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Microstructure-dependent viscosity in concentrated suspensions of soft spheres

S. E. Paulin and Bruce J. Ackerson*
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~Received 15 January 1997!

Monodisperse colloidal suspensions of polymethylmethacrylate spheres swollen in benzyl alcohol have been
rheologically examined under applied steady and oscillatory shear while simultaneously monitoring micro-
structure via light scattering. In concentrated samples, long-lived nonequilibrium microstructures can be in-
duced, corresponding to random hexagonal-close-packed planes~hcp! stacked in the direction of the shear
gradient. The direction of closest packing within each hcp plane can be oriented along either the vorticity or
direction of flow. Creep and creep recovery measurements have been examined for each of these two orien-
tations as a function of particle concentration and stress. Results indicate a strain-dependent dissipative process
correlated with changes sample microstructure, while dynamic measurements of the storage modulus show no
significant difference between microstructures. We argue that instantaneous viscosities can be measured and
show how they are correlated with changes in particle microstructure. The observed elastic response in these
suspensions will be shown to be due to local microstructure and particle deformation.
@S1063-651X~97!16105-0#

PACS number~s!: 82.70.2y, 83.85.Jn, 78.20.Ci
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I. INTRODUCTION

The viscoelastic behavior observed in complex fluids m
be broadly characterized as due to the effects of fad
memory, where the present rheological response of the
terial is dependent upon its past deformation history. T
strength of this dependence is dictated by a number of
tors, but may be gauged by the Deborah number De@1#. This
dimensionless quantity is defined as the ratio of some int
sic relaxation time associated with the material’s approac
steady state under applied deformation, to that of an ob
vation time. The observation time may be the duration of
experiment. In colloidal suspensions, the relaxation proc
may be due to either a dissipation of stored elastic energ
a slow but purely dissipative reorganization of partic
while subjected to flow. Memory effects therefore beco
important when De>1, and in some cases are observed
thixotropic behavior. Charge-stabilized, electrorheologic
and flocculated dispersions typically exhibit this type of b
havior. Under applied stress, the breakage and reformatio
interparticle bonds responsible for the suspensions struc
approaches steady state on a time scale dependent upon
modynamic and interparticle contributions to the bulk stre
This behavior is reversible in the sense that the suspen
structure rebuilds itself once the stress is removed.

Unlike electrorheological or flocculated dispersions, t
role of equilibrium structure in a moderately concentra
colloidal fluid of hard spheres is less obvious. Here, v
coelastic behavior has been identified as due to config
tional free energy contained in the suspensions equilibr
microstructure@3#. Due to hydrodynamic interactions be
tween the particles and surrounding fluid, shear thinning

*Author to whom correspondence should be addressed.
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sults from a perturbation of this microstructure from equili
rium. The change in particle configuration is assumed to
instantaneous with respect to a change in the applied s
stress, rendering the suspensions memory negligible
!1) and the suspension a generalized Newtonian fluid@2#.
Between thixotropic and generalized Newtonian behav
there is a wide variety of viscoelastic phenomena which
be observed. Some of the most interesting of this beha
can be found in highly concentrated~glassy! suspensions of
hard or nearly hard spheres, due to their ability to shear o
into long-lived structures@4–8#.

Highly concentrated suspensions are unique in that
times required for thermodynamic relaxation to equilibriu
may be prohibitively long. This behavior may not be reve
ible, unlike thixotropic or generalized Newtonian materia
and may posses no yield stress. If such a system is prep
in a metastable state, geometrical constraints such as t
imposed by certain shear ordered microstructures, will c
tribute to the rheological behavior in a measurable way.
this paper we will examine, via light scattering and rheolo
cal measurements, shear-induced microstructures in con
trated dispersions of polymethylmethacrylate~PMMA!
spheres swollen in benzyl alcohol. These suspensions h
been found to behave as soft spheres with a repulsive 1r 20

interparticle potential, and to exhibit equilibrium and she
induced nonequilibrium phases similar to those found
sterically stabilized suspension of PMMA ‘‘hard sphere
@4–6,9–11#. In the glassy phase, the microgel suspensi
are capable of maintaining a metastable, shear oriented
upon cessation of flow. As determined by light scatterin
these nonequilibrium microstructures consist of ordered l
ers of hexagonal-close-packed~hcp! planes, randomly
stacked parallel to the the direction of the shear gradien
simple shear. The closest-packed direction can be orie
either parallel to the velocity or vorticity direction, depen
5812 © 1997 The American Physical Society
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55 5813MICROSTRUCTURE-DEPENDENT VISCOSITY IN . . .
ing upon the initial preparation. A description of these init
microstates relative to the stacking of hexagonal-clo
packed planes of particles will be addressed in Sec. II.

We will show that the creep response associated wit
given shear-induced structure, which differs in its close
packed direction relative to the direction of flow, is the res
of a viscous, strain-dependent reordering of the microstr
ture. Here, the viscous response of these given states ca
measured as an instantaneous viscosity and correlated
their microstructural evolution. The relaxation of elastica
stored energy in these microgels is found to be comp
within less than 2 s, and presumed due to local particle
formation. The linear dynamic rheological response of th
microstructures have been found to be similar, and result
these measurements will also be presented.

II. EXPERIMENTAL DETAILS AND RESULTS

The particles, referred to as PMMA microgels, were p
pared by emulsion polymerization of methyl methacryla
with 10% tetraethylene glycol dimethacrylate as t
crosslinker, and have been discussed previously@12#. When
dispersed in benzyl alcohol, particle swelling occurs. Th
nonswollen radius is 150 nm, swelling to 324 nm when d
persed@6#. For the swollen particles, an effective volum
fraction may be defined asf*5@h#C/2.5. This is obtained
by comparing Einstein’s dilute limit expression for the r
duced viscosity of a suspension of hard spheres with
power series expression in concentration,C. Here,@h# is the
intrinsic viscosity measured for the suspensions in the li
of vanishingC, and has been found to be@h#536 ml/g, via
capillary viscometry measurements. Although parti
deswelling and deformation will lead to effective volum
fractions in excess of 0.749, the maximum packing fract
for hard spheres, the effective volume fraction obtained fr
the above definition has been shown to be a useful sc
variable in characterizing the suspension viscoelastic, e
librium, and nonequilibrium phase behavior@6,12#.

Rheo-optical studies were performed utilizing a Boh
Instruments constant stress rheometer. Equipped with a g
C14 concentric cylinder shear cell, the rheometer was use
measure the creep and recovery compliance and dyna
moduli, while simultaneously monitoring suspension mic
structure. The radius of the rotating inner bob is 7 mm, w
a gap size of 0.7 mm between the bob and fixed outer c
The temperature of the shear cell was not controlled and
to the ambient value (;2062 °C). To prevent solven
evaporation, a solvent trap consisting of a knife edge
trough filled with benzyl alcohol was utilized. The low vola
tility of benzyl alcohol, coupled with the solvent trap, a
lowed measurements to be made over a period of days
no appreciable evaporation. Viscosity as a function of
plied shear stress was periodically measured to monitor
volume fraction changes due to solvent evaporation.

The scattering geometry of the rheo-optical couette
shown in Fig. 1. Here a helium cadmium laserl
5442 nm) probed the suspension microstructure appr
mately in the velocity-vorticity plane, the magnitude of th
scattering vector being defined asuku5uk i2ksu
5(4pn/l)sinu/2. Here,k i andks are the incident and sca
tered wave vectors, respectively,n is the solvent refractive
l
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index,u is the scattering angle, andl is the radiation wave-
length. To reduce the effects of refraction, the couette w
immersed in a rectangular index matching bath of glyceri
and the scattering imaged directly on the front of the ind
bath container. The observed scattering patterns were v
taped for digitizing and analysis.

The rheo-optical measurements made in this work spe
cally examine the rheological consequences of differ
shear-induced microstructures. These microstructures
distinct, as can be seen from the light diffraction scatter
patterns shown in Figs. 1~a! and 1~b!. Similar scattering pat-
terns to these have previously been observed in charged
sterically stabilized suspensions of colloidal spheres s
jected to shear flow@4,13#. Sample preparation consisted
shearing the suspension at a rate of approximately 66 s21 for
300 s, followed by 180 s of quiescence. This shearing orie
the microstructure to produce the observed scattering sh
in Fig. 1~a!. This structure was the initial state of the samp
for measurements denoted as presheared. Preparation o
microstructure associated with Fig. 1~b! was the same as th
presheared, except the bob was moved vertically up
down after the initial shearing. This microstructural orien
tion is termed pre-fcc. Such a name is chosen as the pre
structure evolves under strain into one of the twins ass
ated with a fcc crystal@see Figs. 1~c! and 1~d!#, as will be

FIG. 1. Scattering images from structures identified as rand
stacked hexagonal-close-packed planes with the closest-packe
rection oriented parallel to~a! the velocity direction~presheared
structure!, and~b! the vorticity direction~pre-fcc structure!. ~c! and
~d! are typical face-centered-cubic twin structures. The dark ce
in the scattering patterns is a beam stop. The schematic cell diag
presents a top view where the sample is contained between the
circles representing the outer stationary couette wall and the in
rotating wall. The square represents the index matching bath
the bottom wall in this figure, being the position where the acco
panying scattering patterns are projected. Thek-space unit vectors
apply to the region in the sample where the scattered vectoks
originates.
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5814 55S. E. PAULIN, BRUCE J. ACKERSON, AND M. S. WOLFE
made clear in the discussion. The number of vertical rep
tions varied from 25 to 100 depending upon the sample v
ume fraction, with the larger number being required
higher concentrations. The time and rate of preshearing,
escence time, and number and amplitude~;strain of one! of
vertical repetitions, were all determined by experience w
the microgels as reasonable parameters which brough
sample back to some uniform initial state. Reproducibility
the observed scattering was reasonable, although no co
tent and quantitative measurements of spot intensity or w
were made during this set of experiments. Concentration
the samples examined was sufficiently large that these
crostructures remained for an indefinite period of time on
induced, thus allowing them to be rheologically probe
However, in some samples a brightening and narrowing
the observed intensity maxima in the scattering patterns
cured over a period of hours, perhaps due to the annealin
local defects. Therefore, to ensure consistency, meas
ments were made on structures within approximately fi
minutes after induction.

In our creep measurements a constant stress is applie
the inner bob of the couette cell and the resulting motion
the bob is quantified in terms creep, the measured strain
vided by the applied stress. Creep depends on both the
cous and elastic properties of the medium. In the recov
portion of a creep measurement, the stress on the inner b
eliminated and creep recovery to the original unstressed s
is monitored. Energy stored in elastic deformation will res
in creep recovery. Energy lost to viscous heating will sh
no recovery. In general, there is only partial recovery due
viscous losses or slip.

Stress dependent creep,Js(t), and creep recovery
Jr ,s(tc ,t), measurements were made on the two microstr
tures at effective volume fractions off*51.22, 1.03, 0.783,
and 0.681, over a series of discrete times ranging fromt
52 s to 2.23104 s. Here the subscripts on the complian
functions are to denote that they are stress,s, dependent.
Measurements were repeated over a range of applied str
for each effective volume fraction. Typical stress-depend
creep behavior for these two structures are shown in F
2~a! and 2~b!, for f*51.03 ats55 and 8 Pa, respectively
The initial oscillation at short times appears in nearly
measurements. We do not observe these oscillations du
creep recovery. It is believed that this oscillation is due to
controlling circuitry of the rheometer. The distinct form fo
each creep function at increased times is peculiar to the
tial microstructural state and applied stress. The open cir
in each graph correspond to the starting microstruct
shown in Fig. 1~a!, and the solid circles that of Fig. 1~b!.

Creep measurements typically exhibit both elastic a
dissipative relaxation processes. Therefore, recovery m
surements were made as a function of creep time in orde
decouple the elastic and dissipative memory effects in
microgels. The total recoverable strain measured for sev
applied stresses and over a series of different applied tim
tc , is shown in Fig. 3. Here, the suspension was prepare
either the presheared or pre-fcc state, as indicated by
open and filled symbols, respectively. The total recovera
strain is found to be nearly constant over all time sca
measured, and independent of the microstructure. This re
indicates that the suspension is elastically relaxed wit
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.2 s, the shortest time scale which could be probed, du
instrumental inertia. These results clearly indicate a pur
dissipative mechanism as being responsible for the mo
tonic increase in strain as a function of time, accompanied
viscous restructuring of the suspension as observed via
scattering.

FIG. 2. Typical nonlinear strain response vs time forf*
51.03. ~a! s55 Pa:s, presheared structure;d, pre-fcc structure.
~b! s58 Pa:s, presheared structure;d, pre-fcc structure.

FIG. 3. Typical measured recoverable strain as a function
time. f*51.03: s, 0.14 Pa;n, 1.0 Pa;,, 5.0 Pa;h, 10.0 Pa.
Open symbols represent the initial structure as presheared,
closed symbols as pre-fcc.
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55 5815MICROSTRUCTURE-DEPENDENT VISCOSITY IN . . .
Since the microgels exhibit a constant recoverable st
for all applied stresses and over all measurable times, it
expected that linear creep behavior would be found dire
from the creep measurements, provided strains were
below some critical value. Due to the effects of instrumen
inertia and the range of stresses examined, small strain
havior obtained with the C14 couette was obscured. Ho
ever, a limited amount of small strain data was obtained
thef*50.783 suspension, utilizing a stainless steel dou
gap couette. Due to its smaller inertial mass and appr
mately two orders of magnitude decrease in minimum
plied stress compared to the C14 cell, the oscillations
small strains were minimized. Although light scatterin
could not be used to monitor microstructure in this measu
ment, the same procedure was used which consistently
duced presheared and pre-fcc microstructures in the g
couette. These results are shown in Fig. 4, wheres, n, and
h represent applied stresses of 0.3, 0.14, and 0.092 Pa
spectively. The solid line represents data obtained for a
fcc structure at a stress of 0.092 Pa, and the symbols tho
presheared structures. The arrows indicate the point in t
where each creep curve reaches a strain of 0.03. As sh
for strains<3%; each curve scales on stress~the creep val-
ues are identical!, indicating linear viscoelastic behavio
Here, the critical strain of 3% is similar to that found
dynamic measurements for this sample, above which
have found nonlinearities in the moduli to appear.

Constant stress dynamic moduli were measured in the
ear regime for each induced microstructure, at probing
quencies ofv50.001–5 Hz. These results are shown
Figs. 5~a! and 5~b!. The lack of frequency dependence of t
moduli for v below 0.1 Hz indicates that the microgels b
have as a viscoelastic solid up to probing times of 1000
This is similar to the general behavior of glassy or crystall
polymers, where deformation of the network results in a v
broad plateau region, due to hindered mobility of the po

FIG. 4. The creep compliance for presheared structures
function of stress for thef*50.783 sample.s, n, andh represent
applied stresses of 0.3, 0.14, and 0.092 Pa, respectively. The
line represents a pre-fcc structure at a stress of 0.092 Pa. The a
indicate the point in time where, for each applied stress, the st
reaches 0.03.
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mer @14#. Examination of the harmonic content of the me
sured strain resulted in negligible contributions by freque
cies other than the fundamental. As shown, there is
similarity in the moduli as a function of the microstructur
Here, the presheared and pre-fcc microstructures are i
cated by open and filled symbols, respectively.

III. DISCUSSION AND CONCLUSION

We have shown that microstructures in glassy PMM
microgel suspensions, which are geometrically different re
tive to the direction of flow but are thermodynamically sim
lar, exhibit dramatically different creep behaviors. Althou
each structure is metastable in these concentrated micro
the difference in orientation results in vastly different stra
behavior for a given applied stress. However, linear dyna
viscoelastic measurements support the essential similarit
microstructure near ‘‘equilibrium,’’ while further elucidating
the solidlike behavior of these suspensions.

The microstructures found in previous studies of she
induced states of colloidal suspensions are relevant to
study presented here@4,13#. Real-space geometric structure
associated with shear-induced microstructures are depi
schematically in Figs. 6~a! and 6~b!. Here the registered
stacking of three hexagonal-close-packed~hcp! layers of par-
ticles are represented asA, B, andC. If the first layer is
A, it can be seen from Fig. 6~a! that there are two possibl
choices for the stacking of the second layer relative toA.

a

lid
ws
in

FIG. 5. The~a! storage and~b! loss moduli vs frequency.s,
f*51.218; ,, f*51.03; h, f*50.783. The open and close
symbols represent presheared and pre-fcc initial microstruct
states, respectively.
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These are demarcated by the centers of the dashed trian
Depending upon the crystal structure to be formed, one m
specifically place this second layer either in theB position or
theC position, or a choice ofB or C made at random. If the
selection of layer positions relative to the preceding layer
not random, then specific crystal structures may be c
structed. Choosing a stacking sequence ofABAB... or
ACAC... results in a three-dimensional close-packed str
ture, whileABCABC... or ACBACB... results in a face-
centered-cubic structure. If the position choices are mad
random, then a random stacking of layers results. In gene
steady and oscillatory shear can result in metastable mi
structures which consist of such a random stacking of
hcp layers @4,13#. It is, however, the orientation of th
closest-packed direction within these planes, relative to
direction of flow, which has observable rheological con
quences in steady shear. The closest-packed direction of
6~a! is along the direction of flow, while, in Fig. 6~b!, it is
perpendicular to it. The real space structure of 6a is ass
ated with the scattering shown in Fig. 1~a!. This microstruc-
ture may easily accommodate an unlimited amount of str
provided the shear rate is low enough such that the clo
packed planes themselves do not become disrupted.
layers slide past one another while still maintaining regis
tion relative to neighboring layers, following a more or le
zigzag line as shown in Fig. 6~a!. Thus it would be expected
that no large structural evolution would occur during a lo
but steady applied shear. If the closest-packed directio
aligned along the vorticity direction, the passage of layeB
over layerA is limited as shown by the double-headed arr
in Fig. 6~b!. A random stacking of hcp planes, with th
orientation relative to flow, results in the scattering exhibit
in Fig. 1~b!. A limited amount of strain (;1) will remove

FIG. 6. Stacking of hexagonal-close-packed layers of partic
See text for details.
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the randomness in layer positions. As all the layers shif
one extreme position, a sequence ofABCABC... or
ACBACB... stacking results, which is indicative of a fc
structure. The observed scattering resulting from these
twins is shown in Figs. 1~c! and 1~d!. Further strain of this
structure begins to move the layers beyond the caged re
marked by the dashed triangles, eventually disrupting the
microstructure. In the scattering, this process is observe
the evolution of microstructure from an fcc structure ba
into the random stacked hcp alignment of Fig. 1~a!. The
creep behavior observed in Fig. 2 supports the geometr
considerations above, as the fcc structure exhibits a sm
strain for the same applied stress and measurement time
the structure which allows unlimited and relatively easy sl
page of hcp layers. It is simply easier to slide layers past
another as in the structure of Fig. 1~a! than to restructure and
eventually reorient the hcp planes in a strained fcc struct
The transition shown in Fig. 2~a! near 104 s is observed to
correspond to the reorientation of hcp planes from
ABCABC... stacking sequence to one which is random.
larger applied stresses, this transition is observed to broa
and shift to smaller times.

The recoverable strain is observed to be constant a
function of time and independent of changes in microstr
ture ~see Fig. 3!. Furthermore, the creep recovery is the sa
independent of the applied stress~see Fig. 9!. This means
that the sample elastic response is the same regardless o
strain deformation of the sample. Such a behavior indica
the elasticity is due to local microstructure and/or parti
deformation. The creep recovery relaxation time is less t
2 s in all measurements. Thus the time variation seen
creep measurements~for times greater than the elastic rela
ation time! must be due to changes in the viscous dissipati
and caused by changes in the sample microstructure. An
mediate consequence is that an instantaneous viscosith i
may be calculated directly from the creep functions

1

h i~g!
[
dJs~ t !

dt
. ~1!

This instantaneous viscosity is shown forf*51.03 at s
55 Pa in Fig. 7, along with scattering patterns associa
with the viscous response under constant applied stress.
peaked curve, indicated by the filled circles, is the measu
instantaneous viscosity versus strain for the pre-fcc struct
The corresponding scattering patterns labeledA–E are asso-
ciated with the evolution of this structure at the indicat
strains. It is observed that this structure evolves from tha
random stacked hcp planes, to that of a fcc twin, and fina
to a structure similar to the presheared structure. Defor
tion of the presheared structure is indicated by the o
circles, and is observed to be relatively constant, indicat
the slippage of layers past one another without catastro
reorganization of the layers. The scattering pattern for suc
structure is identical to that of imageF, and shows relatively
little evolution under the stresses applied, compared to
of the pre-fcc structure. Thus the suspension microstruc
is in two different initial states which evolve differently un
der applied stress, and ultimately end up in the same fi
microstructural state. This evolution is reflected in the inst
taneous viscosity. Here, differences in instantaneous vis

s.
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55 5817MICROSTRUCTURE-DEPENDENT VISCOSITY IN . . .
ity appear negligible at small strains, but increase dram
cally as the strains become large enough to significa
disrupt the structure. The instantaneous viscosities again
proach the same value as the microstructures approach
lar closest-packed orientations. These results are qua
tively consistent with the earlier geometrical interpretatio
In these data, the pre-fcc sample preparation microstruc
typically shows a fcc twinning at strains less than 1.0, wh
is maintained through the peak. Ash i starts to decrease, th
fcc twin begins to exhibit some distortion, which typical
worsens as the strain increases andh i levels off. However,
the observed form ofh i and strains at which it peaks need
be treated with caution. For a given effective volume fra
tion, they depend on the applied stress. It is also obse
that while the general form of the curve may be the sam
variation in the peak viscosity of up to 30% can occur
repeated runs. The scattering appears the same for these
indicating either the lack of sensitivity in the scattering
predict detailed creep behavior or the need for a more car
intensity measurements. The initial rise inh i at a strain of
about 0.2 is a common feature for nearly all of our data. T
increase in viscosity may be associated with the formation
one of the fcc twins. As expected from the creep curv
measurements ofh i at applied stresses larger than that
Fig. 7 typically show a broadening of the peak. Here,
instantaneous viscosity peaks at a lower value as the stre

FIG. 7. The instantaneous viscosity as a function of strain
f*51.03 ands55 Pa, representing a typical result for samp
prepared in a presheared and pre-fcc microstructural state. Th
served microstructure is shown by the above scattering ima
which correlate with the viscous response, as noted byA, B, C,
D, andE. ImageF corresponds to the presheared state. The in
sity maxima observed outside the first order scattering ring are
first order scattering maxima but originating from the rear port
of the sample which the laser probe intersects.
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increased. This is shown in Fig. 8, whereh i for the fcc
structure is plotted forf*50.783 at applied shear stresses
0.3–0.5 Pa. This change in the microstructural and rheolo
cal transition behavior with applied stress may at first app
surprising, but these stresses are within the shear thin
regime for steady state viscosity measurements. The stac
model above cannot account for this behavior, as Brown
motion and hydrodynamic and interparticle interactions
not included, and these are needed to understand shear
ning.

Perhaps more surprising are the results shown in Fig
Here, it is observed that the recoverable strain scales on
applied stress. Under deformation, it appears that the sus
sion elastically stores some of the input energy in a mec
nism which responds linearly with stress. The suspens
would rather viscously alter its microstructure than elas

r

ob-
s,

-
so

FIG. 8. The instantaneous viscosity as a function of stress
strain for a pre-fcc state,f*50.783. ~s!, s50.3 Pa. ~d!, s
50.35 Pa.~,!, s50.4 Pa.~.!, s50.45 Pa.~h!, s50.5 Pa.

FIG. 9. Recoverable strain shown in Fig. 3 scaled on app
stress.f*51.03: s, 0.14 Pa;n, 1.0 Pa;,, 5.0 Pa;h, 10.0 Pa.
Open symbols represent the initial structure as presheared,
closed symbols as pre-fcc.
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cally store energy in a nonlinear way. This recovery behav
could be realized by a mechanism that stores elastic en
in local static particle configurations. Under applied stre
the local configuration would be altered from its metasta
state, against the restoring forces due to particle deforma
If the suspension is strained beyond some critical value,
microstructure viscously evolves while keeping the elas
energy stored in the altered configuration constant. Thi
not contradictory to fact that the applied stresses are in
shear thinning regions, as any stress strain relationship
be considered linear provided the strains are small eno
Here, the strains associated withparticle deformationmay be
small enough, and be maintained during restructuring of
suspension under flow. These considerations are corr
rated by the observations of Berry, Hager, and Wong in
lutions of poly~a-methylstyrenes! @15#. They found that ex-
ceeding a critical stress is a necessary but not suffic
condition to bring about nonlinear viscous flow. A critic
strain must also be exceeded, which is suggestive of a
cous microstructural transition with strain, like that observ
in our experiments presented here. They defined the foll
ing functions to describe nonlinear behavior in creep:

Dg~ t !5gh~ t !2st/h0 , ~2!

gh~ t !5sJs~ t !2g r ,s~ t,`!, ~3!

wheregh represents the viscous contribution to strain due
a nonlinear creep measurement,st/h0 the viscous contribu-
tion to strain in the linear limit whereh0 is the low shear rate
plateau viscosity, andg r ,s(t,`) the measured recoverab
strain. It can therefore be seen thatDg(t) represents a de
parture from linearity when greater than zero. Berry, Hag
and Wong found thatDg(t)50 for strains up to some criti
cal value,gc , above whichDg(t) increases for their mate
rials. This is observed in spite of applied stresses being in
shear thinning region. Below some critical stress, of cou
there is no nonlinearity found in the creep behavior, even
strains an order of magnitude larger thangc . In the micro-
gels, the measurement ofJs(t) provides a direct measure o
the critical strain because the system is elastically rela
~for times greater than 2 s!. Behavior similar to that found by
Berry, Hager, and Wong is found, as shown in Fig. 4. He
the arrows denote the critical strain ofgc;0.03 for each
stress. The curves scale until the corresponding critical st
is reached. It should be noted that the presheared struc
appears to offer a greater resistance to flow than that of
pre-fcc structure contrary to the geometrical interpretat
posed earlier. It is unlikely that this is a result of anomalo
initial microstructures in these measurements, as this be
ior has also been observed at small strains in thef*51.22
sample in the glass couette. Here, the scattering verified
presheared and pre-fcc microstructures. The local hopp
from one registration site to another is in the direction of
applied force, and is more direct in the pre-fcc structu
provided it is not pushed too far. The local hopping in t
presheared samples is not parallel to the applied force, w
implies some reaction force from the sample, and gre
resistance to flow. Another possible explanation relies on
role defects play in the presheared structure. The preshe
structure generally exhibits a more prominent diffuse Deb
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Scherrer ring than the pre-fcc structure, indicating regions
defectlike or liquidlike order existing along with layere
structures. It is possible that due to this liquid order, t
pre-fcc structure resists flow less than the presheared s
ture, at small strains greater than the critical strain, but be
those producing significant restructuring. Of course, in sp
of defects and regions of liquidlike order, the pre-fcc stru
tures exhibit an increased resistance to flow as the mi
structure evolves into a full fcc twin.

Since creep and recovery measurements indicate an u
bound of about 2 s for the elastic relaxation time, one e
pectsG8 to exhibit the behavior of a viscoelastic liquid, an
monotonically decrease with decreasingv for v<0.5 Hz.
Evidence of the elastic nature of the microgels as due
particle deformation lies in this discrepancy between the
per bound relaxation time observed in the creep meas
ments, and the time scales over which this broad platea
found in the dynamic moduli. If a mechanism other th
particle deformation were responsible for the elastic rel
ation, say a configurational relaxation, then this would
reflected in the low frequency response ofG8 andG9. Pre-
vious studies of sterically stabilized dispersions of silica h
spheres have observed a high frequency plateau, followe
a roll-off to a slope of 2 when examined over a frequen
range of 0.01–100 Hz. This is an indication of a liquidlik
response and a single Maxwellian relaxation process@7#.
Here the suspensions were not sufficiently concentrated t
glassy, and enough particle mobility was present to all
thermal motion to relax the particle configuration back
equilibrium faster than the rate of perturbation at low fr
quencies. Increasing volume fractions into the glassy reg
shifted the observed plateau to lower frequencies, pres
ably reflecting the increased Brownian relaxation time as

FIG. 10. Measured suspension moduli versusf* . s and ,

representG8 at v51 and 0.006 rad/s, respectively. Open a
closed triangles represent presheared and pre-fcc microstruct
respectively;d, 1/Jrecoveryfrom recovery measurements. Here, pr
sheared and pre-fcc microstructures resulted in nearly identica
coverable compliances. Results for both structures are include
this symbol.
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ciated with self diffusion. In the microgels, we do not belie
the observed plateau to be related to a self diffusive proc
but rather to be a result of global structure. The finite lo
modulus reflects the dissipative nature of compressively
forming a network of connected microgel spheres under
plied stress. In the microgels, the local nature of this de
mation can be observed in the similarity of the dynam
moduli as a function of presheared and pre-fcc structu
reflecting the common response of the particles in these
structures in the limit of small strains. When flow is induc
under constant applied stress, purely dissipative proce
take over, and the suspension behaves as a material
fading memory. Since De is very large given our experim
tal observation times, the microstructure is ‘‘locked’’ in
metastable state, and diffusive relaxation is negligible. T
measured microstructure-dependent instantaneous visco
are a direct manifestation of this dissipative evolution, w
the elastic recovery reflecting the locally deformed partic
of the microgel network.

Fitting a straight line to the plot of average total recov
able strain versus stress provides a measure of the rec
able compliance,Jrecovery. A comparison of 1/Jrecovery with
the measured value ofG8 at v51 and 0.006 rad/s is show
in Fig. 10. The f*50.681 data were incomplete, an
Jrecovery not determined. AlthoughJrecovery is typically mea-
sured at strains associated with nonlinear behavior and
time scale shorter than that probed in the dynamic meas
ments, agreement between the two is observed. We be
tis
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that this is due to the unique compressive nature of the
work formed by these microgels, and thatJrecovery is there-
fore a measure of the glassy compliance. This is poss
given that the measured elastic recovery is local in natu
and not due to global bulk microstructure. This raises
interesting question as to the existence of a true yield st
in these suspensions, although recent measurements
sensitive Zimm viscometer has not found one.

In summary, the instantaneous viscosity has been de
mined for a soft sphere suspensions of PMMA spheres sw
len in benzyl alcohol. Two separate shear-induced mic
structures were examined as a function of strain, and fo
to exhibit dramatically different behavior. This result wa
obtainable due to a short elastic relaxation time compare
measurement times, presumably associated with particle
formation. In addition, the storage of elastic energy in the
suspensions appears to result from a linear deformation
the particles under applied stress, as the total recover
strain exhibits scaling on stress. Dynamic measurement
the loss and storage moduli indicate particle deformation
the form of a microgel network, as well as a lack of sen
tivity to the microstructures examined.
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