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Residual Stresses in Colloidal Gels†

Esmaeel Moghimi,a Alan R. Jacob a,b and George Petekidis ∗a

A combination of experiments and Brownian Dynamics (BD) simulations is utilized to examine

internal stresses in colloidal gels brought to rest from steady shear at different shear rates. A

model colloidal gel with intermediate volume fraction is chosen where attractions between parti-

cles are introduced by adding non-adsorbing linear polymer chains. After flow cessation, the gel

releases the stress in two distinct patterns: At high shear rates, where shear forces dominate

over attractive forces, the shear-melted gel behaves as a liquid and releases stresses to zero

after flow cessation. After low shear rates, though, stresses relax only partially, similar to the

response of hard sphere glasses and jammed soft particles. The balance between shear and

attractive forces which determines the intensity of structural distortion controls the amplitude of

the residual stresses through a universal scaling. Stress decomposition to repulsive and attractive

contributions in BD simulations reveals that internal stresses are mainly originating from attractive

forces. Moreover, analysis of particle dynamics indicate that internal stresses are associated to

sub-diffusive particle displacements on average smaller than the attraction range as such short-

range displacements are not sufficient enough to completely erase structural anisotropy caused

during the course of shear.

1 Introduction

Colloidal dispersions are widely present in daily life products such

as milk, inks, paints, mayonnaise as well as in a variety of biologi-

cal systems1. These materials often are soft yield-stress viscoelas-

tic fluids, i.e., they exhibit solid-like response at low stresses.

However, they may yield and flow when large enough stresses

(or strains) are imposed. After quenching such materials from

a flowing liquid state to the solid state at rest, a part of the

stress stored during flow (or shear) will remain since the struc-

ture is not able to relax instantaneously. These stresses are re-

ferred to as residual stresses. In general, residual stresses have

been observed during cooling of polymer melts2, temperature

jumps in multilamellar vesicle suspensions3–5, reconstitution of

actin networks6, dewetting of thin polymeric films7, drying of

concentrated colloidal suspensions8 and after flow cessation of

colloidal systems such as hard sphere glasses9, jammed soft parti-

cle suspensions10,11, dilute gels of fumed silica particles12,13 and

aFORTH/IESL and Department of Materials Science and Technology, University of Crete,

71110 Heraklion, Greece. E-mail: georgp@iesl.forth.gr
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laponite particle gels14. However, one should distinguish internal

stresses developed by shear cessation from the contractile inter-

nal stresses that arise through thermal quenching from a liquid

state. In the former, internal stresses are anisotropic and originate

from the persistence of the structural anisotropy caused during

the shear9–11 while in the latter they are isotropic and are caused

by structural arrest en-route to the equilibrium state15–17. More-

over, the relaxation of residual stresses built-up during quench-

ing from liquid to solid state have been invoked to explain the

slow dynamics and aging of disordered soft solids3–6,17. Internal

stresses were also found to be responsible for undesirable rupture

of thin polymeric films although such systems were expected to be

energetically stable7. Furthermore, if internal stresses are tuned

properly, they can improve mechanical properties of material as

found in silicate18 and metallic glasses19,20. Similarly, residual

stresses in suspensions of colloidal hard spheres can be tuned by

the particle volume fraction and the preshear history9. The larger

the preshear rate, the smaller the ratio of internal stress to that

developed before shear cessation. A similar finding has also been

reported in suspensions of jammed soft particles where the per-

sistence of the asymmetric angular distortions which characterize

the pair distribution function during flow were identified as their

microscopic origin10,11

However, the underlying mechanisms, relating residual stresses

with the microscopic structure and particle dynamics in model

soft matter systems with interparticle attractions are not well un-
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derstood. One such model system is a mixture of hard sphere

colloids with nonadsorbing linear polymer chains as depletants

where the strength and range of interparticle attraction are tuned

by the concentration and size of polymer chains, respectively21,22.

Colloidal gels at intermediate volume fraction (0.2 < φ < 0.5)

and attractive glasses show complex response to shear with yield-

ing in two-step process related to an initial short scale bond break-

ing and larger scale cage/cluster melting23–28. The application of

shear in such colloidal gels has been demonstrated to strongly al-

ter the structure and mechanical properties during and after flow

cessation28,29. Depending on the shear rate, bond breaking or

cluster formation/densification under shear takes place28–38.

In this paper, we use a combination of rheological experi-

ments and BD simulations in order to understand the link be-

tween stresses, structure and dynamics after flow cessation of

steady state shear flow in a model system of colloid-polymer de-

pletion gel at intermediate volume fraction (φ = 0.44). We demon-

strate that depending on the applied shear rate, such colloidal

gels release internal stresses in two distinct patterns, after flow

cessation: At high shear rates, stresses are released quickly, sim-

ilarly to what is seen in liquids, as particles can easily move to

achieve new configurations with reduced internal stresses, while

at low shear rates, stresses decay only partially as in hard sphere

colloidal glasses. The balance between shear and attractive forces,

which determines the intensity of structural distortion under shear,

controls the amount of the residual stresses through a universal

scaling.

The paper is structured as follows: In section 2, we present

the materials used in the study and the techniques of experimen-

tal rheology and BD simulations. In the results and discussion

section 3, we first discuss the stresses and structures under steady

shear flow and then after shear cessation, in sections 3.1 and 3.2

, respectively. Then, we present the structural anisotropy caused

by shear in section 3.3 and we explain particle scale dynamics in

section 3.4 and scaling of residual stresses in section 3.5 before

ending with the conclusions in section 4.

2 Materials and methods

We used nearly hard-sphere polymethylmethacrylate (PMMA) par-

ticles sterically stabilized by chemically grafted poly-hydroxy-stearic

acid (PHSA) chains (∼ 10 nm) dispersed in octadecene. Particles

have hydrodynamic radius of R = 400 nm (measured in dilute

suspensions by dynamic light scattering). Depletion attractions

were implemented between particles by adding non-adsorbing

linear polybutadiene (1, 4-addition) with molecular weight, Mw =

1243300 g/mol and a radius of gyration, Rg = 34 nm (measured

by static light scattering). This implies a polymer-colloid size ra-

tio ξ = Rg/R = 0.09 in dilute solution. We prepared the gel at

an intermediate particle volume fraction, φ = 0.44, and polymer

concentration, cp = 0.0046 g/cm3. The latter gives an attraction

strength at contact Udep(2R) =−20kBT according to the modified

Asakura-Oosawa (AO) model21,39. It should be noticed that ac-

cording to Generalized Free Volume Theory (GFVT)40 in dense

suspensions, the effective polymer-colloid size ratio and the cor-

responding attraction strength at contact are reduced to ξ ∗ = 0.06

and Udep(2R) =−13.1kBT , respectively. Note that in all figure cap-

tions presented here, we report the nominal values from the AO

potential.

In order to examine the scaling law for residual stresses and

to explore lower Pe regime, we used smaller particles with ra-

dius R = 196 nm dispersed in octadecene with non-adsorbing lin-

ear polybutadiene (1, 4-addition) with molecular weight, Mw =

323000 g/mol and a radius of gyration, Rg = 19 nm. This gives a

polymer-colloid size ratio ξ = Rg/R = 0.1 in dilute solution. The

gel prepared at volume fraction φ = 0.44 and polymer concen-

trations, cp = 0.0027 and 0.0076 g/cm3 which imply attraction

strengths at contact of Udep(2R) = −6 and −20kBT , respectively

according to modified AO21,39.

Rheological experiments were performed with an Anton-Paar

MCR 501 rheometer with homemade cone-plate geometries of

diameter 25 mm, cone angle 2.7◦ and cone truncation 0.05 mm

with roughened surfaces to avoid wall-slip37. By using these ser-

rated geometries, we did not detect wall-slip under shear as is

evidenced by the absence of a second pseudo-yield stress plateau

at low shear rates in the flow curve in agreement with previous re-

sults37. Moreover, no indication of wall slip due to sedimentation

and gel collapse was observed in the linear viscoelastic moduli af-

ter long term aging37. Temperature was set to T = 20 ◦C using a

standard Peltier plate with a solvent saturation trap to minimize

evaporation, although octadecene due to high boiling point (b.p.

315 oC) does not evaporate for several days at room temperature.

We also performed Brownian Dynamics (BD) simulations to

get both rheological and detailed structural information similar

with previous studies25,28,29,41,42 . Affine shear was applied on

30000 particles (with 10% polydispersity to avoid crystallization)

with periodic boundary conditions. Hard-sphere interactions in

BD simulations are introduced by using a potential-free algorithm

which corrects the overlap between pairs of particles by mov-

ing them back to contact with the equal force along the line of

centers43. In this method, HS stresses are determined through

calculating the pairwise interparticle forces that would have re-

sulted in the hard sphere displacements during the course of a

time step44. In this case, the HS forces are the average Stokes

drag on the particle during the course of the HS displacement

(FHS = 6πηR
∆xHS

∆t
). Depletion attractions are implemented in

simulations by using AO potential21 which is expected to mimic

the experimental system of hard sphere colloids and linear poly-

mer mixture. The potential, Udep(r) = ΠVoverlap(r), is the product

of the osmotic pressure and the overlap volume which changes for

each pair of particles. BD simulations were performed at a con-

stant attraction range of ξ = 0.1 and various attraction strengths

at contact of -10, -20 and -50kBT . We modified AO potential

near the point of contact and at a distance of ξg = 0.01R to im-

plement a constant potential. The reason for such modification

was to approach the experimental conditions by introducing a

small amount of interparticle flexibility, without modifying the

basic hard sphere algorithm28. The stresses due to the depletion

are calculated from the particle positions and forces in each time

step as σDep =
Σ~r.~FDep

V
where FDep =

dU

dr
is the depletion force.

The overall stress response is the sum of the hard sphere interac-
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tion stresses and the additional stresses due to depletion forces:

σ = σHS +σDep.

The internal time scales in BD simulations and experiments

are expected to be different due to lack of hydrodynamic inter-

actions in the former. As in real systems particle diffusion (both

short- and long-time) is volume fraction dependent due to hy-

drodynamic interactions, the Brownian relaxation time in exper-

iments is expected to be increased by about an order of mag-

nitude (compared to the free dilute limit)45, due to the exis-

tence of concentrated glassy clusters, similarly with HS glasses.

Thus, we multiply the Brownian time-scale in experiments tB(=
6πηR3

kBT
= 1.25s with η = 4.2mPa.s being the solvent viscosity) and

non-dimensional shear rate Pe(= γ̇tB) by a factor of 10 in all fig-

ures. Note, however, this is just a rough approximation allowing

a more realistic comparison between experiments and BD simu-

lations.

2.1 Analysis of structural anisotropy

We examine structural anisotropy through expanding the pair

distribution function g(r) into an orthogonal series of spherical

harmonic functions Y m
l (θ ,φ) (of the degree l and order m of the

spherical coordinates θ and φ)46–48:

g(~r) = gs(r)+
∞

∑
l=0

l

∑
m=−l

gm
l (r)Y

m
l (θ ,φ) (1)

where gs(r) is the scaler contribution:

gs(r) =
1

4π

∫

g(~r)dr̂ (2)

with r̂ =
~r

r
and dr̂ being the solid angle element (often denoted

also as dΩ). gm
l (r) is the expansion coefficient (=

∫

Y m
l (θ ,φ)g(~r)dr̂)

providing information on the structural anisotropy. Application of

a steady shear flow in colloidal dispersions causes an asymmetry

in the angular dependence of the pair distribution function due

to accumulation and depletion of particles in the compression

and extension axes, respectively. Such shear-induced structural

anisotropy is quantified by the expansion coefficient g−2
2

(r). For a

simple shear flow, g−2
2

(r) is calculated as follows10,11,49–52:

g−2
2

(r) =
15

4π

∫

x̂ŷg(~r)dr̂ (3)

where x̂ and ŷ are the Cartesian components of r̂. In this case,

the corresponding shear stress, σxy , generated from such shear-

induced structural anisotropy in the velocity-gradient (xy) plane

can be calculated as47:

σxy =−
2

15
πρ2

∫ ∞

0
r3 dU

dr
g−2

2
(r)dr (4)

where ρ is the particle number density and
dU

dr
is the derivative

of interparticle potential (or the magnitude of interparticle force).

Note, that the equivalent stress for HS suspensions can be cal-

culated as σxy =−ρ2kBT R(2R)2g0(2R)
∫

x̂ŷ f dr̂ where f represents

the deviation of g(r) from equilibrium25,44,53.

3 Results and Discussion

3.1 Steady state shear flow

In order to explain the different macromechanical and microstruc-

tural responses detected under shear and also the transition from

low to high shear rates, we use the ratio of Stokes drag to deple-

tion attraction forces, defined by Koumakis et al.29 as the dimen-

sionless number, Pedep, (note this is the same with M
′

defined by

Eberle et al.54 and Kim et al.55):

Pedep =
Fshear

Fdep

=
6πηR(2ξ R)

Udep(2R)/(2ξ R)

γ̇

2ξ
=

12πηξ R3γ̇

Udep(2R)
(5)

For values of Pedep > 1 shear forces are stronger than attrac-

tive forces and bond breaking under shear is expected to take

place, whereas for Pedep < 1 attractive forces dominate over shear

forces. In the latter regime, shear assists particles to rearrange lo-

cally and find a lower minimum in the energy landscape as has

been seen both under steady29 and oscillatory28 shear flows.

In Fig. 1, we present the steady state shear stress as a function

of shear rate (flow curve) from both experiments and BD simula-

tions. The flow curve exhibits the expected typical response for

colloidal gels. For values of Pedep >> 1 (Pe >> 100), there is a

linear relation between stress and shear rate indicative of viscous

flow with constant viscosity. For Pedep < 1, we get a sub-linear

relation which indicates shear-thinning behavior and at very low

Pedep, a yield stress plateau emerges. Such macromechanical re-

sponse is directly connected to shear-induced structural changes

at microscopic level. The 2D images of the structure under shear

from BD simulations are also shown in Fig. 1. Particles are col-

ored according to the number of neighboring particles within the

attraction range, which defines a bond. A detailed quantitative

description of bonds distribution will be presented in the follow-

ing section. Shearing at high rates (Pedep > 1) breaks all bonds

between particles and results into formation of relatively homo-

geneous structures similar to a HS liquid at equivalent volume

fraction, flowing with a simple viscous response under shear. Con-

versely, shearing at low rates (at Pedep < 1) leads to the formation

of highly heterogeneous structures with dense clusters that de-

crease in size with increasing shear rate; this subsequently leads

to less resistance against flow and thus a decrease of effective

viscosity (shear-thinning response). Therefore, depending on Pe,

two distinct regimes are detected under shear as has been pre-

sented before29. One where clusters break-up at high shear rates

(Pedep > 1) and the another where clusters densify at low shear

rates (Pedep < 1). It is therefore interesting to investigate how the

gel will release stresses in these two regimes of shear when flow

is stopped.

3.2 Flow cessation

In Fig. 2, we present the stress decay with time after flow ces-

sation of the steady shear at different shear rates from both ex-

periments and BD simulations. In order to see the short time

response and the transition from liquid-like to solid-like behavior

clearly, we plot the stress decay in log-log scale. Fig. 2a shows
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Fig. 1 Normalized stresses as a function of Pe (flow curve) from

experiments (solid black squares) and BD simulations (solid red circles).

Residual stresses at 10tB after flow cessation are indicated from

experiments (open black squares) and BD simulations (open red

circles). Vertical dashed line represents Pedep = 1. Top images are

structures under shear taken from BD simulations (rates indicated by

arrows). Bottom images are the corresponding structures at 10tB after

flow cessation. Particles are colored by the number of bonds. For

experiments, Udep(2R) =−20kBT , ξ = 0.09, Pe/Pedep = 110 and for

simulations, Udep(2R) =−20kBT , ξ = 0.1, Pe/Pedep = 100.

the results from experiments. Two distinct patterns of stress de-

cay are observed. After flow cessation at high shear rates, the

stress is released quickly and relaxes completely to zero similarly

to what has been observed in HS liquids9. For low shear rates,

however, the stress relaxes partially as in HS colloidal glasses and

jammed soft particles9,10. With increasing shear rate, the amount

of residual stresses decreases in absolute values (Fig. 2 a and b).

In Fig. 2b, we present the results from BD simulations. There is a

qualitative agreement between experiments and BD simulations:

At high Pe, we detect a complete relaxation of stress while at low

Pe the stress relaxes to a plateau or is slowly decreasing towards

zero (or to a finite lower frozen stress). However, there seems

to be a quantitative difference between experiments and simula-

tions: in experiments the transition from fully to partially relaxing

decay seems to be more abrupt (between Pe = 10 and 50) while

in BD simulations there is a power law decrease of the stress for

Pe = 10 to 100 with no clear transition. One should notice that

in BD simulations flow cessation at high shear rates (Pe = 1000)

shows an initial stress response similar to liquids although at long

times after the system has reached steady state relaxation, we

detect negative shear stress values (see Fig. 3 c). We address

this issue in more details later when we examine the structural

anisotropy caused by shear.

The close agreement between BD simulations and rheological

experiments provides strong justification for the use of BD simula-

tions to extract valuable structural information at the microscopic

level, that may reveal the underlying mechanisms of such stress

decay. Moreover, as both in experiments and BD simulations the

stress decays slowly over time, it would be interesting to see if af-

ter very long times the stress completely relaxes as has been found

in jammed microgel suspensions11, although this calls for more

extensive experiments and BD simulations which both are techni-

cally quite demanding. The two distinct patterns of stress decay,

i.e., the liquid-like response after high shear rates and solid-like

response observed after flow cessation of low shear rates should

result from different microstructural mechanisms, i. e., may be

linked with the cluster break-up at high shear rates and cluster

densification at low shear rates29. In Fig. 1, we plot the resid-

ual stresses at 10tB after flow cessation for different shear rates

together with the flow curve. Remarkably, the transition from

liquid-like to solid-like response occurs around Pedep = 1. For

Pedep > 1, where shear forces are stronger than attractive forces

and cluster break-up under shear takes place, there are no de-

tectable residual stresses both in experiments and BD simulations,

as the system immediately after shear cessation is found in a liq-

uid state with particles dispersed homogeneously. In contrast, for

Pedep < 1 where cluster densification under shear occurs, signif-

icant residual stresses are measured after shear cessation which

decay only slowly over time. As we are getting closer to yield

stress plateau, residual stresses increase. These results empha-

size the importance of performing a shear rejuvenation at high

shear rates where Pedep >> 1 in order to completely release the

internal stresses and erase the history effects. Furthermore, for

more complex attractive systems, one way to find the shear rate

at which Pedep = 1 could be achieved by performing stress relax-

ation experiments at different shear rates and detecting the shear

rate at which a transition from liquid-like to solid-like response

takes place. If we normalize the stress by the steady shear value

before flow cessation and scale the time with the shear rate, for

both experiments and BD simulations all relaxation curves at in-

termediate times collapse (Fig. 2c and d) similarly to HS col-

loidal glasses9. In the case of glasses, this scaling is attributed

to the slow decay of structural anisotropy at the level of the first

neighbors as detected in the pair distribution function9.

3.2.1 Stress decomposition to HS and depletion contribu-

tions:

As discussed in section 2, the overall stresses in BD simulations

are the sum of contributions from hard-sphere and attractive stresses.

In Fig. 3, we show the decomposition of the overall stresses of

Fig. 2 b into repulsive and attractive stresses. This may charac-

terize the nature of the relaxation in terms of two contributions,

the hard sphere potential and the depletion attractive potential.

We examine three regimes, one for Pedep < 1 where cluster den-

sification under shear takes place, the second for Pedep = 1 and

finally for Pedep > 1 where cluster break-up is the most dominant

microscopic mechanism. For the low Pe (= 0.1) corresponding to

Pedep = 0.001 (Fig.3 a), both HS and attractive stresses are con-

tributing positively to the overall stress and decay over time. HS

stresses relax over time almost to zero while attractive stresses

reach a constant value at long times (10tB) after shear cessation.
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Fig. 2 Stress relaxation after flow cessation at different steady shear

rates as indicated for (a) experiments and (b) BD simulations. (c) and

(d) correspond to data from (a) and (b), respectively, with the stress

normalized with the steady state value and the time scaled with the

shear rate prior to shear cessation with (c) experiments and (d) BD

simulations. For experiments, φ = 0.44, Udep(2R) =−20kBT , ξ = 0.09,

Pe/Pedep = 110 and simulations, φ = 0.44, Udep(2R) =−20kBT , ξ = 0.1,

Pe/Pedep = 100.

Hence, residual stresses here are mainly originating from the at-

tractive forces. For Pe = 100 (corresponding to Pedep = 1) (Fig.

3b), we find that stresses due to depletion attractions are pos-

itively contributing to the overall stress, while HS stresses are

negative with the same more or less absolute values. This leads

to a net zero value of the overall stress. Finally, for the strong

Pe (= 1000 corresponding to Pedep = 10) (Fig. 3 c), the sign of

stresses are reversed. HS stresses are positive and show a decay

over time, while depletion ones are negative with larger absolute

values and show an increase over time. This leads to the nega-

tive value of the overall stress. Such rich shear rate dependent

stress response is explained in detail through the examination of

the structural changes caused by shear both during steady shear

and after flow cessation using BD simulations.

In previous studies, we have extensively discussed the mi-

crostructural changes taking place during flow and after shear

cessation for both steady29 and oscillatory28 shear flows. Here,

we briefly discuss the main findings. The structure is character-

ized by calculating the void volume, VV , and the average number

of bonds per particle. The void volume is defined as the volume

of the sphere with the center in the empty space and the radius

equals to the closest particle distance. Mapping VV provides in-

formation on the distribution of void volumes. Fig. 4a shows

the distribution of void volume under steady shear of varying Pe.

The gel under sufficiently large shear rates (Pedep > 1) exhibits

smaller void volumes with a rather narrow distribution. This re-

flects a homogeneous distribution of particles with an average

distance of the order of, or smaller than, 2R, as expected from

a liquid HS suspension with similar volume fraction (φ = 0.44).

In contrast, for low Pe (Pedep < 1), the VV distribution shows

two broad peaks/shoulders indicating the bimodal distributions

of length scales with the first peak taking place at length scales

comparable to the attraction range (of ξ = 0.1) while the second

10
-1

10
0

10
1

0

1

2

3

10
-1

10
0

10
1

-0.4

0.0

0.4

10
-2

10
-1

10
0

-0.8

0.0

0.8

t/t
B

 HS

 Dep

 total

 

 

σ 
R

3
/(

k
B
T

)

.

Pe=0.1 (a)

 

 

σ 
R

3
/(

k
B
T

)

t/t
B

.
Pe=100 (b)

 

σ 
R

3
/(

k
B
T

)

t/t
B

.

Pe=1000 (c)

Fig. 3 Decomposition of stress into HS repulsion and depletion

attractive contributions during stress relaxation of steady shear flow with

Pe = (a) 0.1, (b) 100, and (c) 1000 taken from BD simulations of a gel with

φ = 0.44, attraction range of ξ = 0.1 and attraction strength at contact of

Udep(2R) =−20kBT .

peak/shoulder at large length scales comparable to several parti-

cle size, corresponds to clusters. One can calculate the average

void volume as 〈VV 〉 =
∫ ∞

0 P(V )V dV where P(V ) is the void vol-

ume probability density function. 〈VV 〉 shown in Fig. 4b, exhibits

a monotonic decrease with increasing Pe. Two main regimes are

identified under shear: For Pedep < 1, 〈VV 〉 is larger than the value

for a quiescent thermally quenched gel indicating cluster densifi-

cation under shear. In contrast for Pedep > 1, 〈VV 〉 is smaller than

in the quiescent gel indicating cluster break-up under shear. For

sufficiently high Pe (Pedep >> 1), 〈VV 〉 reaches the value for the

suspension of the same volume fraction without attractions. This

suggests that at such high shear rates attractive forces are essen-

tially inactive.

We additionally examine the microstructure at more local length-

scales by counting the neighboring particles within the attraction

range (defined as the number of bonded particles). Fig. 4c shows

the distribution of bonds under shear. For Pedep > 1, the distri-

bution of bonds becomes narrower compared to the quiescent gel

and the peak of bond distribution moves towards smaller bond
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numbers. This is a result of cluster break-up under shear which

leads to formation of more homogeneous structures in which par-

ticles have less number of bonds. For Pedep < 1 , the distribution

of bonds widens and the peak position moves towards larger val-

ues as a result of cluster densification under shear. In Fig. 4d, we

show the average number of bonds per particle as a function of

Pe. It shows similar to 〈VV 〉 a monotonic decrease with increas-

ing Pe and reaches the value obtained for a suspension of same

volume fraction without attraction that essentially represent the

average number of neighbors at such distance.

The decay of stress after shear cessation can be linked to the

time evolution of the microstructure when gel is reformed. After

flow cessation at high shear rates (Pedep > 1), both 〈VV 〉 and the

average number of bonds per particle show a strong increase with

time and reach the values for the quiescent thermally quenched

gel formed from a largely homogeneous liquid state. Therefore,

the stress decays faster as particles are free to move and release

any internal stresses. In contrast, after flow cessation from low

shear rates (Pedep < 1), no significant change in both 〈VV 〉 and

the average number of bonds per particle is detected with time.

Hence, the corresponding shear stress decays partially in time and

leaves behind significant residual stresses.
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Fig. 4 (a) Void volume distribution under shear for different Pe as

indicated. (b) Average void volume, 〈VV 〉, as a function of Pe under

steady shear (black line squares) and 10tB after flow cessation (red line

circles). (c) Bonds distribution under shear for different Pe as indicated.

(d) Average number of bonds per particle as a function of Pe under

steady shear (black line squares) and 10tB after flow cessation (red line

circles) taken from BD simulations with φ = 0.44, Udep(2R) =−20kBT ,

ξ = 0.1, Pe/Pedep = 100 . Pe = 0 in (a) and (c) and the blue horizontal

lines in (b) and (d) represent the result at rest for the gel produced by

quenching an equilibrated liquid (thermal quench). The dark green

dash-dot lines in (b) and (d) show the results for the φ = 0.44 without

attractions.

3.3 Structural anisotropy

The examination of structural anisotropy caused by shear gives

insight into the microscopic origin of the stress decay. To do this,

we examine the 2D projection of the pair distribution function,

g(r), in the xy (velocity-gradient) plane which has a strong contri-

bution to the shear stress (see Eq. 4). Fig. 5 shows the g(r) calcu-

lated in the velocity-gradient plane under shear and also 10tB af-

ter flow cessation. To enable greater clarity for structural changes,

we have subtracted g0(r), describing the structure at rest, from

g(r)53. We first examine structural anisotropy under shear. Appli-

cation of a low shear rate (here Pe = 0.1, Pedep = 0.001) causes a

small distortion in the angular symmetry of g(r) (Fig.5 a). A clear

structural anisotropy is detected at Pe = 100 (Pedep = 1) where

shear and attractive forces cancel each other out ( Fig.5b). In this

case, the innermost ring of g(r) reflecting the nearest neighboring

structure, shows an increase of intensity in the flow direction.

This indicates that particles tend to align with the flow. On the

other hand, a reduction in the intensity of the first neighboring

structure is seen in both the compression and the extension axes

with the smallest intensity corresponding to the latter. In this

case, depletion of particles in both the extension and the com-

pression axes leads to spreading of particles to larger distances

aligning them in the flow direction. However, this alignment

is detected only over the first neighboring shell while at a long

range, the structure is still disordered. Depletion of particles in

both extension and compression axes is enhanced even further

for stronger shear rates where Pedep > 1. This results in layering

of particles in the flow direction which now has been extended to

longer length scales, beyond the first neighbors (Fig. 5c). This is

similar with the observations in concentrated HS suspensions at

hight Pe, caused by the lack of hydrodynamic interactions (HI) in

BD simulations44.

We now examine the evolution of the microstructure after

flow cessation. For Pe = 0.1, the structural anisotropy remains

unchanged after switching off shear (Fig. 5d). In contrast, for

the high Pe of 100 and 1000, a significant reduction in the inten-

sity of the images is observed (Fig. 5e and f). For Pe = 100, the

innermost ring of pair distribution function still shows accumula-

tion of particles in the flow direction. Moreover, differences in the

compression and extension axes have also disappeared. Although

it is not obvious in the first look, a careful inspection shows an

ordered distribution of intensity especially for the first neighbor-

ing shell (Fig. 5e). A similar response has been observed in BD

simulations during flow cessation of HS glasses as well41,42. For

Pe = 1000, however, one can still identify a larger value of in-

tensity in the compression axis compared to the extension axis.

One should notice that such remaining structural anisotropy at

Pe = 1000 is indeed a consequence of the particle layering under

shear, an artifact caused by the absence of HI in BD simulations.

The shear-induced structural anisotropy can be characterized

through spherical harmonics expansion of the pair distribution

function and calculating the coefficient g−2
2

(r) as discussed in sec-

tion 2.1. The coefficient g−2
2

(r) quantifies the structural anisotropy

in the velocity-gradient (xy) plane. Negative values of g−2
2

(r) rep-

resent a structural anisotropy with particles being accumulated

more in the compression area. Conversely, the positive values

show that particles are more located in the extension axis.

The variation of g−2
2

(r) under steady shear and also at 10tB

after flow cessation is shown in Fig. 6. The results under shear

indicate two extremes: a negative minimum around r/R = 2 and

a positive maximum at larger particle separation distances r/R =

2.2−2.4 . The negative values of g−2
2

(r) at short distances (r/R =
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.
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Fig. 5 The pair-distribution function projected onto the velocity-gradient

(xy) plane after subtraction of the state at rest under well-developed

steady shear flow of Pe = (a) 0.1, (b) 100 and (c) 1000. (d), (e) and (f) are

at 10tB after shear cessation of Pe = 0.1, 100 and 1000, respectively,

taken from BD simulations with φ = 0.44 , Udep(2R) =−20kBT , ξ = 0.1,

Pe/Pedep = 100. Dashed lines in (b) indicate extension and compression

axes. The direction of shear field along with the color scale are also

indicated.

2) suggest that under shear particles come into contact in the

compression axis while the positive values at larger distances ex-

hibit that particles are pushed out in the extension axis. A clear

increase of both the depth of minimum and the height of maxi-

mum is detected with increasing Pe. This indicates an increase of

structural anisotropy with Pe in the velocity-gradient plane due

to an increase of accumulation and depletion of particles in com-

pression and extension axes, respectively.

Upon flow cessation, however, both the depth of the minimum

and the height of the maximum show a decrease indicating the

reduction in the angular asymmetry of the pair distribution func-

tion. After shear cessation of a low Pe, the structural anisotropy

persist after 10tB although it has reduced (Fig. 6a). As the shear

stress is directly related to structural anisotropy in the xy plane

(see Eq. 4), one can argue that the residual stresses observed at

low Pe are due to the persistence of such shear-induced structural

anisotropy. To the contrary for Pe = 100, both the minimum and

maximum of the g−2
2

(r) relax to zero after shear cessation ( Fig.

6b). Therefore, based on the Eq. 4, the corresponding residual

stresses diminish with σHS = −σDep as is seen in Fig. 3b. On

the other hand for Pe = 1000, the depth of minimum decreases

to a non-zero value while the height of the maximum reduces to

almost zero ( Fig. 6c). Therefore, the negative values of shear

stress observed in Fig. 3 c is due to persistence of structural

anisotropy mainly in the compression area where repulsive forces

are contributing positively to the stress (due to negative g−2
2

(r)

and positive
dUHS

dr
) while the attractive forces negatively (due to

both negative g−2
2

(r) and
dUDep

dr
) in agreement with findings in

Fig. 3c.

Related to the above, the negative values of shear stresses ob-

served after shear cessation at high Pe is an artifact due to absence

of HI in BD simulations. As attractions are inactive during suffi-

ciently high shear rates the shear melted gel has the same struc-

tural properties with a hard-sphere suspension at the same vol-

ume fractions (manifested by particle layering in the absence of

HI). When shear is switched off, in the case of suspension with no

attractions, stresses are completely released as an isotropic struc-

ture is recovered by Brownian motions. In a gel, however, when

shear is switched off, attractions are becoming active preventing

the layered structure to relax towards the quiescent structure, as

gel is frozen quickly. We thus expect that if full HI is implemented,

the gel should recover to a rather isotropic structure after shear

cessation of high shear rates (since no layering would be present

under shear) in agreement with experimental results.

Another important finding is that in BD simulations, the gel

prepared through shear cessation at high Pe has the same aver-

aged structural length-scale properties as the one obtained through

thermal quench when is interrogated by 〈VV 〉 and the average

number of bonds per particle (Fig. 4b and d). However, a differ-

ence between the two gel states can be identified by a quantifica-

tion of the structural anisotropy. As has been shown in Fig. 6,

the gel obtained through a thermal quench is isotropic (g−2
2

(r) =

0) while the one prepared by shear cessation at very high Pe is

largely anisotropic. However, as mentioned earlier, the remained

structural anisotropy after switching off shear at such very high

Pe, is due to layering of particles in the absence of HI in BD sim-

ulations.

3.4 Particle scale dynamics

The physical picture of stress relaxation can be complemented

through examination of particle dynamics. As during stress relax-

ation, the system is not at steady state, the time-averaged mean

squared displacement (MSD) cannot provide information on the

transient dynamics and the relevant microstructural changes. Hence,

we evaluate the two-time mean-squared displacement as a func-

tion of (t − tw) with tw the waiting time from the onset of flow

cessation:

〈

∆r2(t, tw)
〉

N
=

1

N

N

∑
i=1

[ri(t + tw)− ri(tw)]
2 (6)

Here, we report the MSDs measured in the vorticity direction as

similar response is also detected in the velocity and gradient di-

rections after subtracting the affine motion due to shear. Fig. 7

shows two-time MSDs calculated in the vorticity direction. The tw

independent MSD at rest and under steady shear are also shown

as a reference. The MSD at rest exhibits a sub-diffusive response

at short times while the long-time dynamics are frozen as parti-

cles are trapped in the gel network with the localization length

(defined as the maximum particle displacement or equivalently

the plateau in MSD) much smaller than the attraction range (of

ξ = 0.1,) similarly to the case of attractive glasses56. The ap-

plication of steady shear results in the emergence of a long-time

mobility as shear assists particles to escape their attractive bonds.

The MSD immediately after shear cessation, tw = 0 , shows an

intermediate response between that under shear and the quies-

cent state. At short times, it follows the MSD under shear, but as

the time passes, the MSD values deviate from that under shear
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Fig. 6 The values of g−2
2

(r) for steady shear (black curves) and at 10tB

after shear cessation (blue curves) of Pe = (a) 0.1, (b) 100, and (c) 1000

taken from BD simulations with φ = 0.44, Udep(2R) =−20kBT , ξ = 0.1,

Pe/Pedep = 100. The green line represents the result at rest for the gel

produced by quenching an equilibrated liquid (thermal quench).

following a sub-diffusive dynamic which at long-time reaches a

plateau.

One can relate the short-time stress decay to this sub-diffusive

particle displacements over short distances which reduces the asym-

metry of the pair distribution function caused during the course

of shear. This scenario of stress decay is similar with HS glasses9

and differs from jammed soft particle suspensions where ballistic

motions are detected during initial stress decay10,11. The tran-

sient long-time dynamics are arrested as the particles are trapped

in the network with the localization length larger than in the qui-

escent state but still smaller than the attraction range. Hence,

particles are not able to undergo long-range motions that will al-

low large-scale rearrangements at length scales of the order or

larger than the particle size (or first neighbors). Therefore un-

der such conditions, some structural anisotropy persists which is

more prominent at low Pe creating frozen-in stresses. The com-

plete picture emerges when the MSD as a reference to the ces-

sation point, tw = 0, at different shear rates is examined. For all

shear rates, the dynamics at intermediate times are sub-diffusive

while long-time dynamics are frozen (Fig. 7b). However, faster

and larger particle rearrangements are taking place after shear

cessation at higher shear rates which leads to the stronger and

faster stress decay after flow cessation (Fig. 2). For Pedep < 1

where residual stresses are present, the maximum particle dis-

placement is smaller than the attraction range. In contrast, for

Pedep > 1, where stresses are released completely, the localization

length exceeds the attraction range. Hence, one can use particle

mobility at the length scale of the localization length as a dynamic

measure (or signature) of how much internal stresses will relax

in colloidal gels.
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Fig. 7 Mean-squared displacement (MSD) in the vorticity direction

starting at the waiting time tw = 0 after onset of flow cessation taken

from BD simulations with φ = 0.44, Udep(2R) =−20kBT and ξ = 0.1. (a)

MSD after flow cessation of Pe = 1 together with the steady-state shear

and quiescent state result, as indicated. (b) MSD upon flow cessation at

different shear rates, as indicated. Pe = 0 denotes the quiescent state for

the thermally quenched gel. The horizontal brown dashed lines

represent ξ 2 = 0.01.

3.5 Scaling of residual stresses

We finally examine the effect of inter-particle attraction strength

on the residual stresses. Fig. 8a shows residual stresses at 10tB

after flow cessation as a function of Pe, for different attraction

strengths from both BD simulations and experiments. At a fixed

Pe, the gel with the higher attraction strength exhibits larger resid-

ual stresses after flow cessation. On the other hand, less bond

breaking under shear takes place for the gel with higher attrac-

tion strength29. This means that residual stresses are controlled
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by how much shear is able to break the bonds between the par-

ticles. Therefore, plotting residual stresses versus Pedep which

takes into account such competition between shear and attrac-

tive forces should lead to a universal curve for different attraction

strengths. Fig. 8b shows such scaling with Pedep. Indeed all

curves collapse onto a mastercurve, indicating that the amount of

residual stresses in colloidal gels is a unique function of the ratio

of shear to the attractive forces quantified by Pedep. Experimen-

tal data show almost equal magnitude of residual stresses with

the simulations for each Pe and therefore collapse on the same

mastercurve as well.
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Fig. 8 Residual stresses at t = 10tB after shear cessation as a function

of (a) Pe and (b) Pedep. Experiments performed for particles with

R = 400 nm, Udep(2R) =−20kBT , ξ = 0.09 and R = 196 nm with

Udep(2R) =−6 and −20kBT , ξ = 0.1. In simulations,

Udep(2R) =−10,−20,−50kBT as indicated with ξ = 0.1.

4 Conclusions

We used experimental rheometry and BD simulations to investi-

gate the stress relaxation after flow cessation of a well-defined

steady shear flow for an intermediate volume fraction colloidal

gel. The dimensionless number, Pedep, defined as the ratio of

shear forces to attractive forces is used to rationalize the transi-

tion from low to high shear rates. Analysis of the structure un-

der shear reveals two distinct regimes. Under high shear rates,

Pedep > 1, where shear forces are stronger than attractive forces,

the shear-melted gel behaves as a viscoelastic liquid due to exten-

sive cluster break-up. In contrast for low shear rates (Pedep < 1),

cluster densification under shear takes place. Moreover, shear

causes an asymmetry in the angular dependence of the pair distri-

bution function due to accumulation and depletion of particles in

the compression and extension axes, respectively. These two dis-

tinct regimes of shearing relate with two well-defined patterns of

stress decay after flow cessation: For high shear rates (Pedep > 1)

stresses are released fully similar to liquids, as particles are free

to move and therefore enable local stress relaxation before they

are trapped in a network. On the other hand, at low shear rates

(Pedep < 1) only weak structural changes are observed after flow

cessation and stresses do not decay much with time, similarly to

the case of HS glasses.

Microscopically, BD simulations suggest that when shear is

stopped, particles move sub-diffusively over short distances re-

ducing the shear-induced anisotropy detected in the pair distri-

bution function which leads to the initial stress decay. For low Pe

(Pedep < 1) where frozen-in stresses are observed, the maximum

particle displacement is smaller than the attraction range which

is not sufficient to completely erase the shear-induced structural

anisotropy. At high Pe (Pedep > 1) though, particles may move

at distances similar or larger than the attraction range allowing

enough rearrangements to erase anisotropy and fully relax inter-

nal stresses.

Our results demonstrate that the inter-particle attraction strength

and the shear rate during the steady state flow are the decisive

factors controlling internal stresses in colloidal gels. A stronger

preshear and/or weaker attractions result into lower residual stresses

after shear cessation due to larger structural distortion under shear.

Remarkably, these two factors are described adequately by Pedep

leading to a universal scaling for internal stresses in colloidal gels.

Our results provide in-depth understanding of residual stresses

and the way that they can be manipulated in a well-defined model

soft matter system with tunable isotropic short-range attractions.

This may be useful in understanding and predicting residual stresses

build-up after shear cessation (or equivalently after processing)

in many complex multicomponent materials and commercial soft

matter products where attractions between constituents are ubiq-

uitous.
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