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ABSTRACT: The effects of filler particle size and concen-
tration on the rheological properties of hydroxyl terminated
polydimethylsiloxane (HO-PDMS) filled with calcium car-
bonate (CaCO;) were investigated by an advanced rheomet-
ric expansion system (ARES). The Casson model was used to
describe the relationship between shear stress and shear rate
for steady-state measurement. Micron-CaCOj; could not af-
ford the CaCO5;/HO-PDMS suspensions obvious shear thin-
ning behavior and a yield stress high enough, whereas nano-
CaCO; could provide the suspensions with remarkable
shear thinning behavior and high yield stress. Incorporation
of nano-CaCO; into HO-PDMS resulted in the transforma-
tion of HO-PDMS from a mainly viscous material to a
mainly elastic material. With increasing nano-CaCO; con-
tent, shear thinning behavior of nano-CaCO;/HO-PDMS
suspensions became more obvious. Remarkable yield stress

was observed in nano-CaCO,;/HO-PDMS suspensions with
high filler content, and increased with increasing nano-
CaCO; content. The degree of thixotropy was quantitatively
determined using a thixotropic loop method. It was found
that nano-CaCO; favored more the buildup of filler network
structure in the suspensions than micron-CaCO; at the same
weight fraction. Furthermore, increasing nano-CaCOj; con-
tent accelerated the establishment of filler network structure
in the nano-CaCO5;/HO-PDMS suspensions. An overshoot
phenomenon was observed in the nano-CaCO,;/HO-PDMS
suspensions at high shear rates. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 3395-3401, 2006

Key words: calcium carbonate; nano-sized; polylsiloxane;
rheology; shear

INTRODUCTION

Silicone sealant is an important material widely used
in construction and decoration fields. It is usually
composed of hydroxyl terminated polydimethylsilox-
ane (HO-PDMYS), filler, crosslink agent, catalyst, and
so on. For all silicone sealants, filler is important and
necessary. It can not only play a reinforcement role,
but also provide silicone sealant with excellent rheo-
logical properties for practical application. In previous
studies, silica (especially fumed silica) is often used as
the filler for silicone sealant." Compared with fumed
silica, nano-CaCO; has several remarkable benefits,
such as abundant raw material resource and low price.
Especially after the application of nanotechnology in
CaCO; production, nano-CaCO; has exhibited a sim-
ilar effect as fumed silica, such as providing silicone
sealants with high mechanical strength and excellent
rheological properties. To our knowledge, few publi-
cations have concerned with the effect of nano-CaCO;
on rheological properties of silicone sealants.”
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In fact, many polymer suspensions, which containing
colloidal particles, have already exhibited nonlinear vis-
coelastic behavior and been studied for both academic
interests and industrial applications. The nonlinear vis-
coelastic behavior that has been studied includes shear
thinning®” and thixotropy,® ! which are all related to
the grow-up and break-up of particulate aggregate.

It is well known that, with hard particles in colloidal
scale, especially when there is at least one dimension
of particle, which is smaller than 100 nm, the magni-
tude of the interparticle force will have a notable effect
on the suspension structure and then, the rheological
behavior."” In fact, the rheological behavior of concen-
trated suspensions can be affected by a number of
factors, such as particle volume fraction, particle size,
size distribution, and particle shape.'*'* In this paper,
the effects of filler particle size and concentration on
rheological behavior of silicone sealants were investi-
gated with emphasis on shear-thinning behavior and
thixotropic property, which are very important for the
practical application of silicone sealant.

EXPERIMENTAL

Materials and sample preparation

Nano-CaCO; and micron-CaCO; were supplied by
Shanghai Yaohua Nano-Tech Ltd., China. HO-PDMS
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TABLE I
Particle Parameters of Nano-CaCO; and Micron-CaCO,

Parameter Nano-CaCO, Micron-CaCO,
Particle shape Cubic Cubic
Particle size 50~100nm 1.5~2.1pm
Surface treatment fatty acid fatty acid

was provided by Shanghai Resin Factory, China. The
detailed parameters of CaCO; are shown in Table I.

According to the recipe in Table II, CaCO; and
HO-PDMS were mixed in a Z-style kneader at 30 rpm
for 2 h under a reduced pressure lower than 0.01 MPa.
The mixing temperature was kept at 120°C. The re-
sultant compounds were used for rheological mea-
surements.

Rheological measurements

Dynamic modulus and steady-state shear measure-
ments were performed using an advanced rheometric
expansion system (ARES) with a parallel geometry
(plate diameter, 40 mm; gap, 1 mm) produced by
Rheometrics Scientific, USA. The dynamic measure-
ments were performed in the frequency range from 0.1
to 100 rad s~ !, whereas the steady-state shear mea-
surements were carried out in the shear rate range
from 0.1 to 100 s~ '. The temperature of the sample
chamber was kept at 25.0 = 0.2°C.

RESULTS AND DISCUSSION

Effect of filler particle size on rheological
properties of suspensions

Dynamic measurement analysis

Figure 1 shows double logarithmic plots of storage
modulus G" and loss modulus G” as functions of an-
gular frequency o for HO-PDMS suspensions filled
with 50.0 wt % nano-CaCO; and micron-CaCO;, re-
spectively. In comparison with micron-CaCO;, nano-
CaCOQO; affords the suspensions higher G' and G” val-
ues in the whole frequency range. With increasing

TABLE 11
Recipes of CaCO;/HO-PDMS Suspensions
Mass ratio
of filler Weight Volume
to HO-PDMS  fraction of fraction of
Filler (wt/wt) filler (wt %) filler (vol %)
Nano-CaCO, 0/100 0 0
20/100 16.7 6.8
50/100 33.3 15.4
100/100 50.0 26.7
Micron-CaCO;, 100/100 50.0 26.1
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Figure 1 Double logarithmic plots of G' and G” as a func-
tion of w for HO-PDMS suspensions filled with nano-CaCOj4
and micron-CaCO;, respectively.

angular frequency, G” increases more remarkably than
G'. As a result, there is an intersection between G’ and
G” for every suspension. When the angular frequency
is less than the frequency at the intersection, G’ is
higher than G”, indicating the suspension mainly ex-
hibited elasticity in low frequency region. In the range
of high frequency, the suspensions are much viscose.
It can be seen that the suspension filled with nano-
CaCO; exhibits bigger frequency region on the left of
the intersection than that with micron-CaCQO;, indicat-
ing nano-CaCO; can afford suspension more remark-
able elasticity than micron-CaCO;.

Shear thinning

Shear thinning behavior is a kind of nonlinear vis-
coelastic behavior. As one of the main characteristics
of pseudoplastic fluids, shear thinning behavior is also
an important property for silicone sealant and has
been studied for various suspensions.>'*!* High zero
shear viscosity provides silicone sealant with good
resistance to deformation, which is necessary for keep-
ing the shape after using in practice. Low shear vis-
cosity at relatively high shear rate can afford silicone
sealants good extrusion processibility.

In Figure 2, steady-state viscosity n varies as a func-
tion of shear rate y* for HO-PDMS suspensions filled
with 50.0 wt % nano-CaCO,; and micron-CaCO;, re-
spectively. It can be seen that micron-CaCOj; filled
suspension does not exhibit obvious shear thinning
behavior, indicating 50.0 wt % micron-CaCO; cannot
provide the suspension with good resistance to defor-
mation. In comparison with micron-CaCOj;, nano-
CaCQO; afforded the suspension higher 1 value at low
shear rate. With increasing shear rate, n value of nano-
CaCQ; filled suspension decreases rapidly, resulting
in remarkable shear thinning behavior. It indicates
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Figure 2 Plots of 1 as a function of y for HO-PDMS sus-
pensions filled with 50 wt % nano-CaCO,; and micron-
CaCO;, respectively.

50.0 wt % of nano-CaCQO; is enough to keep a silicone
sealant in original shape when a low stress is applied
to the silicone sealant. If an intended stress is applied
and high enough, an expected extrusion of silicone
sealant from package can also be easily achieved. Sim-
ilar shear thinning behavior has been found in various
systems and usually considered to be associated with
the break-up of aggregates in a shear field.”

To further investigate the effect of shear rate on
rheological properties of CaCO;/HO-PDMS suspen-
sions, the measured shear stress is fitted to the Casson
model, which is one of the most widely used empirical
models in previous studies. In fact, many models have
been developed to describe the steady-state shear
measurement,'®'” which favor to understand the
rheological properties of suspensions. Several models
have been used for non-Newtonian systems, such as
Casson model, Bingham model, and Krieger-Dough-
erty model, which have been successfully used to
explain, characterize, and predict the flow behavior
for various systems.'””" The Casson model is de-
scribed as follows:

1_1/2 — 1_01/2 + Tlml/Z ,yl/Z (1)

where 7 is the shear stress, 7, is the yield stress, 7.. is
the suspension viscosity at infinite shear rate, and " is
the shear rate.

Figure 3 shows the relationship between the shear
stress T and shear rate y° for suspensions filled with
50.0 wt % nano-CaCO; and micron-CaCOj;, respec-
tively. A linear relationship between the square root of
shear stress and the square root of shear rate can be
seen in Figure 3 for the two suspensions, indicating
the Casson model is effective to describe the shear rate
dependence of shear stress for CaCO;/PDMS suspen-
sions.
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Figure 3 Plots of 7'/2 as a function of y'/? for HO-PDMS
suspensions filled with 50 wt % nano-CaCO; and micron-
CaCO;, respectively.

An increase in particle volume fraction can increase
the viscosity of suspensions and give rise to the yield
stress.’® A high yield stress implies a strong filler
network structure existed in a suspension. As a result,
high shear stress is needed to break up the filler net-
work structure for practical application, and then, the
flow of the suspension can be achieved.

1M.. and 7, are obtained from the slope and intercept
of fitted linear regression lines in Figure 3, and listed
in Table III. The yield stress of the nano-CaCOs; filled
suspension is much higher than that of the micron-
CaCQ; filled suspension, indicating 50.0 wt % nano-
CaCO; can establish filler network in suspension, but
50.0 wt % micron-CaCOj; cannot. This result is reason-
able for the interparticle distances are reduced as filler
particle size decreases. As a result, the interactions
among filler particles increases, and then, more aggre-
gates structure can be formed in suspension.

Thixotropy

Thixotropy is also an important kind of nonlinear
viscoelastic behavior. The term “thixotropy ” was
originally proposed to describe a rheological phenom-
enon defined as a reversible decrease in viscosity with
shear time when a fluid flowed at constant shear rate.
In fact, it is also a kind of shear thinning behavior.
Different from general shear thinning behavior, the

TABLE III
7o and 1), Values of Suspensions Filled with 50.0 wt %
of Nano-CaCO; and Micron-CaCO,

Filler 7, (Pa) 7. (Pa s)
Nano-sized CaCO, 182 59.4
Micron-sized CaCO;, 4.6 22.7
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Figure 4 Shear time dependence of viscosity for suspen-
sions composed of HO-PDMS and 26.7 vol % nano-CaCO; in
stepwise change of shear rate.

viscosity in thixotropic test was a function of shear
time. If a shear time dependence of viscosity is exhib-
ited when applied to a stepwise change of shear rate,
the suspension is considered to have thixotropic prop-
erty.20

Figure 4 shows the time dependence of viscosity of
the HO-PDMS suspension filled with 50.0 wt % nano-
CaCO; for stepwise change of shear rate. It can be seen
that after stepwise enhancing or reducing the shear
rate, the measured viscosity of nano-CaCO;/HO-
PDMS suspension is always dependent on shear time
and achieves steady-state viscosity value gradually.
When the shear rate is stepwise changed from 0.026 to
2.6 s, the viscosity decreases with time, indicating
the dependence of the break-up of filler network struc-
ture on shear time. When the shear rate was stepwise
changed to a low value, such as from 2.6 to 0.26 s
the viscosity increased with the shear time, indicating
the dependence of the grow-up of filler network struc-
ture on shear time.

The degree of thixotropy can be determined quan-
titatively by using the thixotropic loop method.*" The
curves of shear stress versus shear rate, which are
increased from zero to a set value and then decreased
to zero again, built up a characteristic thixotropic loop.
The area of the thixotropic loop can be calculated by
integrating the area of ascending and descending
shear rate curves, respectively, and then subtracting
them to obtain the area value.

The thixotropic loops of suspensions filled with 50.0
wt % nano-CaCO; and 50.0 wt % micron-CaCOj; are
shown in Figure 5. It is found that the thixotropic loop
of nano-CaCQO; filled suspension is located above that
of micron-CaCQ; filled suspension. Furthermore, the
thixotropic loop area of the nano-CaCQO; filled suspen-
sion is much larger than that of micron-CaCOs; filled
suspension, indicating nano-CaCO; favors the
buildup of filler network structure in suspension.
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Figure 5 Thixotropic loops of HO-PDMS suspensions filled
with 50 wt % nano-CaCO; and micron-CaCO;, respectively.

Effect of nano-CaCO; content on rheological
properties of suspensions

Dynamic measurement analysis

Figure 6 shows double logarithmic plots of storage
modulus G' and loss modulus G” as functions of an-
gular frequency w for suspensions composed of HO-
PDMS and various content of nano-CaCO;. Compared
with the suspensions containing 15.4 and 26.7 vol %
nano-CaCQO;, the suspension containing 6.8 vol %
nano-CaCOj; exhibits the lowest G’ and G” values in
the whole frequency range. Moreover, its G” value is
always larger than the corresponding G’ value in the
whole testing range, indicating the suspension con-
taining 6.8 vol % nano-CaCOj; mainly exhibit viscos-
ity. With increasing nano-CaCOj; content, the G’ and
G” values increase simultaneously, and G’ increases
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Figure 6 Double logarithmic plots of G" and G” as a func-
tion of w for suspensions composed of HO-PDMS and var-
ious content of nano-CaCO;
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Figure 7 Plots of m as a function of vy for suspensions
composed of HO-PDMS and 0, 6.8, 15.4, and 26.7 vol %
nano-CaCO;,

more remarkably than G”. High nano-CaCO; content
leads to a shift of the intersections of G" and G” from
low frequency region to high one. As a result, the
suspensions become more elastic and transformed
from a mainly viscous material to a mainly elastic
material.

Shear thinning

In Figure 7, steady-state viscosity m is shown as a
function of shear rate y° for nano-CaCO,/HO-PDMS
suspensions. It is found that m increases remarkably
with the increase in filler content at a very low shear
rate of 0.016 s~ !. As the shear rate is increased, m
values of various suspensions filled with different
content of nano-CaCO; approach to each other,
though the suspensions with high filler content still
have high viscosity. Consequently, the suspensions
with high filler content show more obvious shear thin-
ning behavior, indicating high content of nano-CaCOj;
is needed for silicone sealant to keep its shape when
applied to a small stress.

Figure 8 shows the relationship between the shear
stress T and the shear rate y° of suspensions with
various content of nano-CaCO;. A linear relationship
between the square root of shear stress and the square
root of shear rate can also be seen, indicating the
Casson model is effective to describe the shear rate
dependence of shear stress for HO-PDMS suspensions
filled with various content of nano-CaCO;.

1.. and 7, are obtained from the slope and intercept
of fitted linear regression lines in Figure 8, and listed
in Table IV. It is seen that the yield stress increases
with increasing nano-CaCO; content. This result is
reasonable, because the interparticle distances are re-
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Figure 8 Plots of 7'/ as a function of y'/? for suspensions

composed of HO-PDMS and 0, 6.8, 15.4, and 26.7 vol %
nano-CaCO;.

duced with the increase in nano-CaCO; content,
which improves the interactions among filler particles
and causes more aggregate structure to form in sus-
pensions. The existence of yield stress suggests filler
network structure is formed in suspensions with high
filler content. As shown in Table IV, the measured
viscosity at infinite shear rate (7..) increases with filler
content, which is consistent with the result at high
shear rate in Figure 7.

Thixotropy

The thixotropic loops of silicone sealants filled with
various content of nano-CaCOj; are shown in Figure 9.
The thixotropic loops gradually shift to higher shear
stress region as the filler content increases. At the same
time, the area of thixotropic loop becomes larger. Fur-
thermore, the suspensions exhibit increasing pseudo-
plastic properties with increasing filler content. As
shown in Table V, the area value of thixotropic loop
increases with increasing nano-CaCOj; content, indi-
cating high content of nano-CaCOj favors the buildup
of filler network structure in nano-CaCO,/HO-PDMS
suspensions.

TABLE IV
7o and 7., Values of Suspensions with Various Contents
of Nano-CaCO,

CaCO; content (vol %)

0 6.8 154 26.7
7, (Pa) 0 035 10.1 182
n.. (Pa s) 3.88 7.29 19.1 59.4

21, value of pure HO-PDMS calculated from Figure 9 is
actually a small negative.
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Figure 9 Thixotropic loops of suspensions composed of
HO-PDMS and various contents of nano-CaCO;_

Overshoot phenomenon

As a kind of typical rheological behavior, overshoot
has been frequently observed in suspension studies.**
It is usually associated with the response of suspen-
sion structure to the applied shear stress. When the
change of suspension structure could not keep up
with the strain induced by shear stress, such overshoot
behavior would be observed.

The shear stress T of 26.7 vol % nano-CaCOj; sus-
pensions as a function of shear time at various shear
rates is shown in Figure 10. At low shear rate of 0.05
s, the shear stress increases gradually to the steady-
state viscosity with time. However, at a relative high
shear rate such as 0.51 s}, the shear stress increases
rapidly to the maximum value at first and then de-
creases gradually to a steady-state value. This phe-
nomenon is so-called overshoot. As shown in Figure
10, the overshoot of shear stress becomes more pro-
nounced with increasing shear rate. It should be at-
tributed to the slower breakup of filler network struc-
ture corresponding to the strain induced by relatively
high shear rate. For the suspensions with low nano-
CaCOj; content, such as 6.8 and 15.4 vol %, a similar
initial overshoot phenomenon has also been observed,
as shown in Figure 11. The difference is that the initial
overshoot phenomenon becomes unobvious with the
decrease of filler content at the same shear rate. For

TABLE V
Thixotropic Loop Areas of Various Nano-CaCO,/HO-
PDMS Suspensions

nano-CaCO, content (vol %)  Thixotropic loop area (Pa s~ )

0 2.6

6.8 20.1
154 95.3
26.7 431
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Figure 10 Plots of shear stress as a function of time for 26.7
vol % nano-CaCOj; suspension at various shear rates.

pure HO-PDMS, a similar overshoot phenomenon has
not been observed evidently, indicating HO-PDMS
chains could completely follow the strain immediately
in our test.

CONCLUSIONS

In comparison with micron-CaCQOj,, nano-CaCQOs; filled
suspension exhibits more typical nonlinear viscoelas-
tic behavior such as shear thinning and thixotropy,
which could be explained from the break-up and
grow-up of filler aggregates. This indicates that filler
particle size is an important factor for CaCO; if could
provide suspension with excellent rheological proper-
ties. The Casson model can be used to well fit with the
measured shear stresses, indicating its efficiency for
describing the shear rate dependence of shear stress

(hval %
6.8 vol %
15.4 vol %o

a
n]
Fa
O 26.7 vol %

{ Pa

T

Figure 11 Plots of shear stress as a function of shear time
for nano-CaCO,;/HO-PDMS suspensions with different

filler content at shear rate of 1.6 s ..
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for the HO-PDMS/CaCO; suspensions. The existence
of yield stress indicates the formation of filler network
structure in nano-CaCQO; filled suspensions with high
filler content. The thixotropic loop results indicate that
nano-CaCO; favors the buildup of filler network
structure in nano-CaCO;/HO-PDMS suspension.
Moreover, high nano-CaCOj; content favors the estab-
lishment of filler network structure in nano-CaCOj,
filled suspensions. Shear thinning and thixotropic
phenomena become more remarkable with increasing
nano-CaCO; content. An overshoot phenomenon can
be observed in the nano-CaCO;/HO-PDMS suspen-
sions, which should be attributed to the delayed re-
sponse of suspension structure to applied shear stress.
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