundary conditions. For convenience, the
particle mass m, and kgT were all taken as unit. The time step At was
taken as 0.05 [42], and adjacent particles in the polymer chain
interacted via a linear spring with a harmonic spring constant of
4.0, according to Groot and Liu [19,32,43-45]. Besides, the friction
coefficient v was chosen as 4.5 [15,45]. A total of 2 x 10° DPD steps
were carried out for a DPD simulation in this work. All the DPD
simulations were performed using the Materials Studio software
package [46]. The DPD analysis module allows one to analyze
a mesoscale trajectory created by DPD. The module can return
a histogram of the end-to-end distance of a molecule for each of the
frames selected. The histogram is accumulated over all molecules
and all steps up until the previous frame. The final returned result is
the corresponding radial distribution, which is the histogram
divided by the total bin count and the volume of each bin [47]. In

(10)
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Table 1
The characteristic ratios, molecular weights and the corresponding DPD chain
lengths of the species in the UHMWPE/PP/PEG blends.

Species M, Ca Nppp

UHMWPE 2.5 x 10° 77 11,605
PP 7.3 x 10* 6.9 250
PEG 5.5 x 104 5.0 250

UHMWPE PP

this paper, the end-to-end distance corresponding to the most
probable distribution was used for representing the end-to-end
distance of a polymer chain [48].

The number of beads in each mesoscale molecule is determined
by the degree of polymerization and the characteristic ratio (C,) of

Fig. 1. Iso-density surfaces of PP for the UHMMPE/PP blends obtained after 2 x 10° steps DPD simulation. The outward surfaces of PP phases are colored with green, and the rests are
UHMMPE phases. Each system contains 8.1 x 10* DPD beads: (a) UHMMPE/PP (90/10), (b) 70/30, (c) 50/50, (d) 30/70 and (e) 10/90. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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the polymer. The expression for the DPD chain length (Nppp) is
[48,49]:

M
Nppp = Mman (11)

where M, is the polymer molecular weight, My, is the monomer
weight and C, is the characteristic ratio. Characteristic ratios were
obtained by using quantitative structure property relationship
(QSPR) methods [48,50]. The characteristic ratios, molecular
weights and the corresponding DPD chain lengths of the species in
the UHMWPE/PP/PEG blends are listed in Table 1.

a 30
CHOHHHHH OO O OO H O H HOH O H O H HOH D
2.5
2.0
(]
= —0O— UHMWPE
@ 151 | —o—pp
Q
(=}
1.0
0.5
072020 2 40 22" an V20" 0 AR AR AR VAn Van Van¥an Van Voo van Van Van Vo v VA Ve Van Ve
0.0 . T . . .
0 10 20 30
Distance (DPD units)
C 30
2.5
(]
2
‘®
=
[
o
0.5
0.0 T T
0 10 20 30

Distance (DPD units)

b 30

Both the UHMWPE/PP binary blends and the UHMWPE/PP/PEG
ternary blends evolve from random disordered states in the
mesoscopic dynamics simulations, where the polymers are in
a homogeneous melted state. During the temperature relaxation,
we observed the mesophase separation process and ordered phase
generation into mesoscopic domains. In this work a transition from
a homogeneous melt state of chains to a heterogeneous melt of
ordered mesophases-separated domains is defined to be an order-
disorder transition (ODT). The description of each binary or ternary
blend generates a coarse-grained system sufficiently large to
identify the formation of ordered structures.
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Fig. 2. Density profiles of the simulated blends UHMMPE/PP for (a) 90/10, (b) 70/30, (c) 50/50, (d) 30/70 and (e) 10/90.
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3. Results and discussion
3.1. Mesoscopic morphology of UHMWPE/PP/PEG blends

Generally, the rheological behavior and processability of poly-
mer blends strongly depend on their mesoscopic structure and
state of dispersion-distribution [51,52]. For the UHMWPE/PP/PEG
blends, we have investigated the effects of PP and PEG on the
mesoscopic morphology by end-to-end distances of UHMWPE and
density profiles of PP and PEG.

3.1.1. Effect of PP on mesoscopic morphology of the UHMWPE/PP/
PEG blends

To analyze the effects of the concentration of PP on the meso-
scopic morphology of the UHMWPE/PP/PEG ternary blends, first, we
have investigated the binary UHMWPE/PP blends by varying the
proportion of UHMWPE/PP from 90:10 to 10:90. Figs. 1 and 2 show
the morphologies of the UHMWPE/PP blends and the corresponding
density distribution of PPand UHMWPE beads obtained after 2 x 10°
time steps DPD simulation. Apparently a totally disorder and
homogeneous phase occurs when 10% of PP are added into
UHMWPE, as shown in Fig. 1(a). There are hardly any fluctuations of
densities distribution for UHMWPE and PP in the blends (see
Fig. 2(a)) s totally consistent with Fig. 1(a). Therefore, the UHMWPE/
PP (90/10) blends approximately possess a homogeneous phase at

room temperature, leading to excellent mechanical properties,
which is consistent with our previous studies [53].

As the concentration of PP increases, some different classical and
nonclassical morphology appear. For example, spherical structure of
PP formed in the UHMWPE/PP (70/30) blends with body-centered-
cubic spheres (BCC) symmetry structure (see Fig. 1(b)). Our previous
experimental investigations indicated that the viscosity of
UHMWPE decreased obviously with an addition of 30% PP in the
UHMWPE/PP (70/30) blends [54]. This probably should be attributed
to the capability of spherical structures of PP to enhance the heat-
transfer ability and induce the interphase slippage in the blends. As
shown in Fig. 1(c), PP tends to form bicontinuous phase in the
UHMWPE/PP (50/50) blends. The iso-density surface of PP divides
the blends into PP-rich domain and the UHMWPE-rich domain (Figs.
1(c) and 2(c)).

At 70% concentration of PP, two phases including continuous
phase of PP and stable perforated lamella (PL) structures of
UHMWPE occur. An another interesting thing should also be
mentioned here is that the perforations in the PL structures are
always larger, more stable, and foursquare ordered, which is in
agreement with S.F. César’ results for polymer blends [55]. The time
evolution of the morphology for the UHMWPE/PP blends was
investigated by the DPD simulations to give a direct visualization of
the underlying dynamic process, for which the phase separation of
the UHMWPE/PP (30/70) blends was adopted as an example. Some

Fig. 3. Time evolution of iso-density surfaces of PP in the UHMMPE/PP (30/70) blends. The outward surfaces of PP phases are colored with green, and the rests are UHMMPE phases.
Each system contains 8.1 x 10* DPD beads: (a) 1 x 10 steps, (b) 5 x 10> steps, and (c) 1 x 10* steps.



J.-G. Gai et al. / Polymer 50 (2009) 336-346 341

snapshots of the structures of the blends in the evolution process
are given in Fig. 3. Details of the evolution process can be shown by
a comparative scrutiny of Fig. 3 and Fig. 1(d). In Fig. 3(a), a structure
of bicontinuous phase can be identified after 1 x 10® steps simu-
lation. As shown in Fig. 3(b), which is plotted after 4 x 10> steps of

Fig. 3(a), the bicontinuous phase becomes larger and more ordered
gradually. In the next stage, the bicontinuous structures vanish, and
PL structures of UHMWPE appear (Fig. 3(c)). At last this structure
changes a little as time runs, and finally we obtain the two-phase
structure as shown in Fig. 1(d). Figs. 3 and 1(d) reflect the dynamic

Fig. 4. Iso-density surfaces of PP and PEG for UHMMPE/PP blends obtained after 2 x 10° steps DPD simulation. The outward surfaces of PP phases are colored with green, the
outward surfaces of PEG phases are colored with blue, and the rests are UHMMPE phases. Each system contains 8.1 x 104 DPD beads: (a) UHMMPE/PP (90/10/2), (b) 70/30/2, (c) 50/

50/2, (d) 30/70/2 and (e) 10/90/2.
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process that UHMWPE and PP are mixed together, whereas
UHMWEPE is excluded from PP to form UHMWZPE-rich domains
with the time increasing.

Between the totally disordered region and the ordered phases
there are some melted structures, such as micelle-like. There is no
symmetry in the phases, thus, we describe them as droplets (no
matter large or small) of the minor moiety in disordered phases.
Groot and Madden [19,32] distinguished processes on three
different length and time scales in the formation of polymer mes-
ophases: (1) phase separation on the mesoscopic bead level, (2)
organization of polymers into micelles, and (3) the organization of
these micelles into a superstructure with its own particular
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symmetry [19]. For the UHMWPE/PP (10/90) blends, a micelle-like
phase is found between the disordered and BCC phases. This
corresponds to the level (2) ordering in Groot and Madden’s
scheme.

Furthermore, DPD simulations of the effects of PEG on the
morphologies of the UHMWPE/PP blends are performed by varying
the concentrations of PP from 10 to 90. The concentration of PEG is
2 per hundred parts of UHMWPE/PP by weight (phr). The
morphologies of the UHMWPE/PP/PEG blends and the corre-
sponding density distribution of PP, PEG and UHMWPE particles
obtained after 2 x 10° time steps DPD simulation are shown in Figs.
4 and 5. Obviously, PEG prefers to distribute in the phase of
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Fig. 5. Density profiles of the simulated UHMMPE/PP/PEG blends for: (a) 90/10/2, (b) 70/30/2, (c) 50/50/2, (d) 30/70/2 and (e) 10/90/2.
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Fig. 6. Time evolution of diffusivities of PP and UHMMPE in the UHMMPE/PP blends with varying the proportion of the UHMMPE/PP blends from 90/10 to 10/90.

UHMWPE regardless of variation of PP concentration in UHMWPE/
PP/PEG blends (see Figs. 4 and 5). By careful observation it was
determined that PP in UHMWPE/PP/PEG blends exhibits
morphology similar to that in the corresponding UHMWPE/PP
blends (see Fig. 4(a)-(d)) except for the 10/90/2 blends, for which
a hexagonal spheres morphology is observed (see Fig. 4(e)).
Furthermore, the simulated density profiles of PP and UHMWPE
Beads are also nearly identical to those of UHMWPE/PP (see Figs. 2
and 5). Due to the presence of an ether bond segments in PEG
chains, UHMWPE and PP have very different polar character with
PEG. Therefore, they would prefer to be located as far from each
other as possible, leading to a phase separation of the ternary
UHMWPE/PP/PEG systems. On the other hand, Flory-Huggins
parameters xynmepg/pec (0.191) estimated by Eq. (10) is much lower
than xpppec (0.412), which leads PEG to be concentrated more
preferably in the phase of UHMWPE instead of PP.

3.1.2. Diffusivities of UHMWPE and PP for the UHMWPE/PP blends

Fig. 6 represents the changes in diffusivities of UHMWPE and PP
with respect to a change in PP concentration in the UHMWPE/PP
blends. The chain length of UHMWEPE is larger than that of PP, and
molecule diffusivity of PP is better than that of UHMWPE (see
Fig. 6(a) and (b)). Hence, UHMWPE is easier to accumulate and
separate phase than PP, which are directly demonstrated by the
comparisons between Fig. 1(a) and (e), as well as between Fig. 1(b)
and (d). Moreover, the diffusivities for both PP and UHMWPE
increase with the increasing of PP concentration in the UHMWPE/
PP blends (see Fig. 6(a) and (b)). Our previous experimental
observations [54] showed that the melt apparent viscosity of the
UHMWPE/PP blends decreased with the increase of PP content in
the blends under all chosen temperature conditions, which might
attribute to the enhancement of diffusivities for both PP and
UHMWPE.

3.1.3. End-to-end distance of UHMWPE in the UHMWPE/PP blends
The end-to-end distance of polymer chains, which is calculated
as a function of concentration of PP using the DPD simulations in the
present study (Fig. 7), is an important structural property of polymer
materials. It is evident that the end-to-end distances of UHMWPE
molecules in the UHMWPE/PP blends decrease in the following
order: 5.6977rJUHMWRPE/PP(100/0)] > 5.6277r.(90/10) > 5.6056r
(70/30) > 5.5348r: (50/50) > 5.22661 (30/70) > 4.1507r. (10/90)],
which illustrates that the diameters of UHMEPE particles decrease
with increasing the concentrations of PP. In the meanwhile, meso-
scopic morphology of UHMWPE transits in the order: continuous
phase (Fig. 1(a-c)), lamellae structure (Fig. 1(d)), and spherical

structure (Fig. 1(e)), which is more in agreement with Fig. 7. Simu-
lations of end-to-end distances give insight into the molecular-level
details of the disentanglement response of UHMWPE to the
concentrations of PP. Fig. 7 also illustrates the increase of disentan-
glement capability of PP for UHMWPE with increasing content of PP
in the blends, which totally consists with the remarkable decrease of
viscosity in our previous experimental observation [54].

3.2. Effect of shearing on the mesoscopic evolution of the UHMWPE/
PP/PEG blends

The DPD simulations on the UHMWPE/PP/PEG (50/50/2) blends
are performed, and the shear rates vary from 0.001 to 0.2. The
simulated isosurfaces of both PP and PEG in the UHMWPE/PP/PEG
(50/50/2) blends are shown in Fig. 8. When shear flow is added, the
UHMWPE/PP/PEG (50/50/2) blends show very different morphol-
ogies as well as orientations, depending on the strength of shear
flow (see Fig. 8). At a low shear rate of 0.001, the morphologies of
both PP and UHMWPE are bicontinuous structures (see Fig. 8(a)
and (b)), which is very similar with the morphology formed under
the condition of no shear flow (Fig. 4(c)). Nevertheless, when the
shear rate increases to 0.005, the bicontinuous structures disap-
pear, and then lamellar morphologies occur, and the lamellar
normal is not parallel to the velocity gradient direction (see Fig. 8(c)
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Fig. 7. Simulated dependence of end-to-end distance on PP concentrations varying
from 10 to 90.
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Fig. 8. Iso-density surfaces of PP and PEG for the UHMMPE/PP/PEG (50/50/2) blends obtained after 2 x 10° steps DPD simulation. The outward surfaces of PP phases are colored
with green, the outward surfaces of PEG phases are colored with blue, and the rests are UHMMPE phases. Each system contains 6 x 10% DPD beads, x-axis is the shear flow direction:
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reader is referred to the web version of this article.)



a b 0.20

60 - (a) ] (d)
3 Eot— |
= = 0.15 -
E] S
a 40+ [a]
o o
> > @)
= 201 (b) =
[] (7]
?g ?g 0.05 4
& c £ 0.

0

(d), (). (), (9) ] (9)
T T T T 0.00 T T T
0 200 400 600 800 1000 800 850 900 950 1000
Time (DPD units) Time (DPD units)

Fig. 9. Time evolution of diffusivities of UHMMPE in the UHMMPE/PP/PEG (50/50/2) blends with varying the shear rate: (a) 0.2, (b) 0.1, (¢) 0.05, (d) 0.01, (e) 0.005, (f) 0.001 and (g) 0.0.

Fig. 10. Iso-density surfaces of PP and PEG for the UHMMPE/PP/PEG (90/10/2) blends obtained after 2 x 10° steps DPD simulation. The outward surfaces of PP phases are colored with
green, the outward surfaces of PEG phases are colored with blue, and the rests are UHMMPE phases. Each system contains 6 x 104 DPD beads, x axis is the shear flow direction: (a) and (b)
0.01 (shear rate), (c) and (d) 0.05, (e) and (f) 0.1, (g) and (h) 0.2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and (d)). Within the shear rate of 0.01-0.1, both PP and UHMWPE in
the UHMWPE/PP/PEG (50/50/2) blends always gives parallel
lamellar alignment, whose normal is parallel to the velocity
gradient direction (see Fig. 8(e)-(j)), whereas the blends show
cylindrical morphology with shear rate of 0.2 (see Fig. 8(k) and (1)).

From Fig. 8, it can be seen that PEG in the UHMWPE/PP/PEG (50/
50/2) blends turns into a spherical structure and concentrates more
in the UHMWPE phase under the condition of shear rate from 0.0 to
0.01 (see Fig. 4(c) and Fig. 8(a)-(f)). When the shear rate increases
to 0.05, PEG particles localize preferably in the interface between
PP and UHMWPE phases, and ellipsoidal and discontiguous cylin-
drical morphology appear gradually, as shown in Fig. 8(g) and (h).
For the shear rate of 0.1, PEG totally concentrated about interfaces
with contiguous cylindrical and a small quantity of ellipsoidal
morphologies (Fig. 8(i) and (j)). At a high shear rate of 0.2, PEG
totally forms with cylindrical morphologies, and concentrates
mostly in PP phase with only a part locating between two cylin-
drical PP phases (Fig. 8(k) and (1)). In conclusion, with the
increasing of shear flow, PEG phase translates preferably from
UHMWPE phase to PP phase, which probably is attributed to two
reasons: (1) Flory-Huggins parameters [ xunmepg/pec (0.191) < XppjEc
(0.412)] dominate the location of PEG at a low shear rates; (2) the
obviously closer viscosity of PEG to that of PP than that of UHMWPE
forms the main factor at a high shear rates.

The simulated diffusivities of UHMWPE for the UHMWPE/PP/
PEG (50/50/2) as a function of shear rate are shown in Fig. 9. It is
evident that the diffusivity of UHMWPE increases with increasing
shear rate (Fig. 9), which illustrates that the viscosities of the blends
decrease to a certain extent under shear flow. When the shear rate
is higher than 0.05, the diffusivities of UHMWPE increase rapidly
(Fig. 9). Our previous experimental investigations on the UHMWPE/
PP/PEG blends showed that shear thinning appears at higher shear
rates, and the blends exhibit a non-Newtonian behavior [56], which
probably should be attributed to the increasing of diffusivities for
UHMWPE in the blends. Interestingly, it is found that at low shear
rates the diffusivities are almost independent of shear rates for the
UHMWPE/PP/PEG (50/50/2) blends (Fig. 9), which probably implies
that they all exhibit a Newtonian behavior in this region.

DPD simulations for a large amount of UHMWPE in blends have
been further performed by varying shear rate from 0.01 to 0.2. In
the case of the UHMWPE/PP/PEG (90/10/2) blends, as shown in
Fig. 10, the distributions of PP and UHMWPE are totally disordered
and homogeneous throughout the considered shear rates. Luckily,
the morphologies of PEG are more sensitive to shear rates, and
spherical and cylindrical morphology occur in turn with the
increasing of shear rates (Fig. 10(a)-(h)). It is well known that PEG
has very low viscosity and good lubricating property. PEG with
spherical and cylindrical morphologies in the UHMWPE/PP (90/10)
blends might act as a lubricant to induce interphase slippage of the
blends.

4. Conclusions

In this paper, the DPD method is used to investigate the
mesoscopic morphologies and properties of binary UHMWPE/PP
and ternary UHMWPE/PP/PEG blends. As composition of the
blends varied, the mesoscale simulations have predicted the
ordered structures with defined morphology of lamellae, perfo-
rated lamellae, hexagonal spheres, and body-centered-cubic
spheres as well as micelle-like melted structures. For the
UHMWPE/PP/PEG blends, we have investigated the effects of PP
and PEG on the mesoscopic morphology by end-to-end distances
of UHMWPE and density profiles of PP and PEG. PEG prefers to
distribute in the phase of UHMWPE regardless of variation of PP
concentrations. It is evident that the end-to-end distances of
UHMWPE molecule in the UHMWPE/PP blends decrease with the

increasing of PP concentrations, which illustrates that the dia-
meters of UHMEPE particles decrease with increasing concentra-
tion of PP. When the shear rate is higher than 0.05, the diffusivities
of UHMWPE increase rapidly. Our previous experimental investi-
gations on the UHMWPE/PP/PEG blends showed that shear thin-
ning appears at higher shear rates, and the blends exhibit a non-
Newtonian behavior, which probably attributes to the increase of
diffusivities for UHMWPE in the blends. Information about their
mesoscopic morphology can further be employed in designing
new materials for advanced technology applications.
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