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ABSTRACT: The steady and dynamic rheological prop-
erties of hydroxyl-terminated polydimethylsiloxane filled
with calcium carbonate were investigated by varying the
filler volume fraction (®) from 0 to 18.2 vol %. The results
reveal that there exists a “percolation threshold” (¥, =
3.6%) for the suspensions, below which both the “Cox-
Merz” and modified “Cox-Merz” rule are competent over
the whole shear regions. However, these two rules break-
down and a characteristic plateau appears in low fre-
quency regions for suspensions with ® > ®.. The reasons
for this can be ascribed to the contributions of nonhydro-
dynamic forces and formation of percolated filler network

structure with increasing ®. Moreover, using a concentra-
tion-dependent parameter, B(®), superposition curves of
dynamic complex modulus (1G*|) and shear stress () for
all suspensions were obtained through shifting |G*|
curves along the ordinate and t functions along the ab-
scissa using different B(®) as shifting factor. Unfortunately,
the reasonable superposition range is restricted in the high
® or Y regions. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
107: 1590-1597, 2008
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INTRODUCTION

In general, polymers are endowed with a great
quantity of advantages in case of incorporation of
inorganic filler particles into them, such as increased
strength and enhanced electrical conductivity over
the virgin polymer systems. Recently, these aspects
have attracted researchers’ attention because of their
academic interests and applied significance in indus-
trial situations such as paints, foods, cosmetics, seal-
ants, and automobile tire tread compound.'” Sili-
cone sealants, which are usually composed of
hydroxyl-terminated polydimethylsiloxane (PDMS)
and fillers, are widely used in construction and dec-
oration fields. Compared with fumed silica (SiO,),
calcium carbonate (CaCO;) has been extensively
employed in the sealant industry because of its sev-
eral remarkable benefits such as abundant raw mate-
rial resource, low price, and stable properties.*®
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DISCOVER SOMETHING GREAT

Understanding the interaction mechanism between
incorporated fillers and polymer matrix is believed
to be a key to explore the source of reinforcement by
filler. It has been accepted that measurement of the
dynamic rheological properties of filled polymers is
a well-established approach to probe the interaction
between filler and polymer matrix.”® In other words,
studies on the rheological behavior of such systems
could provide insight into the structural develop-
ment of samples. However, to our knowledge, few
works concerning the rheological properties of
PDMS filled with CaCOj; particles have been
reported except our pervious work.”'”

The so-called ““Cox-Merz” rule, involving the shear
rate (¥) dependence of steady shear viscosity (m(¥))
and frequency (o) dependence of dynamic complex
viscosity (Im*(w)!) as given as

n(¥) = [w(o)],_, )
This has extensively been employed for transforming
rheological data or for checking consistency of data
collected through different experimental modes."
This rule gives an astonishing simple relationship
that predicts Im*(®)l and m(y) are equivalent when
o is equal to ¥, and has been found to be of great
significance in polymer rheological research and
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applications. For example, it is difficult to measure
n(y) at high ¥ regions for many polymeric systems
because of sample fracture, secondary flows, and so
forth. Accordingly, the “Cox-Merz” rule can be used
to predict m(¥) of a material from dynamic measure-
ments.'” This rule can also be used to predict
In*(w)l from m(¥) in case of the dynamic operating
mode is unavailable. Furthermore, the rule can also
be used to investigate the microstructure of materials
from degree to which they adhere to the rule.

It is well known that besides the viscosity,
dynamic complex modulus (IG*(®)!) and shear
stress (t(})) functions of materials collected through
different experimental modes are also of great im-
portance for their industrial applications. Hence, we
introduce a modified formulation of the ““Cox-Merz”’
rule based on eq. (1) to investigate the |G*(®)l and
7(y). Using the definition of steady shear viscosity,
n(y) =1(¥)/¥y, and of dynamic complex viscosity,
n*(®) = IGYw)l /o, the ©(¥) can be defined in
terms of the |G*(w)| as given by

) = |G ()], @

Although several literatures related to the applica-
tion of “Cox-Merz” rule in some particle filled poly-
mer systems could be found,'> few studies con-
cerning this rule on PDMS/CaCOj; system have been
reported up-to-date. In particular, little information
is available on the modified “Cox-Merz” rule deal-
ing with ® dependence of |G*(w)l and ¥ depend-
ence of t©(y) for the PDMS/CaCO; suspensions. The
aim of the present article is to investigate the interac-
tions between CaCOs; filler and PDMS matrix
through steady and dynamic measurements by vary-
ing the particle volume fraction. Through a compari-
son between the steady and dynamic rheological
properties of PDMS/CaCQO; suspensions based on
the “Cox-Merz”’ and modified ““Cox-Merz’’ rule, we
try to predict the steady shear functions in the high
¥ regions from dynamic tests without extensive
alternation of sample structures.

EXPERIMENTAL
Materials and sample preparation

The hydroxyl-terminated PDMS and CaCQO; filler
were commercial products from GE Toshiba Sili-
cones, Japan, and Henan Keli New Material, China,
respectively, (Table I). The CaCOs; fillers were incor-
porated into PDMS over the volume fraction range
from 0 to 18.2 vol % by a planetary mixer (XSJ-2,
Chengdu Kegiang Polymer Engineering, China) with
a rotor speed of 50 rpm at room temperature. The
mixing procedure was conducted as follows: (1)
PDMS was added into the planetary mixer and soft-
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TABLE 1
Typical Properties of PDMS and CaCO;

PDMS M,, = 125,734; M,, = 62,993; PDI = 1.996; n
= 50,000 cp at 25°C; specific gravity = 0.98 g/cm®
CaCOs N, (BET) surf. area = 25 m?/g; particle diameter

= 50 nm; DOP adsorption = 24 g/100 g
CaCO;, specific gravity = 2.65 g/cm®

ened for 10 min without filler; (2) CaCO; was added
and mixed for 30 min, and then degassed under vac-
uum condition to eliminate the effect of air on the
rheological behavior of final samples. Consequently,
the suspensions were further mixed for 90 min to
ensure a uniform dispersion of fillers. Finally, the
suspensions were extruded in a plastic cylinder (310-mL)
for storage and measurements.

Properties measurements

The steady shear and dynamic measurements were
performed on a stress-controlled rheometer (AR-G2,
TA Instruments, USA) equipped with 40 mm diame-
ter parallel-plate fixture at gap of 1 mm. The steady
and dynamic data were obtained from shear rate
sweep of 0.01-1000 s~' and frequency sweep of
0.01-600 rad/s, respectively. For a parallel-plate
measuring geometry, the shear rate and shear stress
experienced by the sample during tests vary with ra-
dial position. Hence, the steady-state data were cor-
rected by using the stress correction transformation
function of the rheometer. The stress magnitude
(1 Pa) exerted in the dynamic experiments was within
linear viscoelastic range, which was determined by
performing stress sweep at 6.28 rad/s. All experi-
ments were carried out at a constant temperature of
25°C.

Morphological observation

Transmission electron microscopy (TEM, JEM 1200EX,
Electron, Japan) was used for observing the filler dis-
persion. Vulcanized samples were microtomed and
sections of 100 nm were obtained for observation.

RESULTS AND DISCUSSION

Figure 1 presents the plots of steady and dynamic
functions versus ¥y and o for virgin PDMS measured
at 25°C. It can be found that there exists a Newto-
nian region (y or o < 30 s~ ) for both the two vis-
cosity curves in which n(¥) is equal to Im*(w)!, indi-
cating the polymer matrix used here obeys the
“Cox-Merz” rule; whereas a shear thinning region
appears for Im*(®)| when ¥ or o is beyond 30 s
which can be explained by considering the disentan-
glement of polymer chains in a shear field. Mean-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Steady shear (circular) and dynamic functions
(triangle) versus shear rate (y) and frequency (») measured
at 25°C for the virgin PDMS.

while, m(¥) is noted to be apart from the onset of
flow stabilities and the reason for this is attributed
to the sample structure fracture upon high shear
rates. In this situation, the “Cox-Merz”’ rule can be
used to predict the steady properties in high ¥
regions from dynamic tests without extensive alter-
nation of sample structures. Similar behavior was
observed for the 1(y) and | G*(®)| functions, indicat-
ing the validity of the modified “Cox-Merz” rule.
Accordingly, it is expected that the virgin PDMS
used here would obey the “Cox-Merz”” and modified
“Cox-Merz"” rule over the whole ¥y or o regions pro-
viding no sample structure fracture occurred.

Figure 2 gives the ® dependence of |G*| for
PDMS/CaCOj; suspensions with different filler vol-
ume fraction (®) measured at 25°C and 1 Pa. It can
be found that |G*| increases with increasing ® over
the whole o regions, which has been attributed to
that the modulus layer resulting from polymer ma-
trix surrounding filler particles becomes stronger
due to the solidification of polymer chains onto par-
ticle surfaces.”'® Additionally, there exists a critical
® (P, = 3.6%) in low o regions, referred to as ““per-
colation threshold,” beyond which the suspensions
display an o-independent rheological behavior. This
phenomenon can be observed more clearly from the
dynamic storage modulus (G’) versus ® curve as
shown in the inset of Figure 2. The reasons for the
transformation from liquid-like to solid-like behavior
are extensively considered to be the formation of
three-dimensional ordered structure such as frame-
work, filler network, agglomerates, and so on.>1018
Figure 3 gives the TEM images of vulcanized sam-
ples with different ® (1.8%, 3.6%, 10%), in which the
bright region represents PDMS phase while the dark
region represents filler particles. It can be seen that

Journal of Applied Polymer Science DOI 10.1002/app
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when ® increases up to ®. the particles intercontact
with each other and form a filler network, indicating
an agreement with the statements above.

On the other hand, it is interesting that all the
curves, regardless of their filler volume fraction, are
seem to be parallel in log-log scale in high ® regions
(>5 rad/s), demonstrating that the |G*| value of
each suspension divided by that of the polymer ma-
trix is a function of ® only as given as

G0, ®)
m =f(®) 3)

Equation (3) illustrates that in the high ® regions
(>5 rad/s), the viscoelastic behavior of suspensions
is dominated by polymer matrix. As a result, the
CaCQO; particles” contribution to any modification of
the relaxation time is negligible. Similar trends have
also been observed in case of PDMS filled with glass
beads." Hence, to investigate the concentration-de-
pendent changes in rheological properties, we intro-
duce a parameter, B, which depends only on the ®.
Figure 4 depicts the schematic plot of determina-
tion for parameter By, through polymer matrix and
its corresponding suspension with ® = 10%, where
the subscript dy stands for dynamic shear condi-
tions. It can be seen that in the high o regions the
distance between the two curves along |G*| axis is
identical, and Bgy can be defined here as the quotient
of |G*| value for the suspension and that of the
polymer matrix conducted at the same o as given as

’G*((Dl)‘Susp ‘G*((D2)’Susp f((D) (4)
d = P p—
Y |G*(m1)|P ’G*((’h)‘P
10°
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Figure 2 Frequency (o) dependence of complex modulus
(1G*1) for PDMS/CaCOj; suspensions with different filler
volume fraction (®) at 25°C. The inset shows the o de-
pendence of dynamic storage modulus (G’) for the same
samples.
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a): o=1.8%

Figure 3 TEM (Xx30,000) images of vulcanized PDMS/
CaCO; suspensions with different filler volume fraction
(D): (a) 1.8%, (b) 3.6%, (c)10%.

where the subscript P and Susp stand for polymer
matrix and suspensions, respectively. Equation (4)
suggests that in high ® regions, a superposition

1593

)]
(01 ¢ 2

/ \

I
MR EETT] B RN WETTT

NI il

100- O||||||||
107 107 10° 10’ 10° 10°
o ls’

Figure 4 Experimental graphic determination of shifting
factor (Bgy).

curve of |G*| versus o for all suspensions could be
portrayed by using By, as a shifting factor.

Figure 5 presents the superposition curve of |G*|
versus ® for PDMS/CaCO; suspensions with differ-
ent ® through dividing the |G*| value of suspen-
sions by their corresponding Bgy. It is obvious that
the curves of suspension with ® < ®. could collapse
on the virgin PDMS curve reasonably in the whole o
regions. For suspensions with ® > @, the superposi-
tion still holds in the high ® regions; however, dis-
crepancies appear with decreasing ®. The reason for
this phenomenon can be ascribed to the formation of
percolated filler network structure because of filler—
filler and filler-polymer interactions. On the other
hand, an apparent yielding phenomenon appearing
in suspensions with ® > ®, might also contribute to
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Figure 5 Superposition curve of complex modulus (1G*I)

versus frequency (®) for PDMS/CaCO; suspensions with
different filler volume fraction (®).
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Figure 6 By, as a function of filler volume fraction (®) at
different frequencies. The solid and dashed lines are fitted
by using egs. (5) and (6), respectively.

these discrepancies, which will be discussed further
in the following section.

Figure 6 gives the plots of By, as a function of ® at
five different ws. It is noted that B4, increases with
an increase of ® and the Bg, obtained in high o
regions almost coincide with each other within the
same ®; however, deviations appear as ® decreases
to 1 rad/s. This phenomenon can also contribute to
the discrepancies of the superposition curve in low ®
regions as shown in Figure 5. In the field of particle
filled polymer systems, the reinforcement effect by
filler is usually described by the following relation®

f(®) =1+ 25 (k®) + 14.1 (kd)* (5)

in which k is an adjustable parameter involving an
effective volume fraction of filler particles (particles
surrounded by “bound rubber”). The similarity of
the effect of particles on viscosity and modulus (at
small deformations or deformation rates) has been
justified theoretically. Moreover, the equations
describing the flow behavior of an incompressible
viscous fluid or of an incompressible elastic material
filled with spherical particles conclude a same mathe-
matical form. The solid line in Figure 6 is drawn
from fitting the By, data by eq. (5) with k = 1.96.
Meanwhile, we have also plotted the By, values as
dash line on the same graph by using the Krieger-
type relation as given by eq. (6), which has been
widely employed in the framework of suspension
rheology*

o= (1-2)" ©
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in which ®,, is a volume fraction corresponding to a
maximal volume fraction of filler particles. It can be
found that eq. (5) fits the By, data well as compared
with eq. (6), especially in the high ® regions.

Figure 7 shows the ¥ dependence of t for PDMS/
CaCOj; suspensions with different ® measured at
25°C. Similar to the evolution trend in Figure 2, t
increases with an increase of ® over the whole ¥
regions. However, unlike in dynamic experiments,
as compared to the virgin PDMS curve in high ¥
regions (>1 s7"), all curves of suspensions shift par-
allel along abscissa towards smaller ¥ direction with
increasing ®. Analogously, in accordance with the
“shear stress equivalent shear rate’”” concept,”** this
flow behavior can also be described by using a
solely concentration-dependent parameter, B, where
the subscript st stands for steady state conditions.
Figure 8 depicts the schematic plot of determination
for By through polymer matrix and suspension with
® = 10%. If these two samples are sheared at a same
rate of g, the corresponding shear stress (1)
obtained in the suspension would be larger than that
in the polymer matrix 1. Hence, to produce shear
stress equal to t; in the polymer matrix, one must
apply a higher shear rate, yp > ¥g,5p. The yp can be
defined as the “‘shear stress equivalent” shear rate
which means that at yp the shear stress produced in
the polymer matrix is equivalent to that produced in
the suspension at yg,s,. The ratio of these two shear
rates, Vp/Ysusp, is designated as B

Bg = '.YP(Tl)/:YSusp (Tl> (7)

It is believed that the deformation history of individ-
ual fluid volume elements in concentrated suspen-
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Figure 7 Shear rate (y) dependence of shear stress (1) at
25°C for PDMS/CaCO; suspensions with different filler
volume fraction (®).
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Figure 8 Experimental graphic determination of shifting
factor (Bgy)-

sions is extremely complex, even for well-defined
monodisperse suspensions filled with spherical par-
ticles. The problem is especially complicated when
the flow behaviors of suspending liquid are depend-
ent on shear rate, just like the PDMS used here.
From a more fundamental view in terms of energy,
Bt can be understood as an energy dissipation fac-
tor. As can be seen in Figure 8, B, is independent of
shear stress in the high ¥ regions and depends only
on the @ as given by

B. — Yp(t1)

st —

_ Yp(w)
'-YSusp(Tl) N ’?Susp(TZ) _f((D) (8)

It is found that this experimental finding makes it
possible to collapse the shear stress curve of suspen-
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Figure 9 Superposition curve of shear stress (t) versus
shear rate (y) for PDMS/CaCOj suspensions with different
filler volume fraction (®).
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sions onto that of polymer matrix through multiply-
ing Ysusp by Bst Figure 9 shows the superposition
curve of t versus ¥y for the suspensions with differ-
ent @. Similar trend to Figure 5 can be observed; the
curves of suspension with ® < ®. almost coincide
with the virgin PDMS curve over the whole +
regions. However, the superposition only holds in
high ¥ regions for suspensions with ® > ®.. This
can also be explained as far as the formation of per-
colated filler network structure and contributions of
yielding phenomenon are concerned.

Figure 10 presents a comparison between m(y) and
In*(w)l as a function of ¥ and ® for PDMS/CaCOs;
suspensions with different ®@. It is obvious that the
suspension with ® < ®. obey the “Cox-Merz" rule,
excluding the separation of n(y) curve upon high
because of sample structure fracture. However, this
rule breakdowns for suspensions with ® > ®.. The
reason for this phenomenon can be attributed to the
contributions of hydrodynamic forces which strongly
depend on o and the flow behavior of polymer ma-
trix. For suspensions with low ®, the hydrodynamic
forces of system are predominant over particle—parti-
cle interactions because of the viscous nature of
polymer matrix. As @ increases up to @, the parti-
cle—particle interactions play a dominant role, lead-
ing to the deviations of data collected from different
experimental modes. Moreover, the formation of per-
colated filler network structure also contributes to
the divergence. On the other hand, a Newtonian
region in viscosity of suspension with ® < @, can be
observed for both the n(y) and In*(®)l curves in the
low shear regions; whereas for suspensions with ®
> @, no Newtonian region was detected together
with an increase of viscosities as ® decreases, indi-

o bpel %
19 e = 0
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=
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Figure 10 Comparison between the steady state (m(¥),
open) and complex viscosity (Im*(w)l, filled) as a function
of shear rate (y) and frequency (@) for PDMS/CaCO; sus-
pensions with different filler volume fraction (®).
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cating an apparent yielding phenomenon. This pro-
vides, from another aspect, an evidence of predomi-
nance by particle-particle interactions for suspen-
sions with ® > @, as stated previously.

Figure 11 presents the superposition curve of
PDMS/CaCOj; suspensions with different ®, which
consists of reduced complex modulus |G*(w, ®)I /B
as a function of ®, and shear stress t(y, ®) as a func-
tion of BYy. This superposition curve is constructed
by shifting the |G*| curves with the shifting factor
B(®) along the ordinate, and the t curves with the
shifting factor B(®) along the abscissa. It is seen that
a reasonable superposition of all curves is obtained
in the high shear regions. One can thus modify the
“Cox-Merz” rule in a simple fashion for the applica-
tion of suspensions as given as

'"']‘;((g)) | _n(® s ==, ©)

In this form, the “Cox-Merz”’ relation is valid for
both dynamic and steady shear flows in the high
shear regions. Figure 12 shows the superposition
curve of n(y) and In*(w)l versus ¥ and o for the
same samples. Similar to Figure 11, all curves could
collapse well in the high shear regions. Unfortu-
nately, only a narrow superposition range is ob-
served due to sample structure fracture upon high
in steady shear experiments.

CONCLUSIONS

The steady and dynamic rheological properties of
hydroxyl-terminated PDMS filled with CaCO; par-
ticles were investigated based on the “Cox-Merz”
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Figure 11 Superposition curve of shear stress (1, open)
and complex modulus (IG*!, filled) for PDMS/CaCO;

suspensions with different filler volume fraction (®).
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Figure 12 Superposition curve of steady viscosity (m(¥),
open) and complex viscosity (Im*(®)!, filled) for PDMS/
CaCO; suspensions with different filler volume fraction
(D).

and modified “Cox-Merz” rule. It is found that for
the suspensions tested there exists a critical ® (®.
= 3.6%), i.e., percolation threshold, below which
both the ““Cox-Merz” and modified “Cox-Merz"” rule
are competent over the whole shear regions. The rea-
son for this can be ascribed to the predominance of
hydrodynamic forces of polymer matrix over parti-
cle-particle interactions. However, these two rules
breakdown for suspensions with ® > @, which are
attributed to the exhibition of an apparent yielding
phenomenon and the formation of filler network
structure due to fillerfiller and filler—polymer inter-
actions, and TEM observations confirm this conclu-
sion. On the other hand, using a concentration-de-
pendent parameter, B(®), superposition curves of
dynamic complex modulus (IG*1) (or dynamic com-
plex viscosity Inm*(w)l) as a function of w and shear
stress (1) (or steady viscosity m(¥)) as a function of y
for all PDMS/CaCOQOj; suspensions were obtained by
shifting |G*| curves along the ordinate and t func-
tions along the abscissa taking B(®) as shifting fac-
tor. Because of the changes of sample microstructure
with increasing @, the reasonable superposition
range is restricted in the high shear regions.
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