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ABSTRACT: Non-Newtonian flow behavior was examined for a styrene—isoprene (Sl) diblock copolymer
(Ms = 13.9K, M, = 28.8K) in a low-M homopolyisoprene matrix (I-4; M = 4.1K) at —20 °C where the
copolymer formed spherical micelles with glassy S cores and soft | corona. Those micelles (15 wt % in
the system) were isotropically dispersed in the 1-4 matrix at equilibrium, and the corona blocks were
entangled neither among themselves nor with the short matrix. The viscosity » of this micellar dispersion
exhibited two-step shear-thinning behavior. Molecular origin of this behavior was examined in relation
to previously investigated linear and nonlinear relaxational features of the SI micelles. In the linear
regime (for small strain), the micelles exhibited fast and slow relaxation processes. The fast process was
due to the relaxation of the micellar corona, while the slow process was related to the thermodynamic
(Brownian) stress that reflected a strain-induced anisotropy in the spatial distribution of the micelles.
This stress relaxed when the isotropic distribution was recovered via diffusion of the micelles. For large
step-strains vy, the micelles exhibit nonlinear damping of the relaxation modulus. Modest damping for
the fast process reflected changes in the conformation (shrinkage) of the corona blocks, and the much
stronger damping for the slow process was related to a y-insensitivity of the anisotropy of the micellar
distribution for large y. These linear and nonlinear relaxation data were utilized in a BKZ constitutive
equation to calculate the viscosity nskz. 78rz agreed well with the  data. This agreement indicated
that the shear-thinning behavior of the SI micelles had a molecular origin identical to those for the
nonlinear damping for the fast and slow processes. On the basis of this result, similarities and differences
were discussed for the micellar dispersion and a silica suspension, the latter containing randomly dispersed
silica particles at the quiescent state and exhibiting the thinning and thickening behavior at low and

high shear rates.

I. Background

Styrene—butadiene (SB) and styrene—isoprene (Sl)
diblock copolymers exhibit a wide variety of rheological
and structural features in selective solvents. In diene-
selective solvents of monomeric sizes (e.g., n-tetrade-
cane) at low temperatures, the copolymers with rela-
tively small S content from spherical micelles with
glassy S cores and solvated B/l corona. In concentrated
solutions where these micelles overlap at their coronas,
the corona blocks are osmotically required to maintain
a uniform concentration in the matrix phase (containing
solvent molecules and corona segments). This require-
ment forces the corona blocks to take mutually con-
strained conformations having small entropy, and the
micelles are arranged on cubic lattices so as to minimize
this osmotic constraint for the corona conformation.1=#
This lattice structure governs rheological responses of
the micellar solutions at long time scales:™* The lattice
deforms elastically and behaves as a solid for stresses
(o) smaller than the lattice strength (yield stress oy),
while it flows plastically and behaves as a liquid for o
> 0Oy.

For SB micelles in matrices of low-M homopolybuta-
diene (hB) chemically identical to the corona, the hB
chains maintain the uniform B segment distribution in
the matrix irrespective of the corona conformation. In
other words, the hB chains screen the osmotic constraint
for the corona B block conformation, thereby allowing
those blocks to take a randomized conformation without
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paying an osmotic penalty.3* Thus, in the short hB
matrices, the driving force of the lattice formation
vanishes and the micelles are randomly dispersed
(unless they are highly concentrated and the hB chains
only partially screen the osmotic constraint).®4 Conse-
guently, such SB micellar dispersions exhibit no plastic-
ity and relax viscoelastically.3=8 Similar rheological
features were found also for SI micelles randomly
dispersed in homopolyisoprene (hl) matrices.®10

For those SB/SI micelles in short nonentangling hB/
hl matrices, the viscoelastic relaxation proceeds via fast
and slow processes.”?10 From examination of the
relaxation time and mode distribution in the linear
regime, the fast process is attributed to the starlike
relaxation of individual corona blocks (that is signifi-
cantly retarded by impenetrable S cores when neighbor-
ing micelles are entangled through their corona).”® On
the other hand, examination of the relaxation time
enabled us to relate the slow process to the micellar
diffusion:”® At equilibrium, the micelles are randomly
and isotropically distributed in the system to have the
maximum placement entropy. A strain distorts this
distribution to decrease the entropy and raises a ther-
modynamic (Brownian) stress, and this stress relaxes
on recovery of the isotropic distribution via the micellar
diffusion. For large step-strains, the fast and slow
processes exhibit nonlinear damping that reflects the
respective relaxation mechanisms in the linear regime.1®

Here, we note striking similarities between the mi-
cellar systems and suspensions of solid particles in
viscous media. The quasi-static, elasto-plastic feature
of the micellar lattice systems is quite similar to that
of colloidal crystals of charged particles.111=13 Under
fast flow, the micellar lattices'*15 exhibit characteristic
rheological and structural changes that are again
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similar to the changes seen for the colloidal crystals:
11-13,16-19 These two types of lattice systems commonly
exhibit shear-thickening due to lattice melting at very
high shear rates, shear-thinning and enhancement of
the lattice order at lower shear rates, and for some cases
hysteresis of the stress resulting from changes in the
lattice type (e.g., from faulted lattices to polycrystalline
structure).

Similarities are found also for the micellar dispersions
and so-called hard-sphere suspensions that contain
small solid particles having a short-ranged, hard-core
repulsive interaction (no long-ranged repulsion/attrac-
tion). These particles, randomly distributed in the
systems at the quiescent state, exhibit linear viscoelastic
relaxation of the Brownian stress?°—24 as well as non-
linear damping of the relaxation modulus?* that are
similar, in nature, to those for the slow process of the
micellar dispersion.

The suspensions also exhibit characteristic nonlinear
features under steady flow. Extensive experiments4—35
and Stokesian dynamic simulations3¢—3° revealed the
shear-thinning and shear-thickening of the suspension
viscosities, the former often attributed to flow-induced
ordering (string/layer formation) of the particles and the
latter, to disruption of those ordered structures and
formation of nonpermanent, dynamic clusters. How-
ever, for some cases, the string/layer formation is not
clearly detected in the shear-thinning regime.28:31.35 The
thinning for these cases is related to decreases of the
Brownian contribution to the viscosity with increasing
shear rates.24:34.3538

On the basis of the above background, it is of our
particular interest to compare the flow behavior of the
micellar dispersion with that of the hard-sphere suspen-
sion. From this point of view, we have examined the
steady as well as transient flow behavior for a Si
micellar dispersion of known relaxational features.®10
This paper presents the results, focusing its attention
to similarities and differences between the micellar
dispersion and a hard-sphere suspension of silica par-
ticles.?*

Il. Experimental Section

For a 15 wt % blend of a monodisperse styrene—isoprene
diblock copolymer (SI 14-29; Ms = 13.9K, M, = 28.8K)° in a
short, nonentangling homopolyisoprene matrix (I-4; M =
4.1K),° steady and transient flow behavior was examined at
—20 °C with a laboratory rheometer (ARES, Rheometrics).
Spherical SI micelles with glassy S cores and soft | corona were
isotropically and randomly dispersed in the 1-4 matrix at the
quiescent state. In the matrix phase, the corona | blocks had
a volume fraction ¢, = 0.11 and a reduced molecular weight
M1 = &M = 3.2K. Since this M, is smaller than the
entanglement molecular weight for bulk polyisoprene, M. =
5K, the I blocks in the blend are entangled neither among
themselves nor with the short 1-4 matrix.®

In the 15 wt % SI micellar dispersion, the S cores have a
volume fraction ¢, = 0.043. Each S core has a radius rs = 80
A® and is composed of N, = 100 S blocks. A nominal volume
fraction of the micelles in the system, ¢m, is calculated from
rs, Nm, and the end-to-end distance R, of the I blocks (corona
thickness). ¢n is evaluated to be 0.87 if the | blocks have the
unperturbed size, R;y = 140 A2 In reality, the | blocks should
have R, > R, because of the repulsion from the S core,® and
¢m is larger than unity. These nominal ¢ values are too large
to be realized for hard spheres, meaning that the SI micelles
overlap to some extent at their corona. (Despite this partial
overlapping, the I blocks have M, < M. and are in the
nonentangled state.)

For suspensions in general, rheological behavior is depend-
ent on the particle content. Since our SI micelles have soft
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Figure 1. Frequency (w) dependence of the storage and loss
moduli G' and G" of the 15 wt % SI 14-29/1-4 micellar
dispersion reduced at 25 °C.° The dashed curves indicate the
behavior of the 1-4 matrix. The arrows indicate characteristic
frequencies for the fast and slow relaxation processes of the
micelles.

and penetrable coronas, their rheologically effective volume
fraction ¢er should be smaller than the nominal ¢, explained
above. However, ¢e should be significantly larger than ¢,
and the micelles can be regarded as particles that are
considerably crowded in the system. From this point of view,
non-Newtonian flow behavior was compared for the micellar
dispersion and a concentrated silica suspension (¢er = 0.53)%
exhibiting nearly the same magnitude of nonlinear damping.

For the 15 wt % Sl micellar dispersion, linear dynamic
moduli G* and nonlinear relaxation modulus G(t,y) were fully
characterized in our previous work.>1° Growing and decaying
strseses o+(t,7) and o-(t,) on start-up and cessation of flow
at shear rate y as well as the steady stress os(7) (=0+(e,7))
were measured in this study in a cone-and-plate geometry of
radius = 2.5 cm and gap-angle = 0.04 rad. From these stress
data, the viscosity growth and decay functions 7+(t,7) and
7-(t,p) and the steady state viscosity #7(y) were evaluated as

(7)) = o (W), n_(ty)=o_(t)ly, @) =oy (1)

These viscosities, measured for 0.01 < y (s7%) < 25 at —20 °C,
were reduced to a reference temperature T, = 25 °C previously
used for the G* and G(t,y) data.®!® (The time—temperature
superposition was valid for the SI 14-29 micellar dispersion,®%°
and the shift factor ar obtained for G* was used for this
reduction.)

I1l. Results

111-1. Overview for Relaxation Behavior. For
convenience for later analyses of the viscosity data, we
here summarize linear and nonlinear relaxational fea-
tures of the SI 14-29/1-4 micellar dispersion at 25 °C.
Figure 1 shows master curves of linear viscoelastic
moduli G’ and G",° and Figure 2 demonstrates nonlinear
relaxation moduli G(t,y) obtained for step-strains y.10
(The G(t,y) data, measured at —25, 5, and 25 °C, were
reduced at 25 °C.10)

In Figure 1, the dotted curves indicate the behavior
of the I-4 matrix. This matrix has fully relaxed at
frequencies war < 10*s™1. At those low war values, the
dispersion exhibits two-step relaxation that is exclu-
sively attributed to the relaxation of the SI micelles
having glassy S cores and soft | coronas. The fast
relaxation process corresponds to relaxation of indi-
vidual corona blocks while the slow process is attribut-
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Figure 2. Nonlinear relaxation modulus G(t,y) of the 15 wt % SI 14-29/1-4 micellar dispersion.l® The data measured at —25, 5,
and 25 °C are reduced at 25 °C. In both parts a and b, the solid curves represent the linear relaxation modulus of the SI micelles
evaluated from the G* data.’® The arrows in part a indicate relaxation times for the fast and slow processes of the micelles

determined in the linear regime.

Table 1. Fitting Parameters? for Linear Relaxation
Moduli for Fast and Slow Processes of the 15 wt % SI
14-29/1-4 Micellar Dispersion at 25 °C

p 10-3gp/dyn cm—2 1072p/s7t
For Gg(t) for the Fast Process*®

1 44.5 10.9

2 75 14.4

3 133 61.4

4 147 411

5 87.8 2619
For G(t) for the Slow Process

1 211 0.13

2 3.19 0.41

3 2.29 1.82

2 Gu(t) = SpGp eXP(—Agt); X =T, 5.

able to relaxation of anisotropy of the micellar distri-
bution (decay of the Brownian stress) due to the micellar
diffusion.®® The arrows indicate characteristic fre-
guencies 771 and 7571 for the fast and slow processes,
with 7* (=7.9 x 1074 s) and 75 (=4.5 x 1072 s) being the
relaxation times of respective processes.®

The 1-4 matrix has relaxed at the time scales exam-
ined in Figure 2. Thus the relaxation seen there is
exclusively attributed to the relaxation of the Sl 14-29
micelles. In both parts a and b, the solid curves indicate
a linear relaxation modulus G(t) of the micelles evalu-
ated from the G* data.l® For y < 0.1, G(t,y) agrees with
G(t) and linear relaxation behavior prevails. For larger
y, G(t,y) exhibits nonlinear damping that is much
stronger for the slow process. In the semilogarithmic
plots (Figure 2b), we note that log G(t,y) decays linearly
with time at t > 75 and the slope of this linear portion,
giving the terminal relaxation rate for the slow process,
is insensitive to y in the range of y examined.

These G(t,y) data were decomposed into the relaxation
moduli G(t,y) and Gs(t,y) for the fast and slow processes,
and the validity of the time—strain separability*°—44 was

examined for respective processes:10© Att > 67* where
the fast process is completed, the G(t,y) data coincide
with Gg(t,y). Fitting those Gg(t,y) data at t > 67* with
an empirical equation composed of exponentially decay-
ing terms (cf. Table 1 shown later) and extrapolating
this equation to t = 0, we evaluated Gg(t,y) at t < 67*
and G¢(t,y) = G(t,y) — Gs(t,y). Gi(t,y) and Gg(t,y) were
successfully separated with this procedure.l® As an
example, Figure 3 demonstrates G¢(t) and Gs(t) obtained
in the linear viscoelastic regime (y = 0.05). These Gg(t)
and Gg(t) data are later utilized in analyses of the
viscosity data.

The Gg(t,y) and Gs(t,y) data obtained for y < 2 satisfied
the time—strain separability at respective terminal
regimes,10

Gi(t.y) = hi(y)G((1), Gs(t.y) = hs()G(t)  (2)

Here, h¢(y) and hg(y) are the damping functions for the
fast and slow relaxation processes. Figure 4 shows
these functions for the SI 14-29/1-4 micellar dispersion
(large symbols). For comparison, Figure 4 also shows
the damping function h¢(y) for entangled homopolymer
chains*=43 (small circles) and hgys(y) for a hard-sphere
suspension of silica particles?* (small squares). Those
particles had a radius r, = 400 A and an effective
volume fraction ¢ = 0.53, and were dispersed in a
2.27/1 (wt/wt) mixture of ethylene glycol and glycerol
(EG/Gly) to exhibit relaxation of the Brownian stress.?*

As noted in Figure 4, hiy) of the SI 14-29 micelles
agrees well with h¢(y) of homopolymer chains. These
chains, stretched by large step-strains, exhibit nonlinear
damping due to shrinkage.*3=%> Thus, the damping for
the fast process is also attributed to the motion (shrink-
age) of individual corona blocks,1%45 being in harmony
with the molecular assignment for this process in the
linear regime.
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Figure 3. Decomposition of the relaxation modulus G(t,y) of
the 15 wt % SI 14-29 micelles at 25 °C into the moduli Gt and
G; for the fast and slow relaxation processes.'® For y = 0.05,
G(t,y) coincides with the linear G(t).
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Figure 4. y dependence of the damping functions h¢(y) and
hs(y) for the fast and slow relaxation processes of the 15 wt %
SI 14-29/1-4 micellar dispersion (large circles and squares).1®
The solid and dashed curves indicate empirical fitting equa-
tions for h¢(y) and hs(y). The small, filled squares indicate h(y)
for a hard-sphere suspension of silica particles at —40 °C,?*
and the small circles show h(y) for entangled linear and/or star
polystyrene chains.4~43

In Figure 4, we also note that hg(y) of the SI 14-29
micelle is close to hgys(y) of the silica suspension. This
result suggests a similarity in the nonlinear damping
mechanisms for the micelles (at long time scales) and
the suspension. For the suspension, the damping is
related to the molecular origin of the Brownian stress
o, the strain-induced anisotropy in the spatial distribu-
tion of the particles:** The anisotropy increases in
proportion to y for sufficiently small y to raise the linear
viscoelastic og [0 y. However, for large y, the anisotropy
becomes insensitive to y, resulting in nonlinear damping
(decrease of og/y).2* The slow relaxation process of the
SI micelles should have the same damping mechanism
that reflects the y-insensitivity of the micellar distribu-
tion for large y.46
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Figure 5. 7 dependence of the steady state viscosity #(y) of
the 15 wt % SI 14-29/1-4 micellar dispersion at 25 °C (part a).
The 7n(y) data measured at —20 °C were reduced at 25 °C. Part
b shows the dependence of the viscosity #%'(y) of the SI micelles
(obtained by subtracting the matrix contribution from 7). In
parts a and b, the solid curves indicate the BKZ predictions
for n and #°' calculated from the Gk(t) and hy(y) data (x =f, s).
In part b, the dotted and dash—dot curves indicate the BKZ
predictions for the contributions of the fast and slow processes
to nS".

111-2. Steady Flow Behavior. For the SI 14-29/
1-4 micellar dispersion, y dependence of the steady state
viscosity #(y) is shown in Figure 5. (The #(y) data
measured at —20 °C were reduced to 25 °C.) The
horizontal dashed line indicates the zero-shear viscosity
170, and the arrows represent the characteristic frequen-
cies *1 and ts~! for the fast and slow relaxation
processes of the SI micelles in the linear regime. The
solid, dash—dot, and dotted curves indicate viscosities
calculated from a BKZ (Bernstein—Kearsley—Zapas)
constitutive equation*”8 explained later.

Figure 5a demonstrates that #(y) decreases from #g
and exhibits two-step shear-thinning with increasing 7.
As can be noted from Figure 1, the I-4 matrix behaves
as a Newtonian liquid at y examined (yar < 10* s™1).
Thus the thinning of #(y) represents nonlinearities in
the steady flow behavior of the SI micelles. Specifically,
the thinning at low 7 (around zs7?%) is related to nonlin-
earities for the slow, micellar diffusion process while
that at high 7 (around 7*71) reflects nonlinearities for
the fast, corona relaxation process. (Since the S cores
of the SI micelles are glassy and rigid at —20 °C where
the »(y) data were measured, the thinning is not due to
deformation/rupture of the S cores.) These nonlineari-
ties are most clearly examined for the micellar contribu-
tion #5' to the viscosity. The 75" data obtained by
subtracting the matrix contribution from the » data are
shown in Fugure 5b.

For comparison with the thinning behavior of the 15
wt % SI 14-29 micellar dispersion, the steady flow
behavior of the silica suspension (¢es = 0.53)24 is shown
in Figure 6. This suspension and the micellar disper-
sion exhibit nearly the same magnitude of nonlinear
damping against step-strains (hsys = hs; cf. Figure 4).
Thus, the micellar dispersion and silica suspension are
expected to exhibit similar non-Newtonian flow behavior
if the former effectively behaves as a hard-sphere
suspension under any type of deformation (i.e., step-
strain and steady flow).
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Figure 6. y dependence of the steady state viscosity #(y) for
a hard-sphere suspension of silica particles (r, = 400 A, ¢er =
0.53) in an EG/Gly mixture at —40 °C.?* The solid curve
indicates the BKZ prediction calculated from the G(t) and h(y)
data.?
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Figure 7. Plots of the viscosity growth function ni'(t,j/) for
the SI 14-29 micelles at 25 °C against the time after start-up
of the shear flow. The 75'(t,7) data obtained at —20 °C were
reduced at 25 °C. The dotted curve represents the linear

growth function ' (t), and the solid curves indicate the BKZ
predictions calculated from the Gy(t) and hy(y) data (x =f, s).
yar (in s71) for those calculated curves are 1.5, 3.6, 9.1, 23, 58,
150, 360, and 910 from top to bottom.

In Figure 6, the arrow indicates a characteristic shear
rate 77! of the silica suspension, with 7 (=13 s) being
the terminal relaxation time (corresponding to the
particle diffusion process).2* As similar to the slow
process of the Sl 14-29 micelles, the suspension exhibits
shear-thinning at small y < r=1. This result suggests
that the molecular origin of the thinning is the same
for the micellar dispersion and silica suspension. How-
ever, differing from the dispersion, the suspension
exhibits shear-thickening at large y. These similarity
and difference are later discussed in relation to the
spatial distribution of the micelles under flow.

I11-3. Viscosity Growth Behavior. For the SI 14-
29/1-4 micellar dispersion, both SI micelles and 1-4
matrix have contributions to the viscosity growth func-
tion n4(t,y). The short 1-4 matrix exhibits Newtonian
behavior to have a constant contribution to 74 in the
time scale examined, tat™! > 10™* s. Subtracting this
contribution from the 7+ data, we evaluated the viscosity
growth function of the SI 14-29 micelles, 73'(t,7).

Figure 7 shows the time evolution of 53'(t,7) at 25 °C.
To avoid heavy overlapping of the data points, the data
are shown for representative 7. The solid curves
indicate the nonlinear growth functions calculated with
a BKZ constitutive equation explained later. The dotted
curve indicates a growth function 73, (t) in the linear
regime calculated from the relationship?°
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73 = [ ) dt 3)

Here, G(t) = Gi(t) + Gg(t) is the linear relaxation
modulus of the SI micelles (cf. Figure 3).

As seen in Figure 7, the linear ni'L(t) increases with
t in two steps. The increase of ﬂil,L(t) at small t is
dominated by the contribution from the fast relaxation
process of the Sl 14-29 micelles, and the increase at
large t reflects the contribution from the slow process.
The nonlinear 7%'(t,) first follows this 7' (t) and

increases with t and then deviates downward from

77??,L(t) and approaches the steady state viscosity, 75'(y).

This downward deviation characterizes the shear-thin-
ning feature of the SI micelles in a transient state. The
deviation takes place separately at short and long time
scales, first at long times (tar™! > 1072 s) for small y
and then at short times (tar™! < 1072 s) for large y. As
considered for the steady state viscosity (Figure 5), these
deviations of 53'(t,) at short and long times are at-
tributed to thinning for the fast and slow processes,
respectively. The thinning mechanisms for these pro-
cesses are later discussed in relation to the mechanism
for the hard-sphere suspension of the silica particles.
111-4. Viscosity Decay Behavior. Parts a and b
of Figure 8 show double-logarithmic and semilogarith-
mic plots of the viscosity decay function n_(t,y) of the
SI 14-29/1-4 micellar dispersion against time after
cessation of the steady flow. To avoid heavy overlapping
of the data points, the data are shown for representative
y. In part a, the solid curves indicate »_(t,y) calculated
from a BKZ constitutive equation explained later, and
the dotted curve indicates the decay function 7 (t) in
the linear regime calculated from the relationship#®

n_ (= [ G(t)dt (4)

In part b, the dotted curves smoothly connecting the
data points are shown as a guide for the eye.

The stress of the short I-4 matrix relaxes immediately
after the cessation of flow (within 1074 s; cf. Figure 1).
Thus the n_(t,y) data seen in Figure 8 represent decay
of the stress of the SI 14-29 micelles. As seen there,
n-(t,») exhibits nonlinear damping that is much more
significant at long time scales (tat™! = 1072 s) where
the slow relaxation process of the micelles dominates
n-(t,7). This behavior is similar to the behavior of the
nonlinear relaxation modulus G(t,y) (cf. Figure 2).
Concerning this fact, Figure 8b shows that log 7—(t,y)
decays linearly with t at long time scales, and the slope
of this linear portion, giving the terminal relaxation rate
of the slow process, is insensitive to y. This feature is
again similar to the feature of G(t,y), the y-insensitivity
of the terminal relaxation rate (Figure 2b).

IV. Discussion

In general, the stress of hard-sphere suspensions has
Brownian and hydrodynamic contributions og and
on. 13343538 4 reflects the Brownian motion of hydro-
dynamically interacting particles. Under flow, both og
and oy increase in proportion to y and the Newtonian
behavior is observed at sufficiently small y, while the y
dependence of either og or oy (or both) changes and non-
Newtonian behavior prevails for large .

For our silica suspension (¢err = 0.53) having the time-
strain separable G(t,y) (cf. Figure 4), we have calculated
the viscosities 7, #+, and n- from a BKZ constitutive
equation.?* In this equation, o4 was assumed to be
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Figure 8. Plots of the viscosity decay function 7n_(t,y) for the SI 14-29/1-4 micellar dispersion at 25 °C against the time after
cessation of the steady shear flow. The 5_(t,7) data obtained at —20 °C were reduced at 25 °C. In the time scale examined, the
1-4 matrix has fully relaxed and the decay of _(t,7) is exclusively attributed to relaxation of the SI micelles. In part a, the dotted
curve represents the linear decay function #_(t) and the thick solid curves indicate the BKZ predictions calculated from the
Gy(t) and hy(y) data (x = f, s). yar (in s*) for those calculated curves are 1.5, 3.6, 9.1, 23, 58, 150, 360, and 910 from top to
bottom. In part b, the dotted curves smoothly connecting the data points are shown as a guide for the eye.

proportional to y and identical to that in the Newtonian
regime while the nonlinearity of og was expressed in
terms of the stress relaxation data (G(t) and h(y) data)
obtained against step-strains.2* Thus, the nonlinearities
under flow (thinning/thickening of the viscosities) should
have the same molecular origin as the nonlinearity
against step-strains (damping of G(t,y)) if the constitu-
tive equation describes the viscosity data, and vice versa.
With this strategy for the molecular assignment, we
compared the BKZ predictions with the data for the
suspension.24

In Figure 6, the BKZ prediction for # is shown with
the solid curve. The prediction agrees well with the
data in the thinning regime. Similar agreements were
found also for #+ and -.2* These agreements strongly
suggest that the thinning of the silica suspension
corresponds to the decrease of og/y with increasing 7
and that the thinning mechanism is quite similar to the
damping mechanism for G(t,y). From this similarity,
we can relate the thinning to the anisotropy in the
particle distribution under flow:?* The anisotropy in-
creases in proportion to y to raise the Newtonian og [
y for sufficiently small y, but it becomes insensitive to
y for large 7 to cause the decrease of og/y. (In an
extreme case, the anisotropy may become completely
independent of . However, this is not the case for our
suspension, which exhibits rather modest thinning of
the viscosity.)

Here, we compare the roles of flow and step-strain
(continuously and instantaneously applied strains) in
the nonlinear rheological phenomena. As seen above,
the BKZ equation describes the thinning of the viscosity
in terms of the G(t) and h(y) data. This result means
that in the damping and thinning phenomena the step-
strain and flow play an equivalent role of weakening
the y- and/or y-dependence of the particle distribution
anisotropy. In other words, the thinning of our suspen-
sion is not due to structural changes specific to flow (e.g.,
flow-induced ordering of the particles).24

The situation changes in the shear-thickening regime.
The BKZ prediction largely deviates from the # data in
this regime (cf. Figure 6), meaning that the fast flow is

not equivalent to the step-strain. In other words, the
flow plays a specific role in the thickening phenomenon.
The thickening is attributable to formation of dynamic
(nonpermanent) clusters of the particles due to
enhanced hydrodynamic interactions under fast
flow:24:34=39 |f the particles have no grafted chains on
their surfaces (as is the case for our silica particles) a
strong, hydrodynamic lubrication force emerges on
cluster formation.

Now, we apply the above strategy of molecular as-
signment to the SI 14-29/1-4 micellar dispersion. G-
(t,y) and Gs(t,y) for the fast and slow relaxation pro-
cesses of this dispersion obey the time—strain separability
with different magnitudes of damping. Thus, for the
micellar dispersion, the BKZ equation reads

t 8G t - t'
o(t) = 7y (t) + f_m%

IG(t — 1)
f—toosaThs(Vt;t')Vt;t' dt' (5)

he(Ve)yee dt' +

Here, the first term indicates the matrix contribution
to the stress o(t) at time t. (The matrix is assumed to
be a Newtonian liquid with viscosity 7m.) yer is a strain
at time t measured from a past time t', G¢(t) and Gq(t)
are the linear relaxation moduli for the fast and slow
processes (cf. Figure 3), and hi(y) and hg(y) are the
damping functions for these processes (cf. Figure 4).

For a step-strain, eq 5 leads to the experimentally
observed time-strain separability at long time scales,
G(t,y) = Get)he(y) + Gs(t)hs(y); cf. eq 2. For the start-
up of steady flow at a rate y, eq 5 gives

n () =g + 03 (47, 73 W7) = ni(ty) + nty)
(6)

where the contributions from the fast and slow processes
are given by
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{dG,(t')
THt) = GOt — fi—ge Mot dt (x =1, s)
(7)

with y¢ =y x t. After cessation of the steady flow, eq 5
leads to

n_(ty) = n" (ty) + (L) (8)
with
§ «0G,(t + 1)
T(Y) = = [y — s h(rt dt (x=1.5) (9)

To carry out the integrals in egs 7 and 9, we used
empirical fitting functions: Gx(t) = >0, exp[—Apt] with
x = fand s (shown in Figure 3 with the dotted and solid
curves); hi(y) = [1 + 0.199y21]71 and hs(y) = [1 +
10y22]71 (y < 0.74), hg(y) = 0.105y7145 (y > 0.74) (shown
in Figure 4 with the solid and dashed curves). The
fitting parameters for the linear moduli are summarized
in Table 1.4°

In Figures 7 and 8a, the BKZ predictions for 75’
(t,y) and n—(t,) are shown with the solid curves. In
Figure 5, the predictions for the steady state viscosities,
n(7) = nm + n3'(e0,7) and 58(7) = n3'(e0,7) (the micellar
contribution), are shown with the solid curves. The
dotted and dash—dot curves in Figure 5b indicate the
BKZ predictions for the contributions from the fast and
slow processes to 75!, 7' (o,7) and 7% (o,7) (cf. eq 7).
The predictions for #(7), 75'(7), and #3'(t,7) agree well
with data. In particular, Figure 5b demonstrates that
the two-step thinning for the SI 14-29 micelles results
from a superposition of two thinning processes, one for
the fast relaxation (dotted curve) and the other for the
slow relaxation (dash—dot curve). The prediction also
agrees with the 5_(t,) data reasonably well (Figure 8a),
although some differences are seen at high y (=23 s™3).

These agreements strongly suggest that the shear-
thinning of the SI 14-29 micelles has the same molecular
origin as the nonlinear damping for the fast and slow
relaxation processes against large step-strains. Thus,
as in the case of homopolymer chains,*#48 the thinning
for the fast process is attributed to changes in the
conformation of the corona I blocks under fast flow. On
the other hand, the thinning for the slow process is
attributable to the y-insensitive micellar distribution
that results in a decrease of the Brownian contribution
to the viscosity (os/y) with increasing §.50

The above results demonstrate a similarity in the
thinning behavior at small  for the micellar dispersion
and silica suspension. However, it should be also
emphasized that the silica suspension exhibits signifi-
cant thickening at large y (Figure 6) while the micellar
dispersion does not (Figure 5). This difference appears
to reflect an effect of the polymeric corona of the
micelles. As explained earlier, the thickening of the
silica suspension is attributable to dynamic clustering
of bare silica particles that raises a strong lubrication
force. For the micelles, the corona appears to disturb
the clustering of the micelles (close approach of the S
cores). In addition, the corona would largely reduce the
lubrication force to suppress the thickening even if the
S cores are brought toward contact under very fast flow.
These effects of the corona deserve further attention.

Concerning the corona effects, we expect that the
high-shear flow behavior of suspensions is sensitive to
surface structures (existence of grafted chains) of the
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particles therein. In fact, Mewis et al.32 found that a
thin graft-layer (with a thickness being 20% of the
particle radius) significantly reduces the suspension
viscosity at large y. This effect of the thin graft-layer
appears to be qualitatively similar to the corona effects
(suppression of thickening), but some quantitative dif-
ference may exist because the corona of our micelles is
considerably thick (the corona thickness > twice of the
S core radius.) These similarities and differences can
be examined for a series of micelles having the same
core size and various corona thickness. Studies for such
micelles, possibly providing detailed information for
effects of the particle surface on the suspension rheol-
ogy, are considered as interesting future work.

V. Concluding Remarks

For the 15 wt % Sl 14-29/1-4 micellar dispersion
exhibiting fast and slow relaxation processes against
step-strains, we have observed two-step shear-thinning
behavior under steady as well as transient flow. The
rheological test utilizing the BKZ constitutive equation
has enabled us to attribute the thinning behavior to
changes of corona block conformation (thinning for the
fast process at large ) and to the y-insensitive anisot-
ropy of the micellar distribution (thinning for the slow
process at relatively small 7). This molecular origin of
the thinning for the slow process is identical to that for
the silica suspension, demonstrating the similarities
between the micellar dispersion and the hard-sphere
suspension. However, these two systems also exhibit
a difference: The shear-thickening behavior is not
observed for the micellar dispersion. This difference
possibly reflects a polymeric character of the micelles
having corona blocks. The role of these blocks in
suppression of the thickening is an interesting subject
to be investigated. Concerning this point, it is also
interesting to examine effects of entanglements among
the corona blocks of neighboring micelles as well as
between the corona blocks and matrix chains on the flow
behavior of micellar dispersions. (The SI 14-29/1-4
dispersion examined in this study has neither the
corona—corona nor the corona—matrix entanglements.)
Results of these studies will be presented in our future
papers.
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the 1-4 matrix) and the terminal relaxation of a bulk 4-arm
star hl (arm molecular weight M, = 36.7K), excellent agree-
ments were found for plots of reduced moduli G(t) = [M/cRT]-
G(t) against reduced times t/z.19 Here, M and c are the
molecular weight and concentration for the I-block/star-arm,
and G(t) and 7 are the linear relaxation modulus and
relaxation time (=G¢(t) and t* for the micelles; cf. Figure 3).
The above agreements indicate that the intensity g, and rate
Ap for the pth relaxation mode of the SI micelle and star hl
satisfy a relationship, gp,si = fgOpstar and Ap,si = fidp star With
fg and f; being p-independent constants. gpstar and Ap star Were
successfully determined for p = 1-5 from the Gstar(t) datal®
available in a wide range of t, while gpsi and 4,51 were
obtained only for p =1 and 2 because of a limited t-range for
the G(t) data of the SI micelle. Thus, utilizing the factors fgy
and f; determined for p = 1 and 2, we evaluated gp s and
Ap,si for p = 3—5 from the gpstar and Apsar data. These gp s
and Apsi values (summarized in Table 1) were utilized in the
BKZ calculation (eqs 7 and 9).

The stress of the SI micelles have two contributions, the stress
o1 due to individual corona | blocks (the stress associated to
the fast process) and the Brownian stress og due to anisotropy
of the micellar distribution (the stress associated to the slow
process). At low y, og/y decreases with increasing y but o\/y
remains constant. Thus, at those y, the relative contribution
of the Brownian stress, gg/[os + a1], decreases with increasing
y. Essentially the same situation is found for the silica
suspension: In the thinning regime, og/y decreases with
increasing ¢ but ow/y remains constant, resulting in a
decrease of the relative, Brownian contribution, og/[og + on].

MA961867D



