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Abstract

Viscoelastic and rheo—dielectric properties were investigated for suspensions composed of barium titanatg {BaiTi®s having an
average size of 0.gm and polydimethylsiloxane (PDMS). Steady shear viscosity decreased with increasing shear rate. Stepwise increase of
shear rate resulted in a thixotropic decrease of the viscosity due to reorganization of aggregates of thpd@tdl&3 in the shear field. The
transient change occurred through the fast and slow processes with the time constants of 5-30 and ca 100 s, respectively. Yield stress anc
plasticity were also observed for suspensions of high BaTi@tent. Since BaTiQparticles possess a strong dipole moment due to
spontaneous polarization, the suspensions exhibited dielectric dispersion due to reorientation of the particles. The dielectric constant
decreased with increasing viscosity of PDMS due to the increase of the dielectric relaxation time in the viscous medium. In order to
investigate the aggregation of the particles in a shear field, we also carried out rheo—dielectric measurements in shear fields. The dielectric
constant in a shear field decreased with increasing shear rate. After sudden stop of shear flow, a recovery of the dielectric constant was
observed and was resolved into the fast and slow processes. The characteristic time for the fast process was close to the relaxation time for the
thixotropy. Those results were explained by assuming chain-like aggregates of BaiFiioles formed by the dipole—dipole interactions.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction various techniques were employed such as computer simu-
lation and rheo—optical methods [4,8]. In this study, we
Polymers containing colloidal particles exhibit non-linear have applied the dielectric relaxation spectroscopy to a
rheological behaviour and have been studied long from system composed of bariumtitanate (Bajji®uspended in
purely academic interests and also for the purpose of appli- polydimethylsiloxane (PDMS) to clarify the relationship
cations in industries of paints, foods, cosmetics, and proces-between the rheological properties and the structure of
sing of composite polymeric materials [1,2]. A variety of BaTiO; particles aggregated in the suspensions.
suspensions are known to exhibit non-linear viscoelastic It is well known that BaTiQis a ferroelectric crystal and
behaviour such as shear thinning, thixotropy, rheopexy exhibits spontaneous polarization [10]. Merz [11] reported
and dilatancy [3,4]. These behaviour are generally the temperature dependence of the dielectric constant for a
explained in terms of break-up of aggregates of colloidal single crystal of BaTi@ which exhibits four crystalline
particles under a shear field [5-9], i.e. the size and structuremodifications. The three low-temperature phases existing
of the aggregates change depending on the shear ratebelow 390 K possess a spontaneous polarization. Therefore,
Frequently, aggregation and aggregates are called floccuwe expect that the particles of BaTiGuspended in a
lation and flocs, respectively. In order to clarify the micro- medium exhibit dielectric relaxation as observed for polar
scopic mechanism of the non-linear processes, we need tanolecules and that the dielectric behaviour reflects the size
obtain information on the mobility and the structure of and structure of the aggregates. In the present study, we
aggregated particles in a shear field. For this purpose,have attempted to investigate the structure and mobility of
the BaTiQ particles by means of the dielectric method.
* Corresponding author. Tel:+81-66-850-5464; fax:+81-66-850-5464. Rheo._dlele.cmc behaviour of the suspensions has been
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Table 1 _ _ and a telechelic polydimethylsiloxane (t-PDMS) together
Viscosity  of polydimethylsiloxane samples at 290 K with the crosslinking reagent were purchased from Shin-
Code 7 (poise) etsu Qhemicals Co. (Code; KElO;). The sample code .and
viscosity of the PDMSs are given in Table 1. The scanning
-PDMS-10 1t electron micrographs of the BaTi(Qpowder were taken
Egm::igo 9%82 with an electron microscope (JEOL JSM-5800) as shown
PDMS-1000 950 in Fig. 1. It is seen that severall Baﬁ(barticles form an
aggregate. Although the resolution is poor, we see that the
* Reported by the manufacturer. shape of each particle is close to cube or sphere and the

size is 0.1-0.fum. Prescribed amount of the BaTO
a rheo—dielectric apparatus reported previously [12]. From powder and PDMS were mixed and stirred vigorously for
these viscoelastic and dielectric measurements, we inves-a few hours. Air bubbles were removed by evacuation. We
tigated the effects of aggregation on the non-linear visco- used suspensions containing 50, 44, 37.5, 28.6 and
elastic behaviour of the BaT{IPDMS suspensions. 16.7 wt% of BaTiQ, and the volume fractionsp of
BaTiO; in these suspensions were 13.7, 11.7, 9.06, 6.23
and 3.12 vol%, respectively. Suspensions thus prepared

2. Experimental are coded as BT(13.7)/t-PDMS-10 which indicates that
the BaTiQ content ¢ is 13.7 vol% and the matrix is
2.1. Materials and sample preparation t-PDMS-10.

Powder of BaTiQ was obtained from Wako Chemicals 2 2 Method
Co. Polydimethysiloxanes (PDMS) with different viscosities

Complex dielectric constant’ —ig” in the audio-
frequency range was measured with an RLC digibridge
(QuadTech 1693). Dielectric measurements in low-
frequency region were made by measurements of current
with an amplifier (Keithley model 427). Steady-state vis-
cosity n and complex shear modulu§’ +iG” were
measured using a cone and plate type viscometer (lwamoto
IR200). In order to investigate the dielectric behaviour in a
shear field, we also used a co-axial cylinder-type electrodes.
The inner bob rotated at a regulated speed, &nand ¢”
were measured with an LCR meter (Hewlett-Packard

. 4284A). Details are reported previously [12].
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3. Results and discussion
3.1. Rheological behaviour

3.1.1. Steady viscosity

Fig. 2a shows the shear rajgé= dy/dt) dependence of
steady-state viscosity; for the systems of t-PDMS-10
containing varying amount of BaTiOIn Fig. 2b, then
versus+y curves for the suspensions of PDMS-1000 and
' . t-PDMS-10 containing 13.7 vol% of BaTiOare shown.

As is seen in these figures, decreases with increasing
Shear thinning behaviour has been reported by many
authors for various suspensions and emulsions [2-5].
Such a thinning behaviour has been explained by consider-
ing change of the size of aggregates in a shear field.

First we compare the present result with the behaviour of
Fig. 1. Scanning electron micrograph of Batigarticles at: (a) low magni- suspensions of non-aggregating colloids. Zero shear viscos-
fication; and (b) high magnification. A drop of a suspension of BaTiO ity » of a suspension of hard spheres is given by the
particles in dichloromethane containing 0.1 wt% of PDMS-1000 was put Einstein—Batchelor equation [13]:

on a piece of aluminium film and the solvent was evaporated. PDMS-1000
was added to fix the particles on the film. n=no(l+ 2.5¢ + 6,2¢2) 1

1SKkU™ Zum  x8, 800
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Fig. 2. Shear rate dependence of steady shear viscgsior: (a) BT/t-
PDMS-10 system with various BaTi@ontents indicated in the figure at
290 K; and (b) that for BT(13.7)/t-PDMS-10 and BT(13.7)/PDMS-1000.

wheren, and ¢ are the viscosities of the medium and the
volume fraction of the particles. It is known that for suspen-
sions of hard spheres, Eq. (1) holds good in the rangeof
0.1 [6].

In Fig. 2a, we see that) of suspensions ofp < 0.1
depends weakly on BaTixontent. At the highest shear
rate of y = 10 s %, the viscosity value is close to that of
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from Eq. (1). This suggests that a transition of the fractal
structure of aggregates occurs around 10 vol% concen-
tration.

In the above analyses, the shear thinning of the matrix
PDMS has not been taken into account. Ito et al. reported
that PDMS with the zero shear viscosity of 10 poise exhibits
non-linear behaviour in the range $f> 1000 [16]. There-
fore, the non-linear viscosity observed in Fig. 2a is mainly
due to BaTiQ particles. However, in BaTig°PDMS-1000,
the non-linear behaviour seen in Fig. 2b is due to both
effects of aggregation and medium viscosity. In Fig. 2b, it
is seen that they dependence ofy for suspensions in
PDMS-10 is stronger than that in PDMS-1000.

Generally, it is well known that in colloidal suspensions,
aggregates of particles are formed under a balance of elec-
trical repulsion and van der Waals attractive force [5,6]. For
the present system, we expect that additional dipole—dipole
interactions play an important role for the formation of
aggregates as in suspensions of ferromagnetic particles in
which the magnetic dipole—dipole interaction among the
particles is significant [17,18]. The interaction enerdy
between two point dipole vectogs; and w, is given by

B0 ) — papalrf

U= 5
dmregem|r]

2

wherer is the distance vectog, the dielectric constant of
vacuum ande, the relative dielectric constant of the
medium. From the data of spontaneous polarizatien

1.6 x 10" C/m?) of BaTiO, [10,11], u of a BaTiO; particle

with the size of 0.3um is estimated to be. @x 10 %! Cm, if

the particle is composed of single polarization domain.
Then, the interaction enerdyfor the case that two particles
contact with head-to-tail configuration becomes.1 X
10"*2J. This value is ca 1.% 10° times larger than thermal
energy kT at 300 K. We expect that the BaT{@articles
contain several polarization domains which are oriented so
that the polarizations are cancelled. Thus, the dipole—dipole
interaction is much smaller than the value calculated above.
However, BaTiQ particles can be expected to form strong

the medium and agrees approximately with Eqg. (1). This aggregates by the dipole—dipole interactions.

indicates that aty = 10 and ¢ < 0.1, the particles form

Linear aggregates due to the induced dipole moment is

compact aggregates in which the effective volume fraction well known as the Winslow effect [19]. When a colloidal
¢er Of the aggregates is almost independent of the size of suspension is subjected to a strong electric field, the par-

aggregates. In the range of loy the size of aggregates

ticles in the suspension are polarized and on account of the

becomes large and each aggregate contains non-free draininduced dipole moment, the particles tend to form a chain-
ing space in which the PDMS molecules cannot freely passlike aggregates oriented in the direction of electric field

through. Thusd¢er increases with decreasing below

[19-21]. Computer simulations have also indicated linear

10s ™ It is expected that aggregates have a self-similar aggregates [22,23].

structure as suggested by many authors [14,15].

These facts suggest that BaTifarticles in the present

In Fig. 2a, we also see that the viscosities of suspensionssystem form chain-like aggregates even in the absence of an

with ¢ < 0.1 decrease slightly witly. We cannot explain
this weak¢ dependence of) in the range of lowy. Prob-

electric field since the particles have a strong permanent
dipole moment. In fact, we see in Fig. 1b that the aggregates

ably, interactions between the aggregates are weak anchave a coiled structure. Thus, the shear thinning behaviour

hence ¢ does not change with the BaTi@ontent. In
suspension of 13.7 vol%; is much higher than expected

observed in Fig. 2 can be explained by considering both
extension and break-up of coiled aggregates in a shear
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Fig. 3. Time dependence of shear viscosity after the stepwise change of
shear rate at 290 K for BT(13.7)/t-PDMS-10 from: (a) 0.044—4% and
(b) 4.4-0.44 5" given by
n(t) — 1(0) = Ang(t) ©)

field. We also expect that aggregates form a network struc-wheren (0) is the steady-state viscosity before the change of
ture when the concentration of particles is high as the visc- y; Ay the total change of the viscosity, agdt) the decay
osity of 13.7 vol% suspensions tends to diverge with function. Examples of test of Eq. (3) are shown in Fig. 4a
decreasing shear rate as shown in Fig. 2. and b where the data of shown in Fig. 3a and b are used,
respectively. We see that(t) is not single exponential. We
resolvede(t) into two processes, namely the fast and slow.
3.1.2. Time dependence of viscosity The time constants for the fast and slow processes of the
One of the characteristic features of colloidal suspensionsthixotropic process (Fig. 4a) are 38 and 92 s, respectively,
is strong time dependence gfafter a stepwise change ¢f while those for the rheopexy (Fig. 4b) are 5.0 and 120 s,
namely thixotropy and rheopexy [4]. In the present system, respectively. The time constanidor the other suspensions
such behaviour was also observed. A representative examiere similar to those values but changed slightly from
ple is shown in Fig. 3a for BT(13.7)/t-PDMS-10 which was sample to sample. This scatter of time constant is probably
subjected to a shear field §f= 0.044 s * and subsequently ~ due to experimental error especially for the slow process.
to a shear field ofy = 4.4 at timet = 0. Fig. 3b shows the  On an average; for the fast and slow processes were of the
reverse case for observation of rneopexywas decreased order of 10 and 200 s, respectively.
from 4.4 to 0.44. Whery is increased aggregates are broken  For BT(13.7)/t-PDMS-10, measurements of were
into a smaller size and henagdecreases. Conversely, the performed in both directions of increasing and decreasing
decrease of results in the increase af due to the recovery  y. As is seen in Fig. 5, the system exhibited hysteresis. In
of the aggregate structure. contrast to the behaviour of most of suspensioms,
The transient variation of viscosity after the stepwise increased after being subjected to a high shear. The hyster-
change ofy was fitted to a single retardation equation esis suggests that there exist the other slow relaxation
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Fig. 5. An example of the hysteresis in viscosity measurement. Double Fi9- 7- Casson plot (Eq. (4)) for the system of BT/t-PDMS with varying
logarithmic plot of viscosity versus shear rate at 290 K for BT(13.7)it- content of BaTiQ. (Replot of the data shown in Fig. 2a)
PDMS-10.

other hand, the value df, for suspensions with BaTiD
processes through which the structural reorganization of content less than 9 vol% is almost zero indicating that

aggregates is achieved very slowly in a shear field. suspensions ofp < 0.1 do not exhibit yield stress. The
square ofky for BT(13.7)/PDMS-1000 was higher than
3.1.3. Plasticity BT(13.7)/t-PDMS-10 and was 225 dyn/ém

Fig. 6 shows the time dependence of the transient viscos-
ity n (= stressSdivided by y) after BT(13.7)/t-PDMS-10
is subjected to a shear field of 2.24 and 224 &sis seen  3.1.4. Dynamic shear moduli
in this figure,n exhibits an overshoot whep is low. This The dynamic measurements were also carried out. An
indicates that BT(13.7)/t-PDMS-10 is a plastic body and has example of the Lisergue diagram of the shear stress versus
a network structure at a stationary state. For suspensions oShear strain at an amplitude of strain of 1.0 is shown in Fig. 8
lower concentration, such an overshoot was not observed. Infor BT(13.7)/t-PDMS-10. The shape is not ellipsoidal indi-
order to examine the plasticity of suspensions, we used thecating non-linear behaviour. Unfortunately, in our apparatus

Casson equation [24—-26]: the amplitude of strain could not be reduced and therefore
o i linear behaviour was not observed. In order to assess the
S=ko + ki/y ) dynamic shear modulu€, we definedG by (a® — b2

whereS is the shear stresk, the square root of the yield ~Wherea is the maximum value of andb is the value of
stress and, is the constant. Fig. 7 shows the plot $if Saty = 0. Fig. 9 shows the frequency dependenc&atfius
againstyY2 for suspensions in t-PDMS-10 with varying calculated. We see behaviour of so called second plateau
BaTiO; content. It is seen that suspensions containing Over a wide frequency region [3]. These data indicate that

13.7 vol% of BaTiQ exhibit clearly yield stress. On the —aggregation of BaTi@particles extends over a macroscopic
size and forms a network-like structure. We speculate that

120 T T T some particles form islands or branches (see Fig. 17).
i 0, | _ . . . .
BaTIO; (13.7 vol)/ t-PDMS-10 O 22457 Reorientation of these can be reflected to the dielectric
® 2245 ] relaxation as mentioned in the next section. Under a shear
E cese’e® o : field, the network structure is broken into aggregates and the
= o_9%o T . . . .
8 80T . o* o % 0cecqee - 1 average size of these, decreases with increasing shear rate.
8_ ooo. e
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Fig. 6. Transient change of shear for8alivided by the shear rate for
BT(13.7)/t-PDMS-10 after the start of shearingtat 0. The shear rate Fig. 8. Lissajous’s diagrams of stress versus strain in measurements of
were 2.24 and 22.48. dynamic shear modulus for BT(13.7)/t-PDMS-10.
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Fig. 9. Frequency dependence of dynamic shear modsilfor the BT(13.7)/PDMS systems.

3.2. Dielectric behaviour

can be attributed to reorientation of BaTgifarticles having

strong dipole moment. We see that the relaxation time is too

3.2.1. Temperature dependences6fand &”
Temperature dependence of the dielectric constahts
and loss factors:” for BT(9.1)/t-PDMS-10 are shown in

long to observe the dielectric loss maximum even for the
PDMS medium with the lowest viscosity. As described
previously, this assignment was also confirmed from the

Fig. 10a_ and b, respectively. In this figure, various djeleptric dielectric data on the crosslinked PDMS containing
a_nomalles can be seen. Among .them the d|ellectr|c disper-gaTiQ,, specifically, the matrix t-PDMS-10 of BT(13.7)/t-
sion around 160 K is due to the primary dispersion of PDMS ppwms-10 was crosslinked [28]. The data indicated that high

and the changes ef ands” at 240 K are due to melting of
PDMS crystal [27]. On the other hand, the broad and strong
dispersion around 300 K is due to BagiO

3.2.2. Dependence af and&” on viscosity of PDMS

Here, we focus our attention to the behaviour around
300 K. Fig. 11 shows the double logarithmic plot of the
frequency dependence ef and &” for BT(9.1)/PDMS at
290 K. Fig. 12 shows the dependence «&f and £” on
BaTiO; content for the BT/t-PDMS-10 systems. Two
mechanisms for the dielectric dispersion are expected: one
is the orientational relaxation of BaTi(articles and the
other is the interfacial electrode polarization due to impurity
ions contained in the system. If the latter is the main
mechanism, the slope of lag versus log curve should
be —1 in the low-frequency region since the contribution of
ionic conductivity to the loss is inversely proportional to
frequency. In Figs. 11 and 12, the slope is much lower
than —1. We also found that the dielectric behaviour was
independent of the distance between electrodes. Therefore,
the mechanism of interfacial polarization can be ruled out.

As is seen in Fig. 11¢' depends not only on the content
of BaTiO; but also on the viscosity of PDMS. This can be
explained easily by assuming the orientational dielectric
dispersion of the particles having the dipole moment, i.e.
in a medium of low viscosity, the particles of BaTiCan
reorient in the direction of an alternating electric field but in
a high-viscosity medium, BaTi{particles cannot reorient.

100
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Fig. 10. Temperature dependence of dielectric constan) and loss

Thus the strong dielectric relaxation seen in Figs. 11 and 12 factor&” (b) for BT(9.1)t-PDMS-10 at frequencies given in the figure.
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Fig. 11. Double logarithmic plot of dielectric constasit(a) and loss factos” (b) at 290 K for suspensions of BaTj@ PDMSs of various viscosities.

&' observed in the system before crosslinking was no longer particle of 0.1 and 0..um, respectively. These relaxation
seen after crosslinking as the reorientation of the particlestimes correspond to the loss maximum frequencies of 1.5

was not allowed in the elastomer. and 0.03 Hz, respectively. As seen in Fig. 13a, no loss maxi-
mum is seen in this range. This indicates that the BgTiO
3.2.3. Relaxation time and relaxation strength particles do not move independently but form aggregates or

In order to examine the mobility of BaTy(particles, we clusters, and therefore the relaxation time becomes longer
also carried out dielectric measurements in the low- than that for single particle. In order to check whether the
frequency region from 0.005 to 10 Hz. Results for value of high dielectric constant observed in low frequency
BT(1.6)/t-PDMS-10 and for BT(9.1)/t-PDMS-10 are is consistent with the dipole moment of the BaTigarti-
shown in Fig. 13a and b, respectively. In the former system, cles, we calculated the dielectric relaxation strenfthby
the content of BaTi@is only 1.6 vol% and hence the par- the Onsager—Kirkwood equation (in Sl unit) [30]:
ticles do not form a network structure. As shown in this 2
figure, no loss maximum can be seen in our experimental Ag = Ngu (’9U + 2) ( 3er ) (6)
window of the range above I8Hz. 3kgTeo\ 3 2ep +1

According to Debye, the dielectric relaxation timefa  whereN is the number of particles in unit volumg,the
spherical particle suspended in a viscous medium of vis- Kirkwood correlation parametergK the thermal energy;,

cosity n is given by (see e.g. Ref. [29]) the absolute dielectric constant of vacuum,the dipole
4 moment,gu the.unrelaxed dielec_tric constgnt a@gi the

T= T 5) relaxed dielectric constant. As discussed in Section 3.1.1,
B w of a BaTiG, particle with the size of 0.g.m is estimated

wherea is the radius of the particle. As described in the to be 43x 107! Cm (= 1.3 x 10° D). The number of the
experimental section, the BaTjQparticles used in the BaTiO; particles N) is 1.5x 10™. From these data, we
present study has a shape close to sphere or cube, and thealculated Ae of BT(1.8)/t-PDMS-10 to be 2x10°
diameter is distributed between 0.1 and Qr&. Therefore, assumingg = 1. High-frequency dielectric constant, is

we assumed that the BaTj(Qarticles are spherical and 5.0 and is much smaller thake.

calculatedr to be 0.38 and 48 s for the diameter of the In Fig. 13a for the dilute suspension, it appears that the
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Fig. 12. Dielectric constart’ (a) and loss factoe” (b) for suspensions with various contents of BagiO

loss maximum locates below 0.001 Hz and it is difficult to compared with the viscosity measurements. It is seenethat
determineA ¢ by the routine methods of analysis. Therefore, decreases dramatically with increasing shear rate. This

we roughly estimated the order Af neglecting the distri- behaviour is the reverse of our expectation. We expected
bution of relaxation times as follows. The Debye equation of before rheo—dielectric measurements that te will
dielectric relaxation predicts that in the region of > 1, increase in a shear field since aggregates break up and the
& — ey ~ Adlw®7 ande” ~ Ae/wrwherew isthe angular  mobility of particles increases.

frequency andr the average relaxation time. Thexe is We explain the result as follows. At the stationary state,
given by &"%/(¢' — &). From the experimentat’ and &” chain-like aggregates have a coiled structure as discussed

data at 0.01 HzA& for BT(1.6)/t-PDMS becomes 3900. above. These aggregates are broken into smaller size under a
The much lower value ofAe than the calculated value shear field, and at the same time they are extended in the
with g = 1 may be explained by considering two mechan- direction of shear. Thus the rotational relaxation time
isms. One is that there are several polarization domains inincreases much with increase of average radius of inertia
the single particle and the dipole moment of the particle is Fig. 15. Thus dielectric response cannot be observed in a
not so high as discussed in Section 3.1.1. The second is thashear field.
the dipoles tend to orient anti-parallel resulting in the value ~ When flow was stoppeds’ recovered gradually to the
of gin Eq. (6) less than unity. value at the stationary state. When the shear rate was
Similar analysis for BT(9.1)/t-PDMS-10 (Fig. 13b) changed stepwise, a transient change £0f was also
resulted in the theoreticale = 1.1 x 10° while the observed ~ observed. We see that the recoverysdfoccurs through
Ae = 5.7x 1¢°. The difference can be explained as above. two processes, namely the fast and slow, as observed for
the viscosity measurements. Fig. 16 shows the analyses of
3.2.4. Rheo—dielectric behaviour the transient variation ok’ in terms of the retardation
In order to get further information of the internal structure equation similar to Eq. (3). The time constants for the
of aggregates, we carried out dielectric measurements in aslow and fast processes are 10 and 30000 s respec-
shear flow. Fig. 14 shows the shear rate dependeneéaf tively. These values agree well with those for the transient
1 kHz for suspensions containing 13.7, 9.1 and 3.12 vol% of change of viscosity. Therefore, the transient change’of
BaTiOs. It is noted that we applied relatively high shear rate reflects the structural reorganization of aggregates.
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Fig. 13. Frequency dependenciesgfand £” for in the low-frequency
range for: (a) BT(1.6)/t-PDMS-10; and (b) BT(9.1)/t-PDMS-10. It is noted
that the values of divided by 10'are plotted for: (ajx = 2; and (b)a = 5.

Fig. 17 illustrates the structural change of aggregates
schematically. In the stationary state (A), aggregates have
a coiled chain-like conformation. In a shear field (B), the
chains are broken into smaller ones and stretched in the
direction of the shear field. When shearing is stopped, the
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Fig. 14. Shear rate dependence=6for suspensions of t-PDMS containing
various amount of BaTi@indicated in the figure.
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stretched chains tend to take a coiled conformation. The
recovery from B to A is achieved through two processes.
The fast process has a time constant of ca 10 s and probably
corresponds to the recovery from the extended structure to
the coiled one asillustrated in Fig. 17, i.e. the change from B
to C. Then the aggregates continue the reorganization of
particles to attain more stable network structures, i.e. the
change from C to A. This slow process will need longer
time, because in this process the part of the aggregate is
broken and recombine to the other coiled aggregates. The
activation energy is approximately given by Eg. (2) and is
much higher than thermal energy.

4. Conclusions

Suspensions of BaTKIPDMS exhibit non-linear visco-
elastic behaviour such as shear thinning, thixotropy and
rheopexy. The viscoelastic behaviour can be explained by
assuming the shear rate dependence of the size and structure
of aggregates of BaTipparticles. There are at least two
processes for the transient change of viscosity. The time
constants for the fast and slow processes are 10 and 200 s,
respectively.

The system containing BaTiOmore than 10 vol%
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Fig. 15. Time dependence of after stop of shearing for BT(13.7)/t-
PDMS. Shear rate in the rangetof 0 was: (a) 230 s%; and (b) 2300 5.
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] to lower frequency with increasing viscosity of the matrix
i b y=23= 0 PDMS. Both of the estimated relaxation time and the relax-
01 7 ation strength indicate that the particles form aggregates.
o i 1 The relaxation strength also indicates that the dipoles are
c . ] mostly arranged anti-parallel.
= 027 ea. 1 Under a shear field, the dielectric constant decreases.
I ° . ] Stepwise change of the shear rate also causes the recovery
L [ ] 4 .
03 F ¢ e o of &’. The recovery reflects the change in the structure of the
I ] aggregates and occurs in two steps. The time constants for
[ ] the fast and slow processes are 10 and 300 s, respectively, in
0.4 ol rough agreement with the time constants for the transient
0 100 200 300 400 500 600 change of viscosity.
t/s Present data as well as the data reported in literature
suggest that BaTiQparticles are linked linearly by the
0 S dipole—dipole interactions. In the stationary state, the
I Cc ¥ =230 = 0 ] aggregates have a coiled conformation but is stretched in
05 L ] a shear field.
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