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ABSTRACT: Interfacial slip at high-density polyethylene
(HDPE)/polystyrene (PS) and high-impact polystyrene
(HIPS)/PS interfaces under steady shear was studied. The
multilayer structure and energy model for steady shear pro-
posed by Lam and colleagues was employed. Results indi-
cated that there was no interfacial slip at the HIPS/PS inter-
face. However, interfacial slip was detected for HDPE/PS

under steady shear. Small interfacial thickness and weak
interactions between HDPE and PS was proposed as the
reason for interfacial slip at the HDPE/PS interface. Chain
orientation under shear was believed to promote chain dis-
entanglement in the interfacial layer and therefore increase
interfacial slip. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89:
1464-1470, 2003

INTRODUCTION

A polymer blend can combine the advantageous prop-
erties of the component polymers if the right compo-
nents and appropriate blending methods are em-
ployed. Compared to synthesizing a new polymer, a
polymer blend with similar properties can be devel-
oped with relatively short development time and low
development costs. This makes polymer blending a
continuously active and fruitful research area.

Rheology in the polymer blending process is critical
because it controls the morphology of the blend prod-
ucts. The relationship between the viscosity of a poly-
mer blend and that of its components varies and de-
pends on the specific blends. Experimental and em-
pirical rules of mixture were generalized from
viscosity data by some researchers. These rules adopt
different forms (logarithmic, reciprocal, and linear) in
dealing with different blend systems.'™*

Negative deviation from the rule of mixture for
some blend systems was reported by some research-
ers.”® Slip at the interface of the component polymers
and/or at the wall surface has been proposed to be the
main reason for this phenomenon. Immiscible poly-
mers have low entanglement densities and weak in-
teractions at the interface and therefore cannot sustain
high stress transferred from one component to the
others when they are under shear. Interfacial slip is
believed to occur under this situation.”°
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Zhao and Macosko'! investigated interfacial slip by
extrusion of multi-alternating polypropylene (PP)/
polystyrene (PS) layers. The viscosity measured by
both in-line slit rheometer and rotary rheometer with
parallel plates decreased with the number of the lay-
ers. The slip velocity was also calculated from viscos-
ity measurements. Interfacial slip was detected in mul-
tilayer extrusion and steady shear in a rotary rheom-
eter, but not in dynamic shear because of low shear
stress. The detected interfacial slip was small and
manifested only when there was a significant number
of interfaces.

In parallel with Zhao and Macosko'! and indepen-
dently, Lam et al.'* simplified the morphology of a
polymer blend into a multilayer structure and, on the
basis of this structure, proposed an energy model to
quantify interfacial slip at high-impact polystyrene
(HIPS)/PS and liquid crystalline polymer (LCP)/poly-
carbonate (PC) interfaces. A temperature ramp test
under dynamic shear was employed in their experi-
ments. Significant interfacial slip was discovered at
the LCP/PC interface, but no interfacial slip for the
HIPS/PS interface. Because of the complex nature and
thermal history effects of LCPs, the study of interfacial
slip at the LCP/PC interface was complicated.

As such, the existence of significant interfacial slip
for other polymer pairs, which are well behaved rheo-
logically without the complication of thermal history
effects, remains to be investigated. Thus, in this study,
interfacial slip at high-density polyethylene
(HDPE)/PS and HIPS/PS interfaces under steady
shear were studied on the basis of the energy model.
All polymers are well-behaved thermoplastics that
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Figure1 Multilayer structure of the energy model: (a) layer
structure of the model; (b) velocity distribution of each layer;
(c) strain rate of each layer.

have stable rheological properties. It is also easier to
apply the energy model in steady shear than in dy-
namic shear. Energy factors were calculated to quan-
tify their interfacial slip. Formulas for interfacial slip
velocity were also derived on the basis of the energy
model. Reasons are given for the different interfacial
slip behavior between HIPS/PS and HDPE/PS on the
basis of polymer thermodynamics.

THEORETICAL MODEL

A polymer blend consists of a matrix phase, one or
more dispersive phases, and interfaces between them
formed by chain interdiffusion. Its morphology under
shear can be simplified into a multilayer structure, as
shown in Figure 1(a).' This structure consists of three
layers: the upper, interfacial, and bottom layers. They
correspond to the matrix phase, interface, and disper-
sive phase in the polymer blend. By applying a uni-
form shear stress at the top surface with the bottom
surface fixed, and assuming uniform viscosity within
each layer, the velocity distribution and shear strain
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rate for the three layers may be represented schemat-
ically [see Fig. 1(b) and (c), respectively]. From these
figures, one may see that the shear rates and shear
strains in the three layers are different because of the
different viscosities of the three layers. Although this
uniform layered configuration is not geometrically
representative of the actual blend, it allows special
experimental procedure and setup, which conform to
the assumptions of the model, to be established for the
verification of the hypothesis if interfacial slip occurs
between two polymer components.

The essence of the energy model was to calculate the
energy consumption in each layer of the three-layer
structure when the structure undergoes shear defor-
mation. An energy factor was defined to indicate the
energy fraction of the interfacial layer. A high energy
consumption in the interfacial layer means a large
strain in this layer. Because the interfacial layer is very
thin (several nanometers for immiscible polymers),
this large strain may manifest macroscopically as in-
terfacial slip between the upper and bottom layers.

Calculation of the energy factor for steady shear was
detailed by Lam et al.'"> The power consumptions per
unit volume on the upper layer (E;), interfacial layer
(Ep, bottom layer (Ep), and the total multilayer struc-
ture (Ey) are written as follows:

Eu=1yu
E; =1y
Ep =1y
Er=1yr (1)

where 7 and ¥ denote shear stress and shear rate,
respectively. The energy factor ¢ was defined as

E,C, E;—E,Cy— EsCs
$TE, T E.
_ 'Yucu + ﬂyBCB

Yr

(2)

The shear rates for the various layers and the total
structure can be expressed as

. T .
Yu n’ VB s

=i = 3)
Y1 ' Yr nr

where 1, 11, and 1y denote the viscosity of the upper
and bottom layers and the total structure. Combining
egs. (2) and (3) gives

_ Nr(Csmu + Cyms)
MNeMNu

=1 (4)



1466

This is the energy factor for steady shear. All the
parameters on the right side of the equation can be
obtained experimentally. Equation (4) can also be re-
arranged to predict the viscosity of the blend:

(1= @)nemu

= 5
Cenu + Cymg )

nr

When there is no interfacial slip (¢ = 0), eq. (5) reduces
to the reciprocal rule of mixture, expressed as

1 C C
MNr MNu M8

It must be highlighted that, although the reciprocal
rule is empirical, egs. (5) and (6) are derived from the
first principle based on the energy concept for the
parallel layered configuration. From Figure 1(b), -
can be obtained as

AV, AV + AV + AV,
Yr = HT_ HT
yuHy + AV, + ysH AV
= P Gt Gy ()
H; H

T

where V and H denote velocity and thickness, respec-
tively. Hence, slip velocity AV; can be obtained by
arranging eq. (7), as follows:

AV, = HT('YT — YuCu — v5Cs) (8)

Combining eq. (4) with eq. (8) gives the relationship
between the energy factor and the slip velocity:

AV, = Hryre (9)

Equation (9) shows that at the same shear rate, the slip
velocity increases linearly with the energy factor.

In eq. (4), several important variables have to be
determined before the energy factor ¢ can be calcu-
lated. Among these variables, C;; and Cy can be ob-
tained by measuring the thicknesses of the upper and
bottom layers because they have the same cross-sec-
tional area. The viscosity of the total structure n; can
be measured directly by the rheometer. However, we
cannot determine either the shear rate or the viscosity
of individual components (1;; and mjp) directly, given
that all layers experience the same shear stress rather
than the same shear rate. However, the required vis-
cosity of an individual component can be obtained by
performing separate, independent experiments con-
sisting only of the component. Subsequently, the cor-
responding shear rates and viscosities in the individ-
ual layers of the multilayer structure can be deter-
mined from these experiments.'>
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Figure2 Multilayer structure between parallel plates of the
rheometer.

EXPERIMENTAL

Polymer pairs HIPS/PS and HDPE/PS were em-
ployed to study their interfacial slip behavior by use of
the energy model. HIPS (Dow 498) and PS (Dow
666H) were obtained from Dow Chemical (Midland,
MI). HIPS is a blend of PS and styrene-graft-butadiene
copolymer. The butadiene content was about 5%. Be-
cause butadiene is not compatible with styrene, buta-
diene exists in discrete droplets of about 10 wm. HDPE
was from ExxonMobil (Model Mobil H-UP921, Al-
Jubail, Saudi Arabia). All polymers were injection
molded into disks (diameter, 30 mm; thickness, 1 mm)
for rheological tests.

The Advanced Rheometric Expansion System
(ARES) (Rheometric Scientific, Inc., Piscataway, NJ)
with parallel-plate geometry was employed with test-
ing and boundary conditions conforming to the re-
quirements of the model (see Fig. 2). Two polymer
disks (upper layer and bottom layer) were superim-
posed between the two parallel plates and compressed
to form the multilayer structure. The diameter of the
parallel plates was 25 mm. Steady shear viscosities
were obtained over the range of shear rates of 0.1-1
s ! given that higher shear rates might have caused
edge failure and would have jeopardized the reliabil-
ity of the data. Two types of sample loadings were
used for the steady test. First, single disc loadings
were used to obtain the steady viscosities of all indi-
vidual polymer types in a multilayer structure. Then
multidisk loading was employed to obtain the viscos-
ity of the multilayer structure at the same testing
condition. Based on the values for both single and
multilayer samples, the constant stress line could be
constructed and the energy factor could be calculated,
as documented by Lam et al.'?

RESULTS AND DISCUSSION

Results of steady shear tests for single-layer HDPE,
HIPS, and PS are shown in Figure 3. From this figure,
shear thinning can be observed for PS and HIPS, but it
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Figure 3 Steady shear viscosity as a function of shear rate
for various polymers at 200°C.

is not obvious for HDPE within this narrow range of
shear rates. All the curves are the average values of
three runs for each material. Steady shear results for
multilayer HDPE/PS and HIPS/PS are shown in Fig-
ure 4. After the m versus ¥ plots for individual layers
and multilayer structures have been obtained, the vis-
cosities of the individual layers and the multilayer
structures at the same shear stress can be obtained
using the constant stress line.'?

The energy model gives the viscosity of the multi-
layer structure by eq. (6), which is the same as the
reciprocal rule of mixtures, when there is no interfacial
slip (¢ = 0). The viscosities of HDPE/PS and HIPS/PS
multilayer structures were calculated by use of this
equation and compared with the experimental values
in Figure 4. If interfacial slip does not exist for a certain
polymer pair, the experimental curves should be close
to the corresponding theoretical curves. From this fig-
ure, one can see that for HIPS/PS, the experimental
and calculated values are in substantial agreement
[Fig. 4(a)]. The maximum percentage deviations are
3.1% (see Fig. 5). In contrast, HDPE/PS reveals a
greater difference between the measured and calcu-
lated values [Fig. 4(b)], which amounts to 11% (Fig. 5).
The experimental value is consistently below the value
calculated by the model. According to the model, this
negative deviation from eq. (6) implies that there was
slip at the HDPE/PS interface. The corresponding en-
ergy factors for HIPS/PS and HDPE/PS were calcu-
lated accordingly, by use of eq. (4), and are given in
Figure 6.

The energy factor of HDPE/PS is well above that of
HIPS/PS in Figure 6. Energy factors reported in Fig-
ure 6 were calculated by use of the mean values of
various parameters on the right side of eq. (4). To
ensure that the obtained energy factor indicating slip
was not the result of experimental scatter, an error
analysis can be performed. The error of these energy
factors can be obtained provided that the errors of the
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parameters are known.'? The fractional errors of the
viscosities for pure polymers (n;; and 7) can be con-
trolled within 2-3%. The fractional error of the viscos-
ity for multilayer structures (n7) is greater (<5%) be-
cause of the addition of interfaces. Volume ratios (Cy,
and Cjp) are slightly different in each test, with an error
of <5%. Assuming a fractional error of 3% for n;; and
ng, and 5% for Cy, Cg, and 7, then the fractional
errors for the energy factors of HDPE/PS and
HIPS/PS are 55 and 218%, respectively. (See the Ap-
pendix for details of the calculation.)

To account for slip, the proposed energy model
predicts an energy factor between 0 and 1, where 0
= the nonslip condition and 1 = 100% slip at the
interface. Thus, the slightly negative value for the
energy factor for HIPS/PS, as shown in Figure 6,
could not be predicted by the energy model. However,
error analysis indicated that the error for the energy
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Figure 4 Steady shear viscosity as a function of shear rates
for HDPE/PS and HIPS/PS. “E” and “C” denote experimen-
tal and calculated, respectively. All values in this plot are
average values of three runs.
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Figure 5 Deviation of experimental viscosities from the
rule-of-mixture predicted values for HDPE/PS and
HIPS/PS at 200°C.

factor was 218%. An error greater than 100% indicates
that no conclusion can be reached on the slip phenom-
enon, given that the nonzero value of the energy is
within experimental scatter. Thus, the existence of
interfacial slip at the HIPS/PS interface is not appar-
ent. This confirms the results of Lam et al.,'> who
reached the same conclusion for tests conducted un-
der dynamic shear and thermal cycling.

For the HDPE/PS interface, Figure 6 shows that the
energy factor is positive. The error for the energy
factor of 55% is substantial; however, even taking the
lower limit of the energy factor (~ 0.06), it remains
positive, indicating the existence of slip.

The energy factor of HDPE/PS increases with shear
rate and reaches a maximum at around 0.3 s~ !, after
which it slowly decreases. Figure 3 shows that PS has
a more severe shear thinning behavior than that of
HDPE. Therefore the energy proportion consumed in
PS increases as the shear rate increases. This change of
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Figure 6 The energy factor as a function of shear rate for
HDPE/PS and HIPS/PS at 200°C.
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Figure 7 Slip velocity versus shear rate for HDPE/PS at
200°C.

energy distribution may lower the energy proportion
consumed in the interfacial layer and thus decrease
the energy factor as the shear rate is increased. The
increase of the energy factor at the beginning is attrib-
uted to the mounting shear stress.

If shear rates of a multilayer structure and the cor-
responding upper and bottom layers are known, slip
velocities can be calculated by use of eq. (9). Substi-
tuting Hr (0.8 mm), shear rates, and energy factors
into eq. (9) produces slip velocities at the HDPE/PS
interface at various shear rates (see Fig. 7). Figure 7
shows that slip velocity is proportional to the shear
rate. This is reasonable because a higher shear rate
(shear stress) promotes chain disentanglement in the
interfacial layer.

Slip may occur at interface when the interfacial
strength is too low to sustain the shear stress applied
on it. Two basic steps are required for achieving a fully
developed interfacial layer (maximum interfacial
strength). The first step is the wetting process between
the two polymers. Without wetting, an intimate con-
tact between the two surfaces cannot be achieved and
the second step (i.e., chain interdiffusion at the inter-
face) cannot start. As a result, the interfacial strength
would be low.

In the case of liquid B spreading on liquid A, the
condition for spontaneous spreading is'*

Y4~ VB> Vas (10)

where y denotes either surface tension or interfacial
tension. If this requirement is met by the polymer
pairs, intimate contact between them can be achieved
and the interfacial strength will depend greatly on the
degree of interdiffusion (interfacial thickness) and mu-
tual entanglements at the interface. Interaction thick-
ness d,, can be related to the Flory interaction param-
eter'® through
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d.= ZB/(6XAB)1/2 (11)

where (3 is the statistical segment length.

Surface tension and interfacial tension at certain
temperatures for some polymers can be obtained from
the Polymer Handbook.'® Surface tensions of HDPE and
PS and their interfacial tension at 200°C are 254, 27.7,
and 4.7 dyn/cm, respectively. HDPE and PS cannot
wet each other at 200°C because ‘ypg YHDPE
< ¥ps,/upre- Therefore, intimate contact between them
is difficult to obtain. Even if interdiffusion starts at the
interface, their equilibrium interfacial thickness is in-
trinsically small, given that HDPE and PS are immis-
cible polymers (high Flory interaction parameter). In
eq. (11), the statistical segment lengths (8) of HDPE
and PS are 5.64 and 6.89 A, respectively.”” The Flory
interaction parameter y,z can be calculated from the
following formula:

Bvref Vref 2
XAB = RT = RT (8A - 53) (12)

where the solubility parameter 6 of HDPE and PS can
be obtained from the Polymer Handbook.'® V. is the
reference volume and is usually taken as the molar
volume of HDPE or PS (here the average value of
HDPE and PS was used), R is the gas constant, and T
is the temperature. Through the use of this equation,
Xag Was calculated to be 0.056 for HDPE/PS. Thus,
with the values of 8 and x5, eq. (11) gives 21.5 A for
the interfacial thickness of the HDPE/PS interface.
This value is very small compared to a typical molec-
1§lar radius of gyration Rg, which is in the order of 10?
A. Therefore full entanglement between HDPE and PS
is not achieved in the interfacial layer and thus the
interfacial strength is low.

In contrast, because HIPS contains a 95% matrix of
PS, and butadiene exists as dispersive droplets, the
existence of butadiene has little influence on the wet-
tability and miscibility of the PS matrix to other ma-
terials. Therefore, HIPS and PS can be considered to be
completely wettable and miscible polymers. They can
establish intimate contact and the interface between
them disappears after a period of diffusion time.
Hence, the “interfacial” strength equals the matrix
strength for HIPS/PS.

Wetting and interdiffusion, two critical steps of es-
tablishing an equilibrium interface, have been dis-
cussed. From the calculations, it is found that in both
steps, the HDPE/PS encountered great resistance to
form a strong interface; thus, its resistance to the ap-
plied shear stress in the rheological tests is weak com-
pared to that of HIPS/PS. Moreover, molecular chains
tend to orient in the shear direction under steady
shear. This orientation may considerably facilitate the
disentanglement in the interfacial layer of HDPE/PS.
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Therefore the entanglement density in the interfacial
layer under shear is even lower than that in the qui-
escent state. Hence, the strength of the interfacial layer
of HDPE/PS, which is already very low compared to
that of HIPS/PS, will decrease further under shear.
These explanations provide the reasons for the exper-
imental observation that HDPE /PS manifested an ob-
servable interfacial slip.

One may argue that the negative viscosity deviation
from the rule of mixtures is attributable to the wall slip
at the parallel-plate surfaces rather than the interfacial
slip at the polymer interfaces. The parallel plates are
made of metal and have very high surface tension. The
adsorption of polymer chains to the metal surface is
very strong. Desorption and disentanglement are un-
likely to occur at low shear stress. As documented by
other researchers,'® ™ wall slip occurs at a shear stress
ranging from 0.1 to 1 MPa, depending on the surface
conditions. In our work, the maximum shear stress
was experienced by PS, which is less than 5000 Pa.
Therefore, the negative deviation observed in our
work cannot be attributed to wall slip.

CONCLUSIONS

The energy model, in conjunction with the parallel-
plate testing configuration, was found to be suitable
for studying interfacial slip in polymer blends.
Through the calculation of the energy factor, it was
found that HDPE/PS under steady shear has interfa-
cial slip, which could be detected by a parallel-plate
rheometer. The reasons proposed were its small inter-
facial thickness and weak interfacial strength. Full
mutual entanglements at the interface are achieved
only with some difficulty when the interfacial thick-
ness is small. HIPS and PS are miscible and their
interfacial layer has the same interfacial strength as
that of their matrix and thus no interfacial slip was
detected.

APPENDIX
Error analysis for steady shear

The equation used to calculate the energy factor under
steady shear is

Cs C“) (A.1)

. (+
¢ r Mg Mu

Assuming the fractional error of 3% for m;; and n, and

5% for C;, Cg, and 7, then the fractional error of —Lin

Mg
eq. (A1) is
A(Cg/m3p) - \/(ACB)2 n (A”fhs)z
|CB/TIB| |CB| |TIB|
= \,(5%)2 + (3%)?=5.8% (A.2)
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C
and the fractional error of 1Tu is
u

A(Cu/”ﬂu) _ \/(Acu>2 " (A”flu)2
|Cu/77u| |Cu| |”’7u|

= N/(5%)2 + (3%)*=5.8% (A.3)
CB u
Therefore the fractional error of | — + — | can be
B Nu
given by
C C Ci\\2 C 2
oS (alG) + (af3)
M Mu/ _ s Nu
C C B C C
B,z B,z
Mg Mu Mg Mu
Cil\? Cyl\?
\/<5.8% X ‘ni ) + (5.8% X n—” )
B u
= (A.4)
C C
B, xu
Mg Mu

Substituting the mean values of Cy;, Cg, my;, and mp
for HDPE/PS and HIPS/PS into eq. (A.4) gives

Cy C Cgl\? Cul)?
A<B+“> \/(5.8% x |2 ) + (5.8% x |2 )
M5 Mu/ _ M Nu

Cy Cy| Cyg C
B, xd B, xu
Ms Mu M Mu
_ [ 5.0% HDPE/PS
—{ 4.3% HIPS/PS (A-5)
. Cp Cuy
Hence the fractional error of m;|— + —| can be
Mg Nu
obtained as
Cy C Cyg C
()] fampe [ )
Ms  Mu _ <A77T) n M Mu
‘ <CB Cu)‘ 1] Cs Cy
ne| —+ — —+—
Ms  Mu M Mu
7.1% HDPE/PS
:{ 6.6% HIPS/PS (A.6)
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From eq. (A.1) the absolute error of the energy
factor is given by

) =alml5e 3)
A =A(1— <+ =A —+ —
¢ i M Mu nT Mg Mu

(A.7)

Combining egs. (A.6) and (A.7) and substituting mean
values of 1y, ng, My, Cp, and Cy; can give the absolute
and fractional error of the energy factor, as follows:

[ 0.063 HDPE/PS
A‘P—{ 0.068 HIPS/PS (A.8)
Mg _[554% maxlel=0.114HDPE/PS
To[ = | 2185% max|g| = 0.031 HIPS/PS ~ (A9)
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