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Abstract

Rheology of a polymer melt including ceramic particles is far cry from that of the pristine polymer phase because of the interactions
between polymer and ceramic particles. This work focuses on the flow behavior of the blend comprising polyethylene glycol (PEG) melt
and a fine powder (size <5�m) of cerium(IV) oxide under low shear rates. The blend containing as high as 80 wt.% (or 41.6 vol.%) of CeO
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an still exhibit Bingham plastic response in the low shear rate range. Hence, the relative viscosities (ηrel) of the PEG–CeO2 mixtures with
arious volume fractions of CeO2 (φ) could be obtained at different temperatures, and these data were then used to simulate the rh
odel developed in this work. This model was created by assuming that there are two primary forces governing the rheologica
f the blend, which are the van der Waals attractive forces that exist among CeO2 particles and the chemical adsorption of PEG segm
n CeO2 particles, respectively. The simulation turns out that this model matches more precisely the changes ofηrel versusφ at different

emperatures than the three widely quoted models. Furthermore, the occurrence of the two stipulated forces in the PEG–CeO2 blend has als
een verified by other experimental evidences, e.g. scanning electron microscopy (SEM), X-ray diffraction (XRD), FTIR, and d
canning calorimetry (DSC).
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramic membranes have been widely used for
xecuting various filtration processes1–3 and for facilitating
perations of chemical or biological reactors4–8 because of

heir remarkable chemical and thermal stability7 in addition
o extraordinary dimensional stability. Extrusion is the most
idely employed technique to the preparation of porous ce-

amic tubes for the use as the separation membrane or the sup-
ort of chemically recognizable or reactive membranes.9–11

nlike the polymer melts, the blend of a polymer melt and a
eramic powder with high volume fraction (e.g. 80–85 wt.%)

∗ Corresponding author. Tel.: +65 6874 5029; fax: +65 6779 1936.
E-mail address:chehongl@nus.edu.sg (L. Hong).

requires a much larger extrusion pressure. The polymer
in the blend behaves very differently from itself alone in
sponse to the applied shear stress. Nevertheless, the p
perience of the polymer–ceramic interactions came prim
from the blends with low solid contents.12,13

One of the most popular mathematical models descr
the dependence of the shear stress on the shear rate
blend is the Herschel–Bulkley (HB) model:14,15

τ = τ0 + Kγ̇m (1)

in which τ is the applied stress,τ0 the yield stress accoun
ing for the interactions of polymer and polymer, polymer
particle, and particle and particle under very low shear raγ̇;
K is the consistency modulus, and the indexmstands for th
effect of high share rates. For Bingham plastic flow,mequals

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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to unity.16 Similarly, several other mathematical models have
been developed to describe the relationship between the rela-
tive viscosity (ηrel) of the blend and the solid powder content
expressed by volume fraction (φ). The most feted one should
be regarded as the theoretical Einstein model:16

ηrel = 1 + 2.5φ (2a)

Einstein relationship is valid only for very low solid loading
systems (φ � 1) and requires the solid particles to be spher-
ical with an identical radius.

Several empirical or semi-empirical formula have been de-
veloped thus far to describe the relationshipηrel ∼ φ, such as
power series (Eq.(2b)), Eilers’ equation (Eq.(2c)), Mooney
model (Eq.(2d))17 and Krieger–Dougherty model15,16,18,19

(Eq.(2e)). These models can be viewed as the modified forms
of the Einstein’s equation by adjusting the contribution ofφ

to ηrel. In spite of this, these models do not justify the varia-
tions of the influence ofφ on the defining physical chemistry
basis:

ηrel = 1 + 2.5φ +
∑
n=2

Anφ
n (2b)

ηrel =
(

1 + 2.5φ
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as the molecular weight distribution of polymer. A polymer
chain with less steric hindrance to the chain motions would
have higher probabilities to form multi-adsorption sites on
different ceramic particles in the blend.

Besides the polymer–ceramic interactions, attractions be-
tween ceramic particles also exist in the blend, among which
van der Waals (vdw) attractive forces play the main role;
other types of forces, such as electrostatic attraction or repul-
sion may happen depending upon the surface charge levels.
The entropic depletion force which is essentially the vdw
force counts on the polydispersity of the ceramic particles
in the blend. Understanding how theses forces act in the
nanoparticle systems has become a recent research focus.22

The vdw force is an ubiquitous force, which is generally
responsible for the agglomeration of the particles and the
particle–polymer separation,23 whereas the electrostatic re-
pulsion force is widely utilized to increase the stability of
the dispersion of particles in a polymer medium.24–27On the
other hand, through use of a pertinent polymer, particle ag-
gregations can be prevented by virtue of the steric repulsion
of the polymer chains adsorbed on ceramic particles.28

In a polymer–solid particle blend wherein if non-
adsorption occurs, the polymer chains are likely to be pushed
away from the space between any two particles due to the
inter-particle attractions mentioned earlier. This exclusion of
polymer molecules from the region leads to local agglom-
e ith
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rel = exp
2.5φ

1 − (φ/φmax)
(2d)

rel =
(

1 − φ

φmax

)Kφmax

≈
(

1 − φ

φmax

)−2.5φmax

(2e)

o endow the hard spheres certain sorts of surface chara
ics (such as the adsorbed species), the effective solid lo
φeff) has been used in place ofφ in the above equations (E
3)):

eff = φ

(
1 + δ

R

)
(3)

hereδ is the thickness of the average adsorbate layer aR
s the radius of the spherical adsorbent particles.

It is generally thought that interactions between polym
nd ceramic particles are the root-cause of special rhe

cal behavior that the blend possesses, and the intera
ill become more significant with increasing the volu

raction of the ceramic phase in the blend. There are
ically three factors governing the interactions happe
t the polymer–ceramic phase boundary: firstly, the su
rea of the ceramic particles available for adsorption,

icularly, for the same ceramic content, the smaller the
icles the higher will be the polymer–particle interface,
herefore more viscous will be the blend;17,20,21 secondly
ffinity of functional groups on the polymer backbone w

he surface of ceramic particles or vice versa; this norm
ntails quasi-chemical bonding (e.g. Lewis acid–base

hat drives the adsorption of polymer chains on ceramic
icles; and thirdly, the flexibility of polymer backbone as w
-

ration of the solid particles, and will be ending up w
hase separation in the blend if “dislike” between poly
nd particle determines the blend.29–36In reality, adsorption
f polymers on various ceramic particles happens in m
olymer–particle blends as long as the polymer chains
rganic functional groups, and what matters is the adsor
trength versus temperature, which affects the rheologic
aviors of a blend. In this context, studies on the rheolo
ehaviors of the blend can retrospectively help gainin

nsight into the polymer–particle interactions.
With respect to the preparation of a polymer–cera

lend for extrusion or molding purpose, there are severa
roaches: (1) introduction of the desired ceramic powder
polymer solution (followed by removing the solvent)37–42

r into a polymer melt;43 (2) use of organometallic polyme
s pre-ceramic matrix;44–49and (3) perpetrating polymeriz

ion at the surface of ceramic fine particles.50–53 Of these
ethods, direct solution mixing is obviously a simple
ractical way to the preparation of extrusion feedstock.

This work prepared the polymer–ceramic blend com
ng cerium oxide fine powders and polyethylene glycol (P

elt as a model system to study the dependence of re
iscosity of the blend on volume fraction of CeO2 by a math
matical model. The experimental data obtained from m
uring viscosity at low shear rates were employed to v
he model. This mathematic model includes the two fu
ental interactions which are adsorption and vdw attra
s addressed earlier. PEG has a low and sharp melting
urfactant-like property and ease of being burned out,
re also the merits of a desired polymer binder.54
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Fig. 1. Scanning electron micrographs of PEG–CeO2 blend with 50 vol.%
of CeO2.

2. Experimental

2.1. Chemicals

Cerium(IV) oxide (CeO2) powder was purchased from
Strem Chemicals (CAS# 1306-38-3). The powder has the
average particle size of about 4.8�m (Fig. 1) and the
bulk density of 7.3. Polyethylene glycol (̄M = 15,000)
(Merck–Schuchardt), PEG-400 (Nacalai Tesque Inc.) and
Tween® 80 (Aldrich) were used as binder, plasticizer and
lubricant, respectively. All the above chemicals were used as
received.

2.2. Preparation of CeO2–PEG blend

At room temperature, CeO2 powder was dispersed
in an aqueous solution of PEG-400 and Tween® 80
(polyoxyethylene-20 sorbitan monolaurate) under continu-
ous magnetic stirring (∼600 rpm). After mixing for 20 min,
the resulting suspension was added into an aqueous solution
of PEG-15,000 (20 wt.%) at room temperature. After mixing
for 4 h, the slurry was subjected to evaporation at 80◦C till
when the magnetic stirring became stuck. The concentrated
slurry turned was manually blended while it was cooled down
to room temperature. The remaining wet PEG–CeO2 solid
w era-
t eral
P the
c -
c out by
e tant
T

2

per-
f II).

Table 1
Composition of the CeO2—polymer composites

Chemical Function Contenta

CeO2 Ceramic powder 1–80 wt.% (0.18–41.6 vol.%)
PEG-400 Plasticizer 5 wt.% of CeO2

PEG-15,000 Binder Variable
Tween® 80 Lubricant Variable

a The mass densities of CeO2 (ρ = 7.3) and PEG (ρ = 1.3) were used to
compute vol.% of CeO2.

A PEG–CeO2 solid was loaded in a tubular aluminum sample
holder, which was then placed in the accessory micro-oven.
The measurement was conducted at temperatures above the
melting point of PEG.

2.4. Differential scanning calorimetry (DSC) studies

DSC analysis of the PEG–CeO2 blends was performed
on the METTLER TOLEDO STAR DSC-821 scanning
calorimeter in the temperature range from 25 to 100◦C.
The measurement procedure included heating the sample to
100◦C (at the rate of 10◦C/min), and subsequently cooling
it down to 25◦C (at the rate of−10◦C/min) to ensure all the
samples under investigation have the same thermal history.
The DSC data (Tg andTm) were collected from the second
scanning.

2.5. Other instrumental characterizations

X-ray diffraction (XRD) analysis was employed to exam-
ine the crystallization behavior of PEG. The analysis was car-
ried out on a SHIMADZU XRD-6000 diffraction meter using
Cu K� radiation (λ = 1.54056Å) and the scanning speed of
2.5◦/min. The scanning angle was set from 10◦ and 60◦. The
adsorption of PEG on CeO2 was identified by the infrared
s pec-
t was
e f
t tron
m

3

3
C

ed
t , the
P
p d
h ise,
X ity
o vol-
u t
c PEG
as dried under vacuum for at least 72 h at room temp
ure to obtain the desired blend for rhelogical study. Sev
EG–CeO2 compositions were formulated by varying
ontent of CeO2, which are listed inTable 1. The rheologi
al study (shear stress versus shear rate) was carried
xamining only the blends without containing the surfac
ween® 80.

.3. Rhelogical investigation

Measurements of the steady-state viscosity were
ormed by using a Brookfield viscometer (Brookfield DV-
pectra of PEG obtained from a Bio-Rad FTIR FTS135 s
rometer. For this characterization, only PEG (15,000)
mployed to form the blend with CeO2. The morphology o

he PEG–CeO2 blend was observed on a scanning elec
icroscopy (SEM) instrument (JEOL JSM-5600).

. Results and discussion

.1. Adsorption and van der Waals attractive forces in
eO2–PEG blend

When the content of CeO2 powder in the blend was rais
o the comparable or higher level than that of PEG phase
EG phase becomes a jacket of CeO2 particles (Fig. 1). This
henomenon shows that PEG wets CeO2 surface well an
ence a thorough mixing of both achieves readily. Likew
RD (Fig. 2a) characterization proved that the crystallin
f PEG phase dropped drastically even at a rather low
me fraction of CeO2, i.e. φ = 7.1 vol.% (or 26.8 wt.%). I
ould be ascribed to the strong adsorption tendency of
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Fig. 2. XRD of the PEG–CeO2 blends with different CeO2 loadings. A
schematic illustration to show compressive effect on PEG coils due to instant
inter-particle attraction.

segments onto CeO2 particles, namely the orderly folding of
PEG chains (crystallization) became impossible in the ad-
sorption layer.

From the SEM image (Fig. 1), the rifts between particles
were smaller than the sizes of CeO2 particles. With this as-
pect ratio, the vdw attractive forces between CeO2 particles
became inevitable. As far as this type of surface–surface inter-
action is concerned, Myers55 used an ideal model to describe
the situation: two identical spheres of radiusRare separated
in vacuum by a distanceH, whenH/R� 1, the free energy
of attraction per unit area is approximated by:

�Gatt = −
(

AHR

12H

) [
1 + 3

4

H

R
+ higher terms

]
(4a)

whereAH = (3/4)hνα2
0π

2N2 is the Hamaker constant in vac-
uum (α0 is the electronic polarizability of the atoms,hν is
related to the first ionization potential of the atoms, andN is
the number of atoms in unit volume of the spheres.) When
the two particles (surface) are separated by a medium,Aeff

H
is used in lieu ofAH to approximate such a more complex
system, whereAeff

H takes the mathematic form including the

Fig. 3. FT-IR spectra of PEG–CeO2 blends with different CeO2 loadings.

Hamaker constants of the two phases. Despite the fact that
Eq. (4a) could describe far from precisely the free energy
existing between CeO2 particles in the blend due to geomet-
ric and compositional irregularities, it still does not lose the
sense of being the ground for studying real systems. The free
energy of inter-particle attraction is a crucial factor affecting
the rheological responses of the composition with high CeO2
loadings (φ) to shear stress.

The inter-particle attraction is considered to generate com-
pressive force on the PEG chains (Fig. 2b). FT-IR spectra of
the PEG–CeO2 mixtures furnish the evidence to this theoret-
ical inference (Fig. 3). The useful information from the IR
analysis is the vibration absorption band of the CO C bond
at 1112 cm−1; this band became blunt when the CeO2 load-
ing reached 7.1 vol.% from 1.9 vol.%, and after that, the band
resumed somewhat its original shape with the increasing of
CeO2 content. This phenomenon can be understood by both
the effects of inter-particle attraction and adsorption of PEG
on CeO2. Under the compression of CeO2 particles, the bond
angle of C O C of PEG segments would engage a certain
extent of deformation, which caused changes in its stretching
modulus and therefore in the shape of CO C IR absorption
band. Although the compression on PEG became more se-
vere with increasingφ of CeO2 particles, the PEG molecules
adsorbed on CeO2 particles, on the other hand, countered the
deformation of bond angles due to the “fixation” effect. The
n reas-
i and
o of
t EG
m

age
a rption
o nal-
y
P were
umber of adsorbed PEG molecules increased with inc
ng CeO2 loading in the blend, and as a result, the IR b
f C O C vibration reflected the molecular conformation

his portion of molecules, which look more like free P
olecules.
In addition to the XRD investigation, coherent mess

bout structural changes of the PEG phase due to adso
n CeO2 particles can also be acquired from the DSC a
sis. The two blends composed of 41.6 vol.% CeO2 and the
EG phase (consisting of PEG-15,000 and PEG-400)
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Fig. 4. DSC profiles of: (a) pure PEG-15,000; (b) mixture of PEG-
15,000 (80 vol.%) and PEG-400 (20 vol.%); (c) mixture of PEG-15,000
(46.72 vol.%), PEG-400 (11.68 vol.%) and CeO2 (41.6 vol.%) made by melt
mixing method; (d) the same as (c) but made by solution mixing method.

employed as the typical samples to exhibit the occurrence of
strong physical adsorption (Fig. 4). Compared with the single
PEG phase (a mixture of PEG-15,000 and PEG-400), the PEG
phase in both blends displayed higher glass transition tem-
peratures. It was an indication that the adsorption “bonding”
restricted segment motions, e.g. rotations and creeps of PEG
macromolecules, as what the “fixation” refers to in the above
section. Moreover, the two different preparation procedures
(solution versus fusion) also gave rise to different thermal

response of the PEG phase, which revealed that the solution
blending procedure resulted in a more thorough mixing blend
because of higherTg, which is ascribed to the existence of a
higher PEG–CeO2 interface in the blend.

3.2. Relative viscosity of the PEG–CeO2 blend

The shear stress (σ)–strain rate (̇γ) relationship of the
melts of PEG–CeO2 blends with differentφ of CeO2 all dis-
played Bingham fluid behavior within the low shear stress
range at various temperatures (Fig. 5a–c). With respect to
temperature effect, the sample containing 21.1 vol.% of CeO2
showed a steady reduction of viscosity with raising temper-
ature (Fig. 5a). With respect to the effect of CeO2 loading at
a fixed temperature, the higher the CeO2 content the greater
the viscosity was observed as expected; for this study two
temperature points (140 and 160◦C) were examined (Fig. 5b
and c). It is worthy to note that the viscosity of the blend con-
taining 41.6 vol.% of CeO2 became somewhat smaller than
that of the blend with 21.1 vol.% of CeO2 at 160◦C. This
apparent drop in shear stress caused by raising temperature
from 140 to 160◦C is deemed as the squeezing effect due to
presence of the vdw attractive forces among CeO2 particles.
At 160◦C, the PEO phase became easier to free from inter-
particle spaces in the blend with the higher CeO2 content
u s, the

F
i

ig. 5. (a) Dependence of shear stress (σ) on shear rate (̇γ) at different tempera
nvestigation in the effect of CeO2 loading onσ ∼ γ̇ response at 140◦C. (c) The in
nder the compression as quoted earlier. In other word
tures using the blend containing 21.1 vol.% of CeO2 as the model. (b) The
vestigation in the effect of CeO2 loading onσ ∼ γ̇ response at 160◦C.
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Fig. 6. Dependence of the activation energy of viscous flow on the volume
fraction of CeO2.

partial phase separation caused by raising temperature low-
ered down the activation energy of viscous flow. The trend
revealed in this study represents a common fact: the mix-
ing extent between a ceramic powder and a polymer phase
decreases with increasing the ceramic content.

The temperature dependence of apparent viscosity of the
blend melt obeyed satisfactorily the Arrhenius relation (ob-
tained based on seven or eight temperature points in the range
of 100–180◦C). The activation energy barrier of viscous flow
did not vary noticeably with the CeO2 loadings below roughly
25 vol.% (Fig. 6), which meant that there was a slippery PEG
layer between CeO2 particles before thisφ value. A sensi-
ble explanation would be the adsorption of PEG on CeO2
particles, which induced free volumes surrounding particles
through irregular screwing up of PEG chains (Fig. 7a). The
further climbing up of the activation energy symbolized for-
mation of a physical network (Fig. 7b), in which the CeO2
particles behaved as cross-linking points to make the viscous
flow take place collectively.

A mathematical model is established to express the rheo-
logical behavior of the PEG (melt)–CeO2 blend. The volume
fraction of ceramic particles (φ) could be expressed by a sim-
ple mathematic formula that assumes the ceramic particles be
hard spheres with identical radius ofRand stacked with sim-
ple cubic structure:

φ

H are
p ticles
c adius
R oted
e two
a ng
e
b

L

Fig. 7. (a) A schematic illustration of the generation of free volume at the
interfacial boundary between PEG and CeO2 particles. (b) A schematic il-
lustration of the formation of the physical network due to adsorption.

If φ is sufficiently low so as the inter-particle attraction can
be neglected, the influence of the particles on rheology of the
blend is thus mainly determined by the free volumes gen-
erated near the surface of individual particles as depicted in
Fig. 7a. The Arrhenius equation was considered as a pertinent
and succinct theoretical model55 to describe the particle ef-
fect on viscosity. Equivalently, this concept is applied hereby
to express the relative viscosityηrel of the PEG–CeO2 blend:

ηrel = η

η0
= k exp(E/RT )

k0 exp(E0/RT )
= K exp

(
�E

RT

)
(5)

whereE0 is the energy barrier to the flow of Bingham plastic
of the single PEG melt (comprising PEG-15,000 and PEG-
400),E is the energy barrier to the Bingham flow of the PEG
(melt)–CeO2 blend,k, k0, andK are constants. Therefore,
�E reflects the contributions of polymer–particle interaction
(�Ead) and particle–particle interactions (�Evdw) at a given
temperature.

It is known that Einstein equation (Eq.(2a)) describes
the hydrodynamic effect of the monodispersed hard spher-
ical particles possessing a low volume fraction in a contin-
uous medium. Since the CeO2 particles used in the present
real system are neither spherical ball nor monodispersed, the
Einstein equation has to be modified by redefining its second
terms:

η

= (4/3)π

(2 + L)3
(4b)

owever, since CeO2 particles have irregular shapes and
olydispersed, to satisfy the model, these irregular par
an be equivalent to a certain number of spheres with r
on the basis of unchanged in the surface area. As n

arlier, theH value is the boundary distance between
djacent balls,L =H/R is a dimensionless quantity signifyi
ffective distance for vdw attractive forces. Eq.(4b)can thus
e rewritten as:

=
(

4π

3φ

)1/3

− 2 (4c)
 ad
rel = 1 + Bφ (6)
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whereB is the parameter including the effect of the sur-
face area of CeO2 particles which are the absorbent of PEG
segments and therefore the cross-linking point of the physi-
cal networks formed. The physical cross-linking gives rise
to a strong hydrodynamic drag on the flow of PEG melt
(Fig. 7b). Moreover,B value also embraces the influences
of irregular shape and different sizes of the CeO2 parti-
cles on the viscosity. The superscript “ad” symbolizes the
contribution of adsorption to the elastic component of the
flow.

In the high-particle-loading blend, the vdw attractive
forces act in the same way as the cross-adsorbed PEG chains
to strengthen the network (or elastic) property of the blend,
and then to impede the flow of PEG melt. From this perspec-
tive, the activation energy of viscous flow of the PEG melt
(�E) can be correlated with the vdw attraction. Hamaker
model26,27describes the vdw potential (ζ) between two par-
ticles by the simple form:

ζ = −A0

Ln
(7a)

in whichA0 andL have been defined before,n is the parameter
determined by the shape of particles:

�Evdw = −k′ζ = k′A0 = A
(7b)

Table 2
Parameter values of different models under different temperature

Model Parameter 140◦C 150◦C 160◦C

Eilers φm 0.75 0.84 0.97

Modified Eilers k 3.26 2.93 2.64
φm 1 1 1

Mooney φm 0.73 0.78 0.84

Modified Mooney k 3.40 3.18 2.97
φm 1 1 1

Krieger–Dougherty φm 0.48 0.50 0.53

Modified Krieger–Dougherty k 4.49 4.21 3.93
φm 1 1 1

Our model (n= 1) A 15.93 11.69 4.88
B 14.90 14.51 14.49

Our model (n= 2) A 111.27 85.60 39.98
B 12.86 13.10 13.92

The contribution of the particle–particle attraction compo-
nent to retarding the viscous flow can be approximated by
the linear relation between�Evdw and ζ, k′ is the propor-
tional constant and also has the significance of the number
of particle–particle pairs per unit volume. Combination of
equations(4c), (5) and (7b)enables the vdw attraction to be
mathematically related to the relative viscosity for the high

F
s
t

Ln Ln
ig. 8. Demonstration of the fitting results of the model developed to the
pherical CeO2 particle shape (n= 1); (b) the model assuming rod-like CeO2 par
emperature.
experimentalηrel ∼ φ data at different temperatures: (a) the model assuming
ticle shape (n= 2); (c) dependence of the simulated parameter valueB on
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CeO2-loading blend:

ηvdw
rel = exp

{
A

[(4π/3φ)1/3 − 2]
n
RT

}
(8)

Consequently, the total relative viscosity (ηrel) of the blend
should include bothηvdw

rel (Eq. (8)) andηad
rel (Eq. (6)) terms,

which are corresponding to�Evdw and�Ead, respectively:

ηrel = ηad
rel + ηvdw

rel
∼= exp

{
A[

(4π/3φ)1/3 − 2
]n

RT

}
+ Bφ

(9)

Fitting the model with experimental data (ηrel ∼ φ at an as-
signedT and n) by using the linear least square method,
we were able to determine the numerical values ofA and
B (Table 2). The fitted value ofB is much higher than the
corresponding parameter in the Einstein equation (Eq.(2a)).
In contrast to the original Einstein model that considers only
the mechanical resistance of individual hard spheres to the
flow of the continuous fluid (ηrel = 1 + 2.5cVball), wherec is
the number of spherical balls per unit volume andVball the
volume of a single sphere), theB value obtained from the
simulation reflects the real resistance to the viscous flow due
to the adsorption of a polymer layer on particles as well as
the formation of the physical network. ValuesBdetermined at
t ◦
r es-
o -
p ue
d sug-
g high
φ con-
c
s
t O
l of
v

ated
c tal
d els,
t tice-
a ers
o ting
t dou-
b g the
n s
t (or
t
a -
t

η

η

Fig. 9. (a) Comparison of the fitting results of the three common models with
the experimentalηrel ∼ φ data at different temperatures. (b) Dependence of
simulated parameter�m value on temperature.

ηrel =
(

1 − φ

φmax

)−kφmax

(10c)

The modified models fit the experimental data slightly better
(Fig. 10) than their corresponding unmodified models in the
range of 0 <φmax≤ 1. In conclusion, the model described by
Eq. (9) portrays more closely the real roles of CeO2 parti-
cles in affecting the viscous flow of PEG melt in the blend.
The roles are divided as two respects: the vdw attractive
forces among CeO2 particles and the physical network that
is contingent upon the adsorption of PEO segments on CeO2
particles.

3.3. Surfactant effect

Non-ionic surfactants bearing hydrophilic polyoxyethy-
lene oligomer blocks have often been used as the de-
flocculation reagent for fine ceramic oxide powders.58 This
particular functionality is attributed to the adsorption of the
hydrophilic moiety on the metal-oxide particles through the
Lewis acid–base interaction or hydrogen bonding. In this
way, the surfactant molecules would form one or more ad-
sorption layers on oxide particles (Fig. 11) depending upon
the amount of surfactant used. Tween® 80 was employed in
this work as the plasticizer for the PEG–CeO2 (41.6 vol.%)
b The
v ickly
he three different temperatures (140, 150 and 160C) were
ather similar. This outcome is indicative of a sluggish d
rption of PEG from CeO2 particles with increasing tem
erature in the range of study. On the other hand, valA
ecreased sharply with increasing temperature, which
ests that the vdw attractive forces in the blend with a
are susceptible to temperature, in connection this

lusion with the preceding interpretation to theσ ∼ γ̇ re-
ponse of the blend withφ = 41.6% (inFig. 5c), it is likely
hat agglomeration of CeO2 particles due to loss of the PE
ayer separating them is the reason for the reductionA
alues.

Fig. 8 shows the experimental data and the simul
urves based on Eq.(9). This model fits well the experimen
ata. In comparison with the other three well-known mod

hey depart away from the experimental data more no
bly (Fig. 9). Table 2lists numerical values of the paramet
f these three models, which were obtained from simula

he experimental data. Each model had both single and
le parameter forms; the latter one came from replacin
umber of 2.5 with the parameterk, which was introduced a

he crowding factor. This substitution led to the modified
wo-parameter) Eilers (Eq.(10a)),55 Mooney (Eq.(10b))17

nd Krieger–Dougherty models (Eq.(10c)),19,56,57 respec
ively:

rel =
(

1 + kφ

1 − (φ/φmax)

)2

(10a)

rel = exp

(
kφ

1 − (φ/φmax)

)
(10b)
 lend to reduce its low temperature extrusion viscosity.

iscous flow activation energy of the blend decreased qu
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Fig. 10. (a) Comparison of the fitting results of the modified Eilers (ME)
model, Mooney (MM) model and Krieger–Dougherty (MK) model with
the experimentalηrel ∼ φ data at different temperatures. (b) Dependence of
simulated parameterk value on temperature.

before 2 wt.% and level off after that (Fig. 12). This phe-
nomenon can be understood from the multi-adsorption struc-
ture laid out inFig. 11, firstly, the hydrophobic block of
Tween® 80 leads to a hydrophobic slippery layer, which is
responsible for the decrease of melt viscosity; secondly, only
the most inner slippery layers play the primary role in lubri-

Fig. 11. A schematic illustration of the multi-layer adsorption of Tween®

80 molecules on CeO2 particles.

Fig. 12. Lubricating effect of Tween® 80 on the viscous flow of PEG–CeO2

(41.6 vol.%) blend.

cating the flow of PEG melt as these hydrophobic layers feel
the greatest torque.

4. Conclusions

The PEG–CeO2 blends prepared via mixing CeO2 fine
powder with an aqueous solution of PEG and then removing
water is an appropriate system, because of the thorough mix-
ing extent, for the study of particle effects on viscous flow
of the PEG melt under low shear rates. The XRD and DSC
analyses of the resultant blends differentiated by the loading
of CeO2 (φ in vol.%) proved occurrence of strong adsorp-
tion of PEG chains on CeO2 particles. The adsorption led to
formation of a physical cross-linking network, especially in
the high CeO2-loading blends. On the other hand, the char-
acteristic infrared absorption band of the PEG (νC O C) un-
dergo changes in both frequency and intensity with increas-
ing φ value, which was ascribed to the existence of inter-
particle van der Waals attractive forces among CeO2 par-
ticles. These two fundamental interactions (adsorption and
vdw attraction) are considered as the prevalent forces in such
a polymer–ceramic blending system. A mathematic model
expressing the relative viscosity (ηrel) as the function ofφ,
T, and the geometry/surface states of CeO2 particles (n/B)
was established on the basis of the Einstein equation and the
A cti-
v bar-
r ork
( at-
t
s with
r ing
p sely
m d
r th the
t also
c low-
e t of
s that
t

rrhenius relationship. In this mathematic model, the a
ation energy of viscous flow consists of two parts, the
ier due to formation of the physical cross-linking netw
�Ead ∼ ηad

rel) and the barrier due to the presence of vdw
ractive forces (�Evdw ∼ ηvdw

rel ). In parallel, under the low
hear rates, the blends display Bingham flow behavior
espect to a series ofφ at temperatures above the melt
oint of PEG. This mathematic model could more preci
atch the experimentalηrel ∼ φ data within the designate

ange of shear rates and temperatures by comparing wi
hree commonly used models. An additional study was
arried out to understand non-ionic surfactant effect on
ring down the melt viscosity of the blends. The concep
lippery hydrophobic shell is proposed to explain the fact
here is a lowest critical concentration of surfactant.
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