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Synopsis

e carried out systematic creep tests after different times of rest and over sufficiently long times
ith pasty materials of various internal structures in a Couette geometry. From an analysis of the
ata taking into account the inertia of the system and the heterogeneous distribution of stress, we
how that: �i� for a stress below the yield stress these materials remain solid but undergo residual,
rreversible deformations over long time which exhibit some trends typical of aging in glassy
ystems; �ii� as a result of thixotropy �or aging� in the solid regime the elastic modulus increases
ogarithmically with the time of rest; �iii� in the liquid regime the effective behavior of the material
an be well represented by a truncated power-law model; �iv� a fundamental parameter of the
olid-liquid transition is a critical effective shear rate �associated with the yield stress� below which
he material cannot flow steadily. © 2006 The Society of Rheology. �DOI: 10.1122/1.2337259�

. INTRODUCTION

Many materials of industrial importance such as paints, mining suspensions, printing
nks, foodstuffs, drilling fluids, cement pastes, foams, etc., are pasty materials exhibiting
n apparent yield stress which may be determined with the help of various techniques and
rocedures �Coussot �2005��. The effectiveness of the existence of this yield stress was
he subject of some debate �Barnes and Walters �1985�� and, although it was concluded
hat the yield stress is an engineering reality �Hartnett and Hu �1989�; Astarita �1990�,
paans and Williams �1995��, the origin of extremely slow flows for stresses below the
pparent yield stress �Barnes �1999�� has not been much discussed yet in literature.
esides, pasty materials also often appear as materials exhibiting thixotropy, generally
nderstood as an increase of the apparent viscosity at rest and a decrease under shear
Mewis �1979�; Barnes �1997��. Although satisfactory models have been proposed for
odeling simple yield stress fluids �Bird et al. �1982��, this is not the case for modeling

�
Author to whom correspondence should be addressed; electronic mail: philippe.coussot@lcpc.fr

2006 by The Society of Rheology, Inc.
975. Rheol. 50�6�, 975-994 November/December �2006� 0148-6055/2006/50�6�/975/20/$27.00



t
U
H
s
r
i
a
e
d
y
i

t
n
t
c
q
a
w
c
d
m
t
g
e
w
h
e
p
e
L
�
o
a

p
h
f
b
w
�
�
B
�
e
t
m

m
s

976 COUSSOT et al.
hixotropy, for which various models have been suggested �Chan Man Fong et al. �1994�;
sui �1995�; Mujumdar et al. �2001�; Coussot et al. �2002b�; Roussel et al. �2004�;
uynh et al. �2005�; Dullaert and Mewis �2005�� but not confirmed by a comparison with

ystematic measurements under very different experimental conditions. This difficulty
esults from the much more complex characteristics to be taken into account for describ-
ng thixotropy. Finally, thixotropy is often not taken into account in practice, because of
lack of simple, systematic, relevant procedures to characterize it. We also remark that,

ven if some of these mechanical models assumed the existence of a �sometimes time-
ependent� yield stress, they generally considered thixotropy as a property independent of
ielding. Recently, it was nevertheless suggested that thixotropy and yielding are two
ntimately linked properties �Coussot et al. �2002a��.

Recently, pasty materials, which exhibit both a solid and a liquid regime, also became
he object of strong interest from physicists who see in them a specific class of materials,
amely soft-jammed systems, capable of undergoing a kind of glass transition at ambient
emperature. Thus, the similarity of jammed systems with glassy materials might help
larify some aspects of glass behavior �Bonn et al. �1999��. At this stage two common
ualitative characteristics of soft-jammed systems have been identified, namely jamming
nd aging �Liu and Nagel �1998��, respectively, associated with the existence of a net-
ork of interactions between elements in the liquid and with the out-of-equilibrium

haracter of these systems made of a great number of elements undergoing rearrangement
ue to thermal agitation. These two characteristics are in fact directly related to two basic
echanical properties: yielding and thixotropy, which shows that these physical proper-

ies can be studied at a macroscopic scale. Recently, aging characteristics similar to
lasses �Struik �1978�� were shown for model colloidal gels �Cloitre et al. �2000�; Derec
t al. �2000�; Cipelletti et al. �2000�� with, for some aspects, straightforward relationships
ith internal structure �Cloitre et al. �2003�; Ramos and Cipelletti �2005��. Besides, there
ave been recently nice predictions of the elastic �Seth et al. �2006�� or viscoelastic �Shah
t al. �2003�� properties of particulate gels from the particle interactions and significant
rogress in the understanding of the “cage effects” in dense suspensions �Gopalakrishnan
t al. �2004��. At last some original aspects of aging in colloidal systems �Viasnoff and
equeux �2002�� were explained by a modified version of the soft-glassy-rheology model

Sollich et al. �1997�; Hébraud and Lequeux �1998��. The complete predictions in terms
f yielding and aging of this promising rheophysical model was reviewed by Fielding et
l. �2000�.

In order to progress in this field, it seems useful to identify general rheophysical
roperties predicted by some physical theoretical model. However, recent observations
ave shown that the flow of soft-jammed systems may be more complex than expected
rom basic yield stress models: flow curve with a minimum indicating some flow insta-
ility �Coussot et al. �1993�; Cheng �2003��; shear-banding, although homogeneous flow
as expected for concentrated suspensions �Mas and Magnin �1994�; Pignon et al.

1996�; Coussot et al. �2002c�; Varadan and Solomon �2003��; foams �Rodts et al.
2005��; emulsions �Becu et al. �2004�� and micellar solutions �Cappelaere et al. �1997�;
ritton and Callaghan �1997�; Decruppe et al. �2001�; Salmon et al. �2003�; Hu and Lips

2005��; viscosity bifurcation around a critical stress �Coussot et al. �2002a, b�; Da Cruz
t al. �2002��; apparent wall slip with rough walls �Herzhaft et al. �2003��. This suggests
hat one still has to identify the fundamental, generic rheological properties of these

aterials, as they might not be exactly those retained up to now.
Here, we intend to get a further view of the effective, common characteristics of the

echanical behavior of aging jammed systems. In this aim we chose three soft-jammed

ystems of very different internal structures, and carried out careful and systematic creep
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977AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
ests with different stress values and times of rest. We thus could observe more precisely
he characteristics of the solid-liquid transition and the characteristics of aging at rest. In
articular we show that �i� for a stress below the yield stress these materials remain solid
ut undergo residual, irreversible deformations over long time which exhibit some trends
ypical of aging in glassy systems; �ii� as a result of thixotropy �or aging� in the solid
egime the elastic modulus increases logarithmically with the time of rest; �iii� in the
iquid regime the effective behavior of the material can be well represented by a truncated
ower-law model, �iv� a fundamental parameter of the solid-liquid transition is a critical
ffective shear rate �associated with the yield stress� below which the material cannot
ow steadily. We start by presenting the materials and procedures �Sec. II�. Then, we
eport the results and analyze them �Sec. III�. Finally, we propose some further physical
nterpretation of these results �Sec. IV�.

I. MATERIALS AND PROCEDURES

. Materials

We used a bentonite suspension at a solid volume fraction of �=5% �see character-
stics of material and preparation in �Coussot et al. �2002a���, a mustard �Maille, France�,
nd a hair gel �Vivelle Dop, France�. Here, we will simply give basic elements concern-
ng the internal structure of these materials. The bentonite suspension is made of �smec-
ite� clay particles of maximum length of the order of 1 �m and of large aspect ratio �of
he order of 100�. Water molecules of the suspending phase tend to penetrate between the
lementary layers composing each particle, which thus swell. As a consequence, in a
iven volume of water these colloidal particles are squeezed against each other but also
nteract via electrostatic forces due to the existence of exchangeable cations forming a
ouble layer at some distance from the particle surface. The structure is finally hetero-
eneous at a local scale, mainly composed of particle stacks and pure water volumes �see
or example Roy et al. �2000��, but still forms a continuous network. The mustard is a
ixture of water, vinegar, mustard seed particles, mustard oil, and various acids. This is
complex material that we can see as a suspension in an oil-in-water emulsion with a

arge concentration of elements �droplets and particles�. The hair gel is mainly made of
arbopol in water. The structure of a Carbopol suspension is liable to depend on the exact
haracteristics of the material used, but in general its molecules arrange in roughly
pherical blobs, which tend to swell in water �see for example Carnali and Naser �1992��.
s a consequence, beyond a critical concentration the blobs are squeezed against each
ther. The common characteristics of these three materials is that, due to the large con-
entration of their elements �particles, droplets, blobs� which “softly” interact when im-
ersed in a liquid, they form a “soft-jammed” structure.

. Procedures

The reproducibility and relevance of rheometrical data with jammed systems espe-
ially for long duration tests is challenging because various perturbating effects can occur
uch as wall slip, drying, edge effects, phase separation, etc. �Coussot �2005��. In order to
void these problems we used a controlled stress Bohlin C-VOR200 rheometer equipped
ith a Couette geometry �outer cylinder radius: r2=18 mm� with a rough surface �rough-
ess: 0.3 mm� and a six-blade vane �envelope radius: r1=12.5 mm; height: h=45 mm� as
nner rotating part. This geometry yields a flow very close to that for a simple coaxial
ylinder geometry �Barnes and Nguyen �2001�; Raynaud et al. �2002�� and ensures neg-
igible wall slip. Thus, in the following we will consider this geometry as a Couette one.

n order to avoid edge effects the vane bottom was situated at 2 cm from the cup bottom
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978 COUSSOT et al.
o that the torque needed to shear the material below the vane was generally much
maller than the torque needed to shear the material comprised in the gap between the
ane and the outer cylinder. In particular for incipient flows, when the shear stress is
lose to the yield stress, the contribution to torque from the material below the vane is
bout ten times smaller than that from the material in the radial gap. At last the rheometer
eometry was surrounded by a wet sheet in order to minimize drying effects. The ambient
emperature was maintained at 20 °C for all tests.

After its preparation each material was set up in the geometry and presheared during
0 s at a large apparent shear rate, �̇p, so as to reach a state of “rejuvenation” of reference
mustard: �̇p=200 s−1; gel: �̇p=100 s−1; bentonite: �̇p=300 s−1�. Note that the exact con-
itions of rejuvenation can play a role in the behavior of the material observed afterwards
ut we did not study that point in detail. Then, the sample was left at rest �stress equal to
ero� for a time tw and a finite shear stress level was applied at t=0, which is taken as the
rigin of time. The origin of deformation is also taken at this time. Suddenly dropping the
tress to zero effectively does not stop the flow, but in our tests the rapid decrease of the
otor rotation velocity seemed to take not more than 1 s, so that the structure recovery at
est should not be affected by this residual flow as long as tw�1 s. For each material we
arried out systematic creep tests under different torque levels for a given value of tw, and
ystematic creep tests after different values of tw for a given stress level below the yield
tress. We also carried out strain relaxation tests by releasing the stress after different
imes of creep flow tw� for a given time of rest. Some dynamic tests were carried out with
stress amplitude of 0.1 Pa and a frequency f0=1 Hz.

. Interpretation of measurements

Under usual assumptions �negligible inertia and edge effects� it may be shown �Cole-
an et al. �1966�� that in the gap the effective shear stress at the distance r is

�eff�r� =
M

2�hr2 , �1�

here M is the torque applied on the inner tool, while in the limit of small deformations
he amplitude of the effective deformation ��� in time �t� is

�eff�r� = − r
d�

dr
, �2�

n which � is the local angle of rotation, and the amplitude of the effective shear rate, �̇eff,
hich quantifies the relative velocity of cylindrical material layers, is

�̇eff�r� = − r
d�

dr
, �3�

here �= �̇=v	 /r is the local rotation velocity of the material �v	 is the tangential
elocity�. The shear stress decrease from the inner to the outer tool induces a strain
eterogeneity in the gap so that we must distinguish the apparent �or macroscopic� vari-
bles from the effective �or local� variables. In this context the data will first be consid-
red in the standard form, i.e., in terms of the �imposed� apparent shear stress,

� =
M

2�hr1
2 , �4�
nd the apparent deformation ��� in time �t�,
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979AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
� �

�t�r1

�r2 − r1�
, �5�

n which 
 is the angle of rotation of the inner tool, or the apparent shear rate,

�̇ �
�r1

�r2 − r1�
, �6�

n which �= 
̇ is the rotation velocity of the inner cylinder.
The experiments will provide directly an apparent constitutive equation, in the form of

relation between � �deduced from the imposed torque� and � and/or �̇ �deduced from
he measured rotation angle�, and we will seek the effective constitutive equation in
imple shear in the form of a relation between �eff and �̇eff. Although the stress hetero-
eneity may appear as a source of complication for interpreting data, we emphasize that
t has the great advantage to provide a controlled heterogeneity. This contrasts with the
one and plate geometry, which supposedly yields a homogeneous distribution of the
tress, but in which with pasty materials some slight perturbations can lead to strong
hear localization in an uncontrolled way �Coussot et al. �2002c�; Coussot �2005��.

Note that as long as the material behaves as a simple viscoelastic solid the strain
eterogeneity in the Couette gap does not affect the results from a qualitative point of
iew. Indeed, it may be shown �Coussot �2005�� that in that case �eff is proportional to r−2

like the shear stress�. For example, in that case the integration of �2� using �5� provides
he relation between the effective deformation along the inner ��eff�r1�� or the outer tool
�eff�r2�� and the apparent deformation: �= �x+x2��eff�r1� /2= �1+1/x��eff�r2� /2, with x
r1 /r2. As a consequence, in the solid regime we can reasonably consider the apparent
eformation as some kind of average value of the effective deformation in the gap.

II. RESULTS AND ANALYSIS

. General characteristics

Let us first examine the overall aspect of the ��t� curves for a given time tw and
ifferent stress levels. The behavior of the three materials �see Fig. 1� is qualitatively
imilar: three regimes may be distinguished depending on the stress level. For stresses
maller than a critical value �0, in logarithmic scale the ��t� curves exhibit first a plateau
ollowed by a decrease towards negative values �see Fig. 1�. This regime likely corre-
ponds to the end of the relaxation of internal stresses stored during the preshear. This
tatement is confirmed by the fact that �0 decreases with tw, which means that this effect
ends to disappear as the previous shear history is forgotten. Although the ��t� curves
ppear to be time-shifted by a factor approximately proportional to tw, as already ob-
erved for microgel beads �Cloitre et al. �2000��, suggesting that some aging process
akes place, it is likely that stress relaxation effects play a significant role. This means that
he initial state of the material in terms of internal stresses can hardly be well defined, and
n order to circumvent this problem in the following we will assume that for ���0 the
aterial rapidly forgets its possible uncomplete stress relaxation during the creep tests so

hat this effect can be neglected.
For stresses larger than �0 and smaller than a critical value �c the deformation first

apidly increases, then tends to reach a plateau. Over longer times ��t� goes on slightly
ncreasing but tends to saturate �see Fig. 1�. This effect likely corresponds to the fact that
he initial structure of the material does not break but only undergoes a finite deformation
ven after long times. We suggest that this saturation of the deformation is the hallmark

f the solid regime of pasty materials. The origin of the residual “flow” over long times
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980 COUSSOT et al.
n this �solid� regime will be discussed further below. In this context it seems possible to
dentify a critical deformation, �c, defined as the maximum deformation reachable in the
olid regime. Note that, although in logarithmic scale the slope of the deformation vs time

IG. 1. Typical aspect of deformation vs time curves for different stress levels ��� �from bottom to top� applied
o our soft-jammed systems after a given time of rest: �a� Mustard �tw=50 s� �=0.4, 0.8, 2, 4, 8, 20, 40, 50,
4.8, 57.2, 60 Pa; �b� Bentonite suspension �tw=60 s� �=0.22, 1.1, 4.4, 11, 15.4, 22, 25.3, 28.6, 30.8, 33, 35.2,
7.4, 39.6, 41.8, 44, 48.4, 52.8, 59.4, 66, 110, 220 Pa; �c� Gel �tw=20 s� �=0.8, 4, 6, 8, 12, 20, 28, 40, 50, 56,
0, 63.2, 66.8, 70, 80, 90, 100 Pa. The inclined dotted line is the curve of slope 1.
urve is never exactly zero, this does not correspond to a steady flow. Indeed, let us
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981AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
ssume that over some range of shear rates we have ln �=ln a+b ln t, in which b
1, �in
act, in our data b continuously decreases with time�. In that case �̇=abtb−1, which
ecreases with t. This means that in this regime no stable flow, even extremely slow, can
e expected over long times, in contrast with what was suggested for yield stress fluids
Barnes and Walters �1985�; Barnes �1999��. It is also worth noting that, for the mustard
nd the bentonite suspension, for � very close to �c, the shape of the � vs t curves is
ifferent: the deformation significantly increases in a first period, as if the material was
volving towards the liquid regime, then eventually saturates. This complex behavior is
ikely due to the fact that the material is initially not in its solid regime but evolves
owards it as a result of further restructuring. In that case the critical deformation is more
ifficult to define.

For stresses larger than �c, over long times the ��t� curves tend to a straight line of
lope 1 in logarithmic scale, which means that the deformation tends to increase at a
onstant rate, i.e., �̇app=Cst. This corresponds to the liquid regime of the paste. Note that
or the mustard and the bentonite suspension the transition between the solid and the
iquid regime seems rather abrupt in terms of shear rate. Indeed, for a small increase in
tress from below to beyond �c �see Fig. 1�, the shear rate, found from the position of the
ine of slope 1 in the � vs t curve, increases from zero in the solid regime to a finite value
pparently larger than a critical, finite value ��̇c�. This corresponds to the viscosity bifur-
ation effect already observed for various pasty materials �Coussot et al. �2002a, b�, Da
ruz et al. �2002��, but below we will further analyze these results and discuss how they
ay be affected by the heterogeneity in shear rate in the gap. For the gel there appears to

e, between the range of steady flows and the range of flow stoppage, a range of stresses
say �63; 68 Pa�� for which it is not clear whether the material will ultimately stop or
each a steady flow over very long times. Since in such flows the sheared region is very
hin �see below� this trend might be due to some particular evolutions of the structure of
he gel along the solid surface. As a consequence, here we will assume that steady flows
f the homogeneous gel can be obtained only beyond �c=68 Pa.

. Solid regime

. Flow start

In this regime, over short times �say less than 10 s� the deformation first rapidly
ncreases then tends to reach a plateau but at the same time significantly oscillates �see
igs. 1 and 2�. The reversibility of the deformation associated with this apparent plateau
hen the stress is released, which confirms the solid character of the material in this

egime, will be demonstrated in the next paragraph. More precisely, we can expect that
he material is basically viscoelastic in this regime. The trends observed over short times
ppear typical of a harmonic oscillator so that we can suggest that the oscillations cor-
espond to the response of the viscoelastic material when it is suddenly submitted to a
tress � while there is significant inertia of the system �the inner cylinder and/or the
aterial�.
More precisely, let us assume that the material follows a simple viscoelastic model

Kelvin-Voigt model�,

�eff = G0�eff + �0�̇eff, �7�

n which G0 and �0 are the elastic modulus and the viscosity of the material in the solid
egime, respectively. In that case the solution of the momentum equation taking into
ccount the rheometer inertia but neglecting the inertia of the material provides the

ollowing equation for the evolution of the apparent deformation:
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IG. 2. Deformation as a function of the time for creep tests for different times of rest before shear �from top
o bottom�: �a� Mustard ��=20 Pa� tw=5, 10, 20, 50, 100, 200, 500 s; �b� Bentonite suspension ��=4 Pa� tw

20, 30, 50, 100, 200, 500, 1500 s; �c� Gel ��=40 Pa�, tw=2, 5, 20, 60, 200, 600 s. Indicative dotted line of
lope 2. The insets show the irreversible deformation ��i�, estimated as the deformation minus the ratio of the

�
pplied stress to the initial elastic modulus G�tw�, as a function of the time scaled by tw .



w
o
w
t
l

w
o
F
s

o
o
t
f
b
c
f
p
�
s
l
i
p
l

F
b
e

983AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
I�̈ + ��̇ + G� = ��t� , �8�

here I is the apparent inertia of the system, and �=��0 and G=�G0, in which the value
f � takes its origin in our specific definition of the apparent deformation for such a
ide-gap geometry: �=2/ �x+x2�. Note that the value of I can be determined experimen-

ally from a creep test without material since in that case the second and third terms of the
eft-hand side of �8� drop, leading to �= �� / I�t2.

When 4GI��2 the solution of Eq. �8� for a stress step after some time at rest is

��t � 0� =
�

G
�1 − � sin��t�

�	
+ cos��t��exp −

t

	
	 , �9�

ith 	=2I /� and �=
4GI−�2 /2I. According to �9� the initial deformation variations
ver very short times should be proportional to t2, which is the case for our data �see
igs. 1 and 2�, and the average level of the deformation �e of the �first� plateau is at first
ight effectively proportional to � �see below�.

We can compare more precisely the predictions of this model with our data in the
scillation regime by fitting the values of 	 and � to the � vs t curves in the initial range
f times. It appears that for the gel and the bentonite suspension the agreement between
heory and experiments is very good �see Fig. 3�, especially for sufficiently large tw and
or stresses not too close to �c. For short times of rest �say less than 100 s for the
entonite suspension and 60 s for the gel� there is some slight discrepancy which in-
reases as tw decreases. This discrepancy also increases as the stress approaches �c. In
act, in those cases the frequency and amplitude decay of the oscillations are still well
redicted by the model but the amplitude of the experimental asymptotic deformation
before the aging stage� is slightly larger than predicted by theory. This suggests that for
hort times of rest or when the stress approaches �c there is some significant, additional
iquid or plastic flow during the very first times of flow which is not taken into account
n the Kelvin-Voigt model. This effect may in particular be observed in Fig. 4, where we
lotted the plateau deformation ��e� as a function of the stress: �e departs from a straight

IG. 3. Deformation in the very first time for creeps tests with gel �tw=200 s� �upper curve� and with the
entonite suspension �tw=100 s� �lower curve�. The dotted curves correspond to the model �5� fitted to the
xperimental curves.
ine as the stress approaches �c. In contrast the frequency of oscillations is independent of
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984 COUSSOT et al.
he stress level �cf. Fig. 1�. In the following the value of the elastic modulus as deduced
rom the frequency of oscillations will be referred to as the elastic modulus �G� in the
olid regime.

For the mustard the things are slightly more complex: the oscillations rapidly damp
ut the average deformation goes on significantly increasing �see Fig. 2�a��. This suggests
hat its behavior could be modeled by two Kelvin-Voigt components with different pa-
ameters in series. Indeed, for such a model one of the various possible aspects of the
heoretical creep curve as a function of the relative values of parameters is analogous to
ur experimental creep curve with the mustard. In the following we will omit this com-
lexity and assume that the mustard behavior approximately follows a simple viscoelastic
odel, and we will determine the elastic modulus from the frequency of the main oscil-

ations.

. Thixotropy

For thixotropic materials a standard procedure consists of estimating the evolution of
he yield stress as a function of the time of rest. In that case the yield stress was generally
ound to increase as a power law of the time of rest �Alderman et al. �1991�; Huynh et al.
2005��. However, in practice the yield stress is often determined from a single increasing
tress ramp during which the material can restructure before reaching the stress level
ssociated with its effective initial yield stress. As a consequence the yield stress value
ignificantly depends on the timing of the ramp. This effect seems to play a role also in
reep tests �see above, in particular for the bentonite suspension and the mustard�, so that
he yield stress does not appear as a perfectly well-defined intrinsic property of the

aterial. In this context, in order to precisely quantify thixotropy it seems more relevant
o observe the evolutions of the elastic modulus with the time of rest. �In the specific case
hen the critical deformation finds a clear definition and does not vary with the time of

est and when the behavior of the material is simply viscoelastic in the solid regime, we
an obtain a rough estimate of the yield stress evolution from �c=G�c.�

IG. 4. Level of the apparent plateau of deformation after a short time of creep flow as a function of the stress
evel: Mustard �tw=50 s�; gel �tw=20 s�; bentonite �20 °C� �tw=10 s and tw=100 s�. Indicative dotted line of
lope 1.
Here, we observe �see Fig. 5� that G increases logarithmically with tw,
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G = � ln� tw

t0
� . �10�

his result is similar to that obtained for the elastic modulus of silica suspensions �Derec
t al. �2003�� as deduced from conventional dynamic tests. From dynamic tests we also
etermined the elastic modulus G� as a function of the time of rest after preshear. It
ppears that G� takes values almost exactly equal to those of G �see Fig. 5�, which
onfirms the validity of our approach concerning the estimation of G, and suggests that
hese tests for characterizing the thixotropy of pasty materials in the solid regime are
obust. It is worth noting that this procedure makes it possible to detect thixotropy in
aterials for which such effects were generally not detected so far �e.g., for the gel�. Also

ote that for now we are unable to give a physical meaning to the parameter t0 in �10�.

. Aging

Although when a stress is comprised between �0 and �c the deformation tends to
aturate and the shear rate correspondingly decreases to zero, an effect which was con-
idered as the hallmark of the solid regime, the residual increase of the deformation over
ong time remains to be explained. Note that although the effective deformation is not
omogeneous in the gap �see Sec. II C� in the solid regime as defined above there is no
iquid region and the evolution of the apparent deformation reflects some kind of average
ging in the gap. This residual deformation increase might be explained by some addi-
ional, slow viscous flow, while the material would keep its solid behavior. In that case
his deformation would be reversible, being recovered after stress release. In order to
heck this possibility we carried out tests consisting to release the stress after a certain
ime �tw� � of creep �see Fig. 6�. For small values of tw� we observe that the deformation
ndergone at the time tw� is subsequently entirely recovered after a sufficient time of
elaxation. For larger tw� there is an initial drop of � followed by a slow decrease towards

residual value ��i� which increases with tw� . Thus, in contrast with the behavior of a

IG. 5. Elastic modulus of the gel �squares�, the mustard �circles�, and the bentonite suspension �triangles�,
fter different times of rest following preshear as deduced from the initial oscillations in creep curves �filled
ymbols�, from dynamic tests �empty symbols�, and from deformation recovery after stress release �crossed
ymbols�. In order to gather all the data in the same figure, for the mustard the data presented here correspond
o one-third the effective value of the elastic modulus. In recovery we have represented G�tw+ tw� � for the
entonite suspension and G�tw� � for the mustard and the gel.
iscoelastic solid, the deformation is not fully recovered after stress release and the
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esidual, irreversible deformation ��i� increases with the time of flow �see Fig. 6�. This
ffect was already observed for a model colloidal suspension �Petekidis et al. �2004�� and
or a Carbopol suspension �Uhlherr et al. �2005��, and our results show its general
haracter for pasty materials of various structures. This partial recovery nevertheless
uggests that the material still behaves as a viscoelastic solid in this regime. This is
onfirmed by the fact that, during this recovery, the deformation exhibits oscillations in
ime analogous to those observed for a positive stress step �see above�. Since the defor-

ation for a Kelvin-Voigt model is described by an equation analogous to �9�, we can
gain compute an apparent elastic modulus from the oscillation frequency.

Different evolutions of this elastic modulus in time are observed depending on the
aterial �see Fig. 5�. For the gel it remains constant, which means that during creep flow

he material can no longer restructure as it could do during a rest period; for the bentonite
uspension the evolution of this elastic modulus in the form G�tw+ tw�� is quite similar to
hose of G or G� at rest, which means that during creep flow the material goes on
estructuring as if it were at rest; for the mustard the evolution of the elastic modulus in
he form G�tw� � is similar to those of the elastic modulus at rest, so that all occurs as if the
nitial deformation during the stress step rejuvenated the material, which then starts again
volving as if it was at rest.

As already mentioned, the initial elastic contribution �at the plateau� may slightly
iffer from that expected using the elastic modulus �see Sec. III B 1�. Moreover, a further
nalysis of our data according to the above considerations also showed that, except for
he bentonite suspension during creep flow, this elastic contribution further slightly in-
reases then rapidly tends to a constant value over longer times while �i goes on increas-
ng. For the bentonite suspension the strong increase of the elastic modulus in time leads
o an additional irreversible deformation. For all materials, from our recovery tests after
ifferent times tw� during a creep flow, we observe that �i increases logarithmically with tw�
see Fig. 7�. Since the creep tests were carried out at arbitrary stress values in Fig. 7 we
lotted �i�c /� as a function of tw� , in order to test whether the irreversible deformation is
omewhat proportional to the elastic deformation for the same stress. It is remarkable that
or the mustard and the bentonite the curves are similar, which suggests some similarity
f the aging process in yet very different materials.

IG. 6. Typical aspect of deformation recovery for stress release after different times �tw� � of creep flow under
given stress �40 Pa� for a jammed system �here the gel�. The level of the asymptotic elastic recovery is

epresented by dotted lines, from which we deduce the residual deformation �i.
These trends are reminiscent of the creep flow curves for glasses. In that case the
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987AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
esidual deformation was considered as taking its origin in an aging process �Struik
1978��, and the creep curves were shown to fall along a master curve when the defor-
ation was plotted as a function of the time scaled by tw

�, where � is a factor between
.65 and 1. Also, for a model pasty material it was shown that this scaling was sufficient
or obtaining a master curve �Cloitre et al. �2003��. With our materials we also observe
hat the ��t� curves tend to have a similar shape shifted towards larger time as tw in-
reases. However, with our different pastes a simple scaling of the time with a power of

w does not make it possible to get a single master curve. This is not unexpected since for
ur materials the initial plateau level also decreases with the time of rest. In order to
ollow solely the irreversible deformation, we suggest to withdraw from the actual de-
ormation an estimation of the elastic contribution, i.e., � /G�tw�, by using the predictions
f the model �10� fitted to the data for G�tw� �we indeed did not carry out systematic
ecovery experiments for all tw values providing straightforward values for �i�. Under
hese conditions it appears that the creep curves as a function of t / tw

� �in which the value
f � is reported in Table I� fall rather well along a master curve �see the insets of Fig. 2�
or sufficiently large tw �note that a more precise estimation of the residual deformation in
ime, as it was done for a specific time of rest in Fig. 7, would likely yield similar straight
ines for the different times of rest in semi-logarithmic scale�.

IG. 7. Asymptotic residual deformation �scaled by the factor �c /�� after stress release as a function of time of
reep flow �shown in Fig. 2� for the gel �squares�, the mustard �circles�, and the bentonite suspension �triangles�.

TABLE I. Rheological parameters of the different materials in the liquid
regime ��c ,n ,k� from creep tests presented in Fig. 1, and in the solid
regime �� , t0 ,�� from creep tests of Fig. 2.

Material Gel Bentonite Mustard

�c �Pa� 68 23.1 55.7
n 0.28 0.625 0.333

k �Pa.sn� 75.3 2.7 27.7
�̇c �s−1� 0.73 31 8.3
� �Pa� 9.5 64 135
t0 �s� 2.10−21 4.6 0.022

� 0.7 1 0.8
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. Liquid regime

From the creep curves we can compute the apparent steady shear rate associated with
ach value of the apparent shear stress imposed beyond �c. The corresponding data
rovide the apparent flow curve of the material �see Fig. 8�. The results are qualitatively
imilar for all materials: in agreement with usual observations for pasty materials �Cous-
ot �2005�� the apparent flow curve is that of a simple yield stress fluid, which might be
or example represented by a Herschel-Bulkley model �i.e., �=�c+��̇p for ���c, �̇=0 for
��c, in which � and p are two material parameters�. For the bentonite suspension
eyond some critical shear rate value �about 200 s−1� the flow curve seems to turn to
nother power-law model with a larger exponent, a regime which likely corresponds to
ome flow instability �Taylor-Couette flow instability or turbulence�. The generalized
aylor number ���̇2�r2−r1�5/2�r1+r2 /2�1/2 /�r1, in which � is the fluid density� �Coussot
2005�� for the first point associated with this regime is indeed equal to 44, that is just
bove the critical value �i.e., 42� for which the Taylor-Couette instability should occur.
or the gel and the mustard it was not possible to clearly identify this regime because the
aterial just started to flow out of the gap, which suggests that strong normal stress

ffects took place at that time.
A further analysis of these data, taking into account the heterogeneity of the shear

tress distribution, shows that the effective behavior does not correspond to a simple yield
tress behavior, i.e., with a shear rate tending to zero as the shear stress tends to the yield
tress. Indeed, from the data of Fig. 1 we can deduce the value of the critical apparent
tress �c �along the inner cylinder� below which the flow eventually stops. Since the shear
tress within the gap continuously decreases from the inner to the outer cylinder, for an
pparent stress � slightly larger than �c, in steady state only the fluid layers situated
ufficiently close to the inner cylinder will be sheared. More precisely, we readily find
rom Eqs. �1� and �4� that when ���c�r2 /r1�2 the material is sheared up to the critical
istance rc=r1


� /�c so that the thickness of the sheared region is e=r1�
� /�c−1�. Now,
aking into account the effectively sheared region, we can compute a more precise,

IG. 8. Apparent flow curve �i.e., set of apparent shear stresses as a function of apparent shear rates� for the gel
circles�, the mustard �squares�, and the bentonite suspension �triangles�. The continuous lines correspond to the
onstitutive equation �12� fitted to data.
hough still apparent, shear rate,
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�̇app
* =

�r1

e
for �c � � � �c�r2/r1�2 and �̇app

* = �̇app for � � �c�r2/r1�2. �11�

lotting � vs �̇app
*, we obtain a more precise apparent flow curve which, as long as the

heared layer can be considered as a continuum medium with properties similar to those
f the complete sample, tends to the effective flow curve when �→�c since then the shear
tress can be considered as constant in the sheared layer and the shear rate is homoge-
eous.

In this representation �see Fig. 9� the flow curves of our pasty materials have a shape
lose to a straight line in logarithmic scale, which suggests a power-law behavior. The
triking point is that for each material this line clearly intersects the horizontal axis
ssociated with the yield stress level at a finite shear rate value. Thus, the minimum level
f shear rate that can be reached in steady state differs from zero, in contrast with the
redictions of conventional simple yield stress model �e.g., the Herschel-Bulkley or Cas-
on models�. For example, for a Herschel-Bulkley model it may be shown from the
elocity profiles expressions �see Coussot �2005�� that �̇app

*��M /2�hr1
2k�1/n�n /n+1�

�
� /�c−1�1/n, which tends to zero when �→�c.
These observations are in agreement with direct observations of the velocity profiles

f pasty materials within a Couette geometry. In that case it was shown that the minimum
hear rate, i.e., along the liquid-solid interface in the sheared region, is generally nonva-
ishing �Coussot et al. �2002a�; Da Cruz et al. �2002��. For the bentonite suspension the
alue found by MRI for a slightly different solid fraction �Raynaud et al. �2002��, namely
4 s−1, is quite consistent with ours �see Fig. 9�. For the gel a smaller value �of the order
f 0.04 s−1� than ours �see Fig. 9� was found with another hair gel �Baudez et al. �2004��.

In this context it seems more realistic to represent the effective behavior of these pasty
aterials in steady state by a “truncated power-law” of the form

�eff � �c ⇒ �̇ = 0; �eff � �c ⇒ �eff = k�̇eff
n, �12�

n which k and n are two material parameters which are in particular related to the yield
˙ n

IG. 9. Apparent flow curve taking into account the effectively sheared thickness within the gap �i.e., set of �
s �̇app

*� for the gel �circles�, the mustard �squares�, and the bentonite suspension �triangles�. The horizontal
otted lines indicate the level of the yield stress of each material.
tress and the critical shear rate via k=�c /�c . In Fig. 8 we also compared successfully the
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pparent flow curve resulting from this effective behavior with our data �see the Appen-
ix�.

V. PHYSICAL INTERPRETATION AND CONCLUSION

Although they may have very different structures, pasty materials exhibit qualitatively
imilar rheological properties. Indeed, a precise rheometrical study of these systems show
hat

i� one can clearly distinguish a solid and a liquid regime, from the saturation of the
deformation in time for the former and the steady increase of the deformation for
the latter;

ii� in the solid regime the material basically behaves as a viscoelastic solid and
precise information concerning the elastic modulus may be obtained from the
frequency of the oscillations in creep flows;

iii� the thixotropy of the system at rest may be characterized more precisely from the
elastic modulus than from the yield stress as a function of time;

iv� in creep flow for a stress smaller than the yield stress the material undergoes
residual irreversible deformations �called plastic deformation in the framework of
mechanics of solid materials� which are reminiscent of aging in glasses;

v� it may be demonstrated from conventional rheometrical tests that the solid-liquid
transition is abrupt, namely in steady state the material cannot flow at an effective
shear rate smaller than a critical value which differs from zero, in contrast with
usual assumptions in this field;

vi� the behavior of the material in the liquid regime is well represented by a truncated
power-law model.

t is tempting to search some physical explanations to these common, specific character-
stics, but since their structures differ this explanation must rely on some general, con-
eptual scheme, which goes beyond the specific structure of each material. In that aim we
an first recall that aging and thixotropy in the solid regime may be associated with some
imilarities of material structures: the large �volume� concentration of elements in inter-
ction forms a jammed structure in which the elements are embedded in potential wells
ue to the interactions with their neighbors; the great number of small �colloidal� ele-
ents in a liquid forms an out-of-equilibrium system which, as a result of the interactions

nd thermal agitation, progressively rearranges, i.e, at rest the elements fall in deeper
otential. The latter effect leads to an increase of the apparent strength �elastic modulus
r yield stress� of the system with the time of rest; in the solid regime the system can also
rogressively rearrange when it is submitted to a stress, which leads to further aging.
eyond a critical stress the structure breaks, which leads to the liquid regime. However,

n steady flow the configuration goes on evolving: its is continuously broken due to flow
ut it keeps some tendency to restructure. Thus, following a previous suggestion �Coussot
t al. �2002b�� the flow characteristics may be seen as the result of a competition between
ging due to restructuration and rejuvenation due to flow. Depending on the flow rate
ither of these effects can become predominant, leading either to flow stoppage or flow at
constant shear rate but the balance of these effects defined a critical shear rate which is

trictly positive. We also can assume that the tendency to restructuration in the liquid
egime has something to do with the observed restructuration in the solid regime.

The above analysis suggests that there is some physical link between the properties in
he liquid and the solid regime. Here, we attempt to roughly check the relevancy of this

tatement from a quantitative point of view on the basis of our data with materials with
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991AGING AND SOLID-LIQUID BEHAVIOR IN PASTES
ery different microstructures. Let us assume that the structure state can be represented
y some instantaneous elastic modulus of the material. In the solid regime this parameter
as an obvious meaning; in the liquid regime it represents the elastic modulus that the
aterial would have if it could be tested after an instantaneous stoppage in its actual

tructure. In this context, it is remarkable that the relative rate of restructuration of the
aterial, i.e., dG /Gdtw, taken arbitrarily at tw=10 s, is proportional to �̇c, which is

roportional to the critical rate of destructuration in the liquid regime. Indeed,
G /G�̇cdtw is equal to 0.0027 for the gel, 0.002 for the mustard, and 0.0034 for the
entonite suspension. This very approximate approach tends to confirm the probable link
etween aging properties at rest and the solid-liquid transition characteristics, and sug-
ests that the abrupt transition between the solid and the liquid regime could result from
ome competition between retructuration and destructuration effects.

This very preliminary physical analysis of such data already suggests that there are
nteresting possibilities of understanding the physical origin and link of the solid and
iquid behavior of pastes as soon as one can rely on a precise rheometrical characteriza-
ion involving the effectively fundamental rheological parameters of the material, which
as the basic objective of this study. For example, it will be interesting to look further

nd more systematically at the relationship between the corresponding rheological pa-
ameters for a given model material: the rate of restructuration at rest, the rate of increase
f the irreversible deformation, the scaling parameter for the time in creep flows in the
olid regime, the critical shear rate at the solid-liquid transition.
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PPENDIX: APPARENT FLOW CURVE IN COUETTE FLOW FOR A FLUID
OLLOWING A TRUNCATED POWER-LAW MODEL

Using Eqs. �1�–�4� we can compute the apparent flow curve �in terms of � vs �̇� of a
aterial with a constitutive equation given by �12�. We first integrate Eqs. �1�, �3�, and

12� to find the velocity along the inner cylinder �see also Coussot �2005��,

v	�r1� =
n

2
�̇c�� rc

r1
�2/n

− 1	r1 r1 � rc � r2, �A1�

v	�r1� =
n

2
� �

k
�1/n�1 − � r1

r2
�2/n	r1 r2 � rc. �A2�

rom �A1� and �A2� we can deduce the relations between the rotation velocity of the
nner cylinder ��=r1v	�r1�� and the apparent shear stress in both cases. We thus deduce
he apparent flow curve when the gap is partially sheared,

� = �c�1 + K* �̇

�̇c
	n

when �c � � � �c�r2/r1�2, �A3�

*
n which K =2�r2−r1� /nr1; and when the gap is fully sheared,
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� = � 2�r2 − r1�
nr1�1 − �r1/r2�2/n�	n

k�̇n when � � �c�r2/r1�2. �A4�

quations �A3� and �A4� provide the apparent flow curve of a material exhibiting a
runcated power-law behavior, which appears to be similar to that for a Herschel-Bulkley
ehavior for shear stresses close to the yield stress �cf. �A3�� while it follows a power-law
ehavior with the same exponent as in the effective behavior for larger shear stresses.

In order to compare the predictions of this model with our data, we have used the
alue for the yield stress as determined from the creep tests, and fitted the values of �̇c

nd n on the apparent power-law behavior in the range ���c�r2 /r1�2 in the data of Fig.
�see the values in Table I�. For the mustard and the bentonite suspension the agreement

f this model with our data is very good �see Fig. 8� and the values obtained for �̇c are in
xcellent agreement with those observed by the further analysis of the apparent flow
urve �see Fig. 9�. For the gel there is a slight discrepancy �of the order of 10%� in the
pparent flow curve predictions and a more significant discrepancy between the two
ritical shear rate values although their order of magnitude is similar. This is likely due to
ts specific behavior �see Sec. III A� when the sheared layer is small.
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