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Abstract

We report the effect of particle surface roughness on creep deformation and subsequent strain recovery in dense colloidal suspensions. The
suspensions are composed of hard-spherelike poly(methyl methacrylate) smooth (S) and rough (R) colloids with particle volume fractions
¢°=0.64+0.01 and $*=0.56+0.01, corresponding to a distance of 3.0% and 3.4% based on their jamming volume fractions
(d)f =0.66 £+ 0.01, d)f = 0.58 £+ 0.01). The suspensions are subject to a range of shear stresses (0.01-0.07 Pa) above and below the yield
stress values of the two suspensions (0')5, = 0.035Pa, O'f = 0.02 Pa). During creep, suspensions of rough colloids exhibit four to five times
higher strain deformation compared to smooth colloids, irrespective of the applied stress. The interlocking of surface asperities in rough col-
loids is likely to generate a heterogeneous microstructure, favoring dynamic particle activity and percolation of strain heterogeneities, therefore
resulting in higher magnitude of strain deformation and an earlier onset of steady flow. Strain recovery after the cessation of stress reveals
a nonmonotonic recoverable strain for rough colloids, where the peak recoverable strain is observed near the yield stress, followed by a
steep decline with increasing stress. This type of response suggests that frictional constraints between geometrically frustrated interlocking
contacts can serve as particle bonds capable of higher elastic recovery but only near the yield stress. Understanding how particle roughness
affects macroscopic creep and recovery is useful in designing yield stress fluids for additive manufacturing and product formulations.

© 2024 Published under an exclusive license by Society of Rheology. https://doi.org/10.1122/8.0000722

l. INTRODUCTION

Yield stress fluids belong to a class of materials that
exhibit solidlike response below a certain bulk stress and
liquidlike response at larger applied stresses. The critical
stress that characterizes this transition is called the yield
stress [1]. Dense colloidal suspensions that exhibit yield
stress behavior are found in applications such as consumer
and pharmaceutical formulations [2,3], oil and gas recovery
[4], additive manufacturing [5,6], controlled drug delivery
[7,8], and flow batteries for energy storage [9]. In these
cases, the yield stress and flowability of formulations are
achieved by tuning the properties of constituent units
[10,11]. Particle properties such as stiffness [12,13], shape
[5,6,14], polydispersity [15,16], and interparticle interactions
[17-20] have been shown to strongly affect the yielding tran-
sition. However, studies that examine the effects of particle
surface roughness on the yielding of colloidal suspensions
are lacking.

Colloidal particles with corrugated surfaces and asperities
often experience hindered rotational dynamics in dense sus-
pensions near the jamming point. Smaller colloids and nano-
particles with a greater degree of thermal fluctuations are less
susceptible, but particles with asperity heights exceeding the
thickness of steric brush layers are particularly prone to such
types of frictional constraints [21,22], which arise due to
frustration caused by the interlocking of surface asperities in

YAuthor to whom correspondence should be addressed; electronic mail:
lilian_hsiao@ncsu.edu

© 2024 Published under an exclusive license by Society of Rheology.
J. Rheol. 68(2), 205-217 March/April (2024)

near contact [23]. The roughness-induced frictional con-
straints cause changes in the solvent hydrodynamics betweenfﬁ1
interstitial spaces and in the linear viscoelastic response of &
the suspension. Pradeep et al. showed that the hydrodynamic 3
interactions in sterically stabilized rough colloids transition§
between a freely draining system to a fully lubricated state ®
when the volume fraction increases, while Schroyen et al.%
found similar behavior for hairy and rough silica colloids
sheared at high frequencies [24,25]. Ilhan e al. found that
surface roughness causes a second colloidal glass transition
to develop at high particle concentrations where the
surface-to-surface separation is equivalent to the particle
roughness length scale [26]. The roughness-induced second
glass transition is characterized by highly suppressed and
subdiffusive rotational dynamics.

The hindered rotational dynamics of rough particles sig-
nificantly change the rheology of colloidal suspensions, such
as causing the early onset of shear thickening at low stresses
[27-32], enhancing the stability of Pickering emulsions
[33-37], causing jamming in constricted particulate flows
[38], and increasing the bond rigidity in fractal colloidal gel
networks [39]. Here, we focus on the creep and recovery of
dense colloidal suspensions composed of surface-isotropic
(smooth, S) and surface-anisotropic (rough, R) particles with
hard-spherelike behavior (volume fractions, d)S: 0.64 +0.01,
¢"=0.56+0.01) at 3% distance from jamming (jamming
volume fractions, ¢§ = 0.66 + 0.01, qbf =0.58 + 0.01).
The reason for choosing suspensions near the jamming tran-
sition is because the interparticle surface separation is mini-
mized, which maximizes the influence of surface roughness
on the macroscopic flow behavior. Since smooth and rough

205


https://doi.org/10.1122/8.0000722
https://orcid.org/0009-0001-6674-2635
https://orcid.org/0009-0001-5674-5904
https://orcid.org/0000-0002-4448-7397
https://doi.org/10.1122/8.0000722
mailto:lilian_hsiao@ncsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1122/8.0000722&domain=pdf&date_stamp=2024-02-02

206 SARASWAT, KERSTEIN, AND HSIAO

colloids jam at different volume fractions, the parameter
known as the distance from jamming is used throughout this
work as the basis of comparison for the rheological
responses. Earlier studies have shown that the distance from
jamming is a strong predictor of shear thickening in dense
colloidal suspensions [27]. Similar parameters based on the
distance from maximum packing have been found to corre-
late well with the yield stress and elasticity of suspensions
composed of shape-anisotropic colloids [5,14]. At moderate
to high volume fractions (i.e., short distance from jamming),
colloids become trapped in a nonequilibrium glassy state
where the particle dynamics are strongly influenced by near-
field and far-field crowding effects. Each particle is trapped
by its neighbors in correlated clusters or so-called cages and,
therefore, must cooperate with its neighboring particles to
move a certain distance [40—43]. At short times, the particle
mobility is limited by the cage size (B-relaxation), while at
longer times, the cages relax (a-relaxation) and allow parti-
cles to diffuse beyond their first coordination shell. At very
high volume fractions and very close to jamming, the system
is trapped in a frustrated glasslike state where the a-relaxation
is nearly absent [44].

Shear-induced yielding in colloidal glasses and dense sus-
pensions has been the subject of intense research [41,45-53],
where the link between the microstructure, dynamics, and
rheology is established through techniques such as confocal
microscopy [50,54-56], scattering [51,57-59], and micro-
rheological tools such as optical tweezers [60]. These results
collectively demonstrate a strong correlation between clusters
of dynamically active particles and the onset of macroscopic
fluidization. Petekidis et al. used creep and recovery rheology
to systematically investigate shear-induced deformation in
hard-sphere colloidal glasses above and below the yield
stress [45-48]. Below the yield stress, strain deformation
during creep and strain recovery upon cessation of shear is
dependent on the solidlike elastic behavior of the suspension,
indicated by a linear increase in strain and recoverable strain
with an increasing applied stress. Above the yield stress,
steady viscous flow is observed during creep while the
magnitude of strain recovery reaches a saturated value. The
significant strain recovery above the yield stress is attrib-
uted to the elastic distortion of particle cages or the
so-called cage elasticity. The yielding behavior of glassy
materials has been modeled using mode coupling theory
[61-63], which computes the probability of a particle to
overcome the entropic barrier required to move beyond its
cage. The barrier height and diffusion length scale are
important contributors to particle dynamics in this model
[64-66]. Mean-field theories have also been applied to
shape-anisotropic particles such as uniaxial dicolloids to
model the presence of multiple glassy states and distinct
yielding events associated with overcoming rotational and
translational constraints [5,6,14,67,68]. As mentioned
earlier, the existence of multiple glassy states has been
experimentally observed for raspberry-shaped colloidal par-
ticles due to suppression of the translational and rotational
motion at different volume fractions [26]. Because rough
colloids in jammed suspensions exhibit both rotational and
translational constraints, they are expected to display

yielding and strain recovery behavior that is distinct from
that of smooth colloids.

In this work, we use creep and recovery experiments to
study the response of smooth and rough colloids above and
below the bulk yield stress of the suspensions (applied stress
range, 0=0.01-0.07 Pa). Compared to smooth colloids,
jammed suspensions of rough colloids exhibit a lower load-
bearing capacity within the linear viscoelastic regime (LVR)
and higher strain deformation above and below the yield
stress. When recovering from the applied creep stress, rough
colloids show higher total recoverable strain compared to
smooth colloids. Furthermore, the total recoverable strain in
rough colloids changes nonmonotonically with respect to the
applied stress, a trend previously seen in attractive colloidal
glasses [17,69,70]. The results suggest that there is a higher
elastic recovery of interlocked rough particle clusters when
suspensions are sheared near the yield stress of 0.02 Pa due
to frictional constraints between neighboring particles
[21,22].

Il. EXPERIMENTAL SECTION
A. Materials

All chemicals were purchased from Sigma Aldrich.
Methyl methacrylate (MMA, 99%) and ethylene glycol
dimethylacrylate (EGDMA, 98%) were purified using an
inhibitor removal column and stored in a refrigerator at 4 °C.
Azo-bis-isobutyronitrile (AIBN) was recrystallized in;c“)1
acetone. 1-Octanethiol (>98.5%), methacrylic acid (MA,%
99%), hexane (>97%), dodecane (99%), and squalene (98%)%
were used without further purification. The poly(12-§
hydroxystearic acid)-(glycidyl methacrylate)-(methyl methac- £
rylate) (PHSA-GMA-MMA) block copolymer was synthe-g
sized in the laboratory using a method described previously
by Pradeep et al. [71].

B. Particle synthesis and characterization

Sterically stabilized smooth and rough poly(methyl meth-
acrylate) (PMMA) colloidal particles were synthesized using
a free-radical dispersion polymerization technique [71].
Briefly, a solvent mixture containing 7.5 g of hexane, 2.5 g
of dodecane, and 1.2g of PHSA was heated in a round
bottom flask at 80 °C. Once the mixture was heated, 10 g
MMA, 200 ul MA, 75 ul 1-octanethiol, and 8.5 mg of AIBN
were added to the flask. The nucleation and oligomer precipi-
tation process began in 4-6 min, which resulted in a turbid
reactant solution. The reaction was allowed to proceed for
2h. Figure 1(a) shows the resultant synthesis of
PHSA-PMMA colloids with smooth surfaces and spherical
morphology. To introduce surface roughness, an additional
step involving the dropwise addition of cross-linking agent,
EGDMA, was performed at the onset of nucleation. The
cross-linking agent likely causes microphase separation of
the precipitated oligomers and provides additional sites for
randomized growth [22], leading to the formation of rough
colloids as shown in Fig. 1(b). All particles were dyed using
Nile Red to enable imaging using confocal laser scanning
microscopy (Leica, SP8). Once the synthesis was complete,
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FIG. 1. Representative scanning electron micrographs of (a) smooth and (b) rough PHSA-PMMA colloids synthesized using free-radical polymerization.

the particles were cleaned with hexane five times by centrifu-
gation at 10 000 rpm for 10 min and stored in an amber bottle
until further use.

C. Preparation of dense suspensions

Dense suspensions of smooth and rough PMMA colloids
in squalene exhibit different jammed packing fractions,
¢} = 0.66 + 0.01 for smooth and ¢§ =0.58 + 0.01 for
rough colloids. The value of ¢ for smooth colloids is in
agreement with simulations that account for size polydisper-
sity [72-74]. The ({)5 value for rough colloids is lower than
that of smooth colloids likely due to hindered rotational
dynamics from surface asperities as observed in previous
studies [27,28]. Due to the differences in the jamming frac-
tions of smooth and rough colloids, results are normalized
using the distance from jamming (¢; — ¢)/¢p;, which is
3.0% and 3.4% for smooth and rough colloids, respectively.
All experiments were conducted as close to ¢, as possible to
minimize surface-to-surface separation between particles,
which maximizes the influence of surface roughness on sus-
pension rheology.

The particles are charge neutral and refractive index-
matched in this solvent, which effectively suppresses any
electrostatic interactions and van der Waals attractions and
ensures hard-spherelike interactions between the particles
[71]. Hard-sphere interactions between particles are verified
by ensuring a good fit between measured the experimentally
measured radial distribution functions g(r) and the hard-
sphere Ornstein—Zernicke equation of state solved with the
Percus—Yevick closure [75]. This was also demonstrated by
Pradeep et al. for both smooth and rough colloids over a
wide range of particle volume fractions [71]. The particles
may undergo swelling in squalene due to polymer-solvent
interactions. Rather than measuring the dry particle size
using scanning electron microscopy, an effective diameter
(2a.4) was obtained from 2D confocal microscopy images of

colloidal suspensions near the coverslip, where particles form
a monolayer. The effective particle diameters and the associ-
ated size polydispersity for smooth and rough colloids
suspended in squalene were 2a,; = 2.21um=3% and
= 2.23um+=4%. The effective particle diameters for both
smooth and rough colloids were obtained by averaging§
surface-to-surface measurements of at least 50 particles &
obtained from imaging. The distribution of the particle3
diameter computed by dividing the standard deviation asso-
ciated with the measured diameters by the mean diameter.
The large number of measurements allowed us to minimize 2
statistical uncertainty associated with particle sizes, espe-
cially with rough colloids. This technique was reported
earlier in a previous publication [71]. A circularity parame-
ter (y,p = (4A,)/P3, where A, is the projected area of parti-
cle in 2D and P, is the particle perimeter) was used to
quantify the morphological deviation of rough colloids
from that of their spherical counterparts. The circularity
values were y,5, =1.00 + 0.01 for smooth colloids and
Wop = 0.90 + 0.03 for rough colloids.

After cleaning the particles and performing solvent trans-
fers from hexane to squalene, dilute suspensions were centri-
fuged at high speeds until most of the particles had settled.
Centrifugation was performed over 3h at a gravitational
Peclet number of Pe, = (47tApga§ﬂ)/3kBT = 5000, where kg
is the Boltzmann constant, 7 is the temperature, and Ap is the
density mismatch between the solvent and the particles
(Ap=0.322 g/em®). The centrifugation step ensured the for-
mation of disordered sediments at ¢°=0.64+0.01 and
$"=0.56+0.01. After removing the excess solvent, the sus-
pensions were placed on horizontal rollers for at least 5 days
to fully redisperse. Confocal microscopy was used to obtain
3D image volumes of the suspensions. Particle centroids
were identified for smooth and rough colloids, and the parti-
cle volume fraction (¢ = (47m2ﬂNp) /3Vpox) Was obtained by
measuring the number of particle centroids (Np) within the
imaging volume, Vj,, [71]. We computed the distance from
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jamming for smooth and rough colloids by fitting Eilers’
model [17,c0 = (1 + 1.5¢(1 — ¢/¢b,)™"))?] to the high shear rela-
tive viscosity (7,) as a function of ¢ [76]. Figure 2 shows
Eilers’ fit to the relative viscosity as a function of volume
fraction for smooth and rough colloids.

D. Preshear and rheological protocol

All rheological experiments were conducted on a stress-
controlled rheometer (TA Instruments, DHR-2) at 20 °C
using a 50 mm parallel plate geometry. The diameter of the
parallel plate geometry was chosen to ensure that the torque
signal, even at the lowest applied stress (0=0.01Pa,
torque = 245 nN m), was well above the DHR-2 rheometer’s
minimum torque limit (10nNm). To prevent deformation
due to residual torques during the recovery measurements,
we performed rotational mapping before every experiment.
The residual torque was of the order of +14 nN m measured
by performing a peak hold test at 0.1 rad/s for 120 s without
loading the sample as recommended by the manufacturer.
Since the applied torque signal, even at the lowest stress
(0=0.01Pa, torque=245nNm), is an order of magnitude
above the measured residual torque, it is safe to assume that
the strain responses during recovery were reliable.
Furthermore, we used an inertial braking technique known as
creep braking to eliminate the momentum of the rotating
shaft during recovery. This technique compensates for the
kinetic energy stored in the rotating top geometry by apply-
ing a reactive torque in the opposite direction within
10-15 ms.

A fixed gap height of 500 pum was chosen to avoid
flow confinement effects. The top plate was slowly lowered
onto the sample and the axial force was allowed to equili-
brate around Fy=(0+0.1)N, which significantly reduced
normal stress effects on the shear rheology. To minimize
wall slip, which can strongly influence creep and recovery
experiments in colloidal glasses, sandpaper (1500 grit,
Ra=1.76+0.46 pm) was adhered to the top and bottom
geometries [77,78]. The arithmetic mean roughness of the
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FIG. 2. Relative high shear steady viscosity as a function of particle volume
fraction for suspensions of smooth (red circles) and rough colloids (blue
squares). Continuous curves represent Eilers’ fit. The vertical dashed lines
represent jamming volume fractions for smooth (red dashed line at volume
fraction = 0.66) and rough (blue dashed line at volume fraction = 0.58) colloids.

sandpaper was obtained using a confocal laser scanning
microscope that uses interferometry to measure surface pro-
files (Keyence VKx1100). The optimum surface roughness
for suppressing slip in nonaggregating particle suspensions is
equivalent to that of the particle size [79,80]. In our system,
Ra ~ 2a.4 for both smooth and rough colloids. A common
observation associated with the presence of wall slip is the
dependence of rheological data on gap height [81,82].
Figure 3 confirms the absence of wall slip by showing that
the error associated with the mean of time-dependent moduli
of suspensions of smooth colloids obtained at three different
gap heights is insignificant.

An oscillatory stress sweep was performed to identify the
LVR, shear thinning, and the strain stiffening regime for all
colloidal suspensions tested in this study. Figure 4 shows that
the LVR for both types of suspensions exists up to 0.01 Pa,
followed by a shear thinning regime up to 0.1 Pa for rough
colloids and 1 Pa for smooth colloids. Higher applied stresses
result in strain stiffening. The onset of strain stiffening for
rough colloids occurs at lower stresses than that of smooth
colloids because of the interlocking of surface asperities and
formation of load-bearing force chains [27,28]. A stepwise
growth is observed in suspensions of smooth and rough col-
loids within the strain stiffening regime similar to a two-step
shear thinning to thickening transition, indicating order-
disorder transitions previously reported for monodisperse
colloidal suspensions with low yield stress and high loss
tangent [83].

We note that all creep experiments were performed in the §
LVR and shear thinning regime (o=0.01Pa-0.07 Pa,<
aaeﬁ/kBT 2.5 —24) but not within the strain stlffenmg S
regime to avoid dilatancy effects. g

Preshear protocols are important in the study of g
out-of-equilibrium glassy suspensions because sample
loading and stress history can strongly affect the measured
rheological properties [84,85]. Figure 5 is a schematic
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FIG. 3. The absence of wall slip verified by plotting mean and associated
error in storage (closed symbols) and loss moduli (open symbols) measured
at three different gap heights of 340, 600, and 770 um during preshear for
suspensions of smooth colloids (2a,7=2.21+3%) at a distance of 3.0%
from jamming. Dashed lines indicate transitions from the resting state
(0.005 Pa) to structural breakdown at 0.05 Pa and structural recovery within
the linear regime (0.005 Pa).
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FIG. 4. Storage (closed symbols) and loss moduli (open symbols) obtained
from oscillatory amplitude sweep showing the LVR, the onset of nonlinear-
ity, and strain stiffening regime for (a) smooth (red circles) and (b) rough
(blue squares) colloids at a distance of 3.0% and 3.4%, for smooth and
rough colloids, respectively, from jammed packing. Regions within the
dotted lines represent the range of applied stresses used in creep and recovery
experiments.

representation of the preshear protocol that was applied to all
samples in this study. The first step involved equilibrating
the sample for 600s under a small oscillatory stress of
0.005 Pa within the LVR, after which the suspension was
rejuvenated at a high stress of 0.05 Pa in the nonlinear regime
for 1500 s. The final step involved reducing the stress back to

0.005 Pa for 1500 s, during which the sample microstructure
was allowed to recover to a steady and macroscopically
reproducible state. Reproducibility is implied when the G’
and G” values obtained during the structural recovery do not
vary by more than +5% with time at the end of the recovery
step, and the mean steady values of G’ and G” have an asso-
ciated standard error of +10% between different experiments
for both smooth and rough colloids. All oscillatory preshear
experiments were performed at a frequency of 0.3 rad/s.

After the preshear step, a constant  stress
(0.01 £0<0.07 Pa) was applied for 1000s, followed by a
zero-stress recovery step for 3000s. During recovery, the
recoverable strain was measured as a function of time.
Suspensions of smooth and rough colloids were compared
based on the total accumulated strain and rate of change in
strain during creep. During recovery, the ability of the sus-
pensions to recover the strain deformation was assessed
based on the maximum recoverable strain at the end of the
recovery step, and its ratio with respect to the maximum
strain deformation at the end of creep. The creep and recov-
ery experiments were performed in duplicates. All error bars
indicate uncertainty associated with the mean values.
Additionally, the yield stress values were verified by fitting
the Herschel-Bulkley equation to steady shear flow sweeps
between 0.01-1Pa for smooth colloids and 0.01-0.1 Pa for
rough colloids. At each applied stress, the shear rate was
measured and averaged over a maximum equilibration time
of 120s. The measured shear rate at a given stress was;cﬁ1
reported if three consecutive measurements were within 5% &
of each other.

lll. RESULTS AND DISCUSSION
A. Preshear rheology

¥5:9%:¥0 ¥20z Asen

Figure 6 shows that the preshear protocol ensures that
each creep and recovery experiment begins with a reproduc-
ible initial state. The storage (G') and loss moduli (G")
remain constant up to 600s after sample loading since the
initial applied oscillatory stress (o= 0.005 Pa, o =0.3 rad/s)
lies within the linear regime. After which, large stresses

Oosc = 0.05 Pa
t=1500s
w = 0.3 rad/s
constant o
t = 1000s
Oosc = 0.005 Pa 0osc = 0.005 Pa
t=600s t=1500s c=0
w = 0.3 rad/s w = 0.3 rad/s t=3000s
Resting Structural
State Pre-shear Recovery Creep Recovery

FIG. 5. Schematic representation of the preshear and subsequent creep and recovery protocol used in this study.
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FIG. 6. Storage (closed symbols) and loss moduli (open symbols) scaled
with respect to the particle size obtained from the preshear step showing the
resting state after sample loading, the structural breakdown during preshear,
and structural recovery during the waiting period for smooth (red circles) and
rough (blue squares) colloids at a distance of 3.0% and 3.4%, for smooth
and rough colloids, respectively, from jamming.

(60=0.05Pa, w=0.3rad/s) break the microstructure for
1500 s as indicated by the decreasing viscoelastic moduli of
both systems. After 2200s, the applied stress is again
reduced (o=0.005Pa, w=0.3rad/s), and the microstructure
recovers to a steady and reproducible state at 3600 s. At the
end of the structural recovery step, suspensions of rough col-
loids exhibit G’ values that are approximately three times
lower than that of suspensions of smooth colloids
(Ggr = 0.14 £+ 0.02Pa, G5 = 0.55 £ 0.09 Pa).

The differences in the storage moduli might be due to
structural differences in the sample-spanning network of
slow-moving particles that percolate throughout the sample.
These slow clusters and networks have previously been
shown to significantly contribute to the elasticity in a colloi-
dal glass [86], and the effective cluster size could be larger
for the rough colloids due to asperity interlocking. The shear
rejuvenation step of the preshear protocol may not
completely separate interlocked clusters of rough colloidal
particles, resulting in a heterogeneous and weaker load-
bearing microstructure. Since clusters have an effective size
that is greater than the diameter of a single rough particle,
and because the suspension stress scales as I/azﬁ, the pres-
ence of larger and more heterogeneous clusters could reduce
the elastic modulus [87,88]. Estimation of the cluster size
based on the ratio of storage moduli for both systems,
(G's/G'»)'" = (aglas), suggests that the radius of an inter-
locked cluster of rough colloids is 1.3 times that of the radius
of a single smooth particle. Suspensions of smooth colloids
may possess a more homogeneous microstructure after reju-
venation by avoiding cluster formation.

B. Creep

A large variety of flow responses that span shear rates cor-
responding to 0.01 < Pe < 14 is observed in during creep.
Here, Pe = j/azﬁ-/D(dﬂ and D(¢)=0.07D,y, where D, is the
translational diffusion coefficient for the dilute regime using
the Stokes—Einstein—Sutherland equation. The prefactor 0.07

accounts for particle interactions near jammed packing [89],
and y is the shear rate measured during creep. At low Pe,
slow creeping flows of glassy colloidal suspensions are dom-
inated by thermal fluctuations and cage relaxation. Previous
studies have shown that particle cages that form in quiescent
colloidal glasses are generally isotropic [45,47]. However, an
external shear stress applied during a creep experiment can
cause an immediate elastic distortion of cages, resulting in
instantaneous strain deformation (z~ 1s) followed by slow
and continuous creep deformation at stresses below the yield
stress (o< o,) or steady flow above the yield stress (o> o)
[52,90]. A simple way to analyze the creep response is by
fitting a power law model y(r) =af’, where y represents
strain deformation, a is the power law prefactor, and b indi-
cates the rate of change in strain, to the strain deformation
and tracking the change in the power law exponents over .
Creep flow is indicated by a continuous sublinear growth in
strain (b<1) with time, while a linear increase in strain
(b=1) represents completely viscous flow. The continuous
sublinear growth observed at o < oy is often characterized
by a power law exponent between 0.6 and 0.7. Such a
response has been previously reported for metallic, polymer,
and hard-sphere glasses [52,91,92].

Power law fits to the strain deformation curves over each
decade in Figs. 7(a) and 7(b) indicate that suspensions of
smooth and rough colloids yield and achieve steady flow
above 0.035 and 0.020 Pa, respectively. Both suspensions
exhibit an initial super-linear increase (b=1.2+0.1) in strain;cﬁ1
between 0.1 <7< s, irrespective of the applied stress, which &
can be attributed to a competition between the rheometer 2
inertia and sample elasticity [93]. At intermediate times§
(1<t<10s), irrespective of the surface roughness, both sus—%
pensions show a constant sublinear increase Wwithg
b=0.6+0.1, suggesting that individual particles remain
somewhat trapped within the cage formed by their neighbor-
ing particles [50]. At longer times (10 < ¢< 1000 s), there is a
substantial deviation in the power law exponents with sus-
pensions of smooth colloids displaying a gradual increase in
the strain deformation (b=0.6+0.1 for 0.01 <06<0.02Pa,
0.7<b<1.0 for 0.035 <06<0.07 Pa), while suspensions of
rough colloids undergo a much more rapid deformation
b=06x0.1 for o0=001Pa and 08<b<1.0 for
0.02 < 6<0.07 Pa). Figures 7(c) and 7(d) represent the same
result by replotting ¥ as a function of ¢. Once the suspensions
yield and steady flow has been established, strain increases
linearly with ¢ and the shear rate remains constant as a func-
tion of time. On average, the slope of ¥ as a function of ¢ is
nearly zero over the last decade for o> 0.02 Pa for suspen-
sions of rough colloids and o > 0.035 Pa for suspensions of
smooth colloids.

Furthermore, a Herschel-Bulkley fit (¢ = oy + Ky") to
the steady shear flow sweep curves, as shown in Fig. 8,
results in of = 0.031Pa, af = 0.014Pa. The mean values
of parameters K and n are 4.49 and 0.98 for smooth col-
loids and 1.33 and 1.01 for rough colloids, respectively.
Based on the data collected from creep experiments, steady
shear flow, and oscillatory stress sweep, we conclude that
the yield stress values in suspensions of smooth and
rough colloids at 3.0% and 3.4% distance from jamming
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FIG. 7. (a) and (b) Strain deformation and (c) and (d) shear rate as a function of time during the creep experiment for suspensions of smooth [(a) and (c)] and
rough colloids [(b) and (d)]. Applied stress during creep includes 0.01 Pa (black circle, O), 0.02 Pa (red star, ), 0.03 Pa (blue squares, []), 0.035 Pa (green dia-
monds, <), 0.05 Pa (orange upward triangle /\), and 0.07 Pa (purple downward triangle \/).

are 0'§ =0.025 4+ 0.013Pa,
respectively.

Figure 9 shows that, despite small differences in the yield
stress, suspensions of rough colloids exhibit a larger strain
deformation at the end of the creep experiment (#=1000s,
¥ =7¥.max) as compared to suspensions of smooth colloids

0‘5 = 0.015 £+ 0.005 Pa,
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FIG. 8. Steady shear flow sweep showing applied stress as a function of the
shear rate for suspensions of smooth (red circles) and rough colloids (blue
squares) at a distance of 3.0% and 3.4%, for smooth and rough colloids,
respectively, from jammed packing. The dotted lines represent Herschel—
Bulkley fits to the flow curves.

(average Ygmax=96%, 670%, 968%, 1695%, 2039% and
¥s.max =47%, 106%, 166%, 596%, 560% for O'aﬁﬂ/kBT=2.5,
6.6, 11.7, 17, 24, respectively), irrespective of o.
Furthermore, for 0.03 <5 <0.07 Pa (i.e., 6 > g,), rough col-
loids attain steady flow within 40-50 s while smooth colloids
require 100-120s. In other words, suspensions of rough
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FIG. 9. Maximum strain deformation at the end of the creep experiment
(t=1000s) as a function of applied stress scaled with respect to the particle
size for suspensions of smooth (red circles) and rough (blue squares)
colloids.
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colloids fluidize more readily than smooth colloids. The
higher strain deformation and earlier onset of fluidization in
suspensions of rough colloids do not align with the expecta-
tion that rotational constraints imposed by the surface rough-
ness might limit the strain deformation in creeping flow. The
higher fluidization potential in creep flow is unlike that of
the rheological properties found in Pe > 100 shear thickening
flows, where rough colloids tend to exhibit stronger thicken-
ing responses because of rotational constraints and larger
excluded volumes [27]. The higher creep strain of rough col-
loids could be due to a larger number of highly mobile parti-
cles. Sentjbrskaja et al. showed that the macroscopic creep
deformation in hard-sphere colloidal glasses correlates line-
arly with the mean squared displacement and fraction of
dynamically active particles, both above and below the yield
stress [50]. Furthermore, the occurrence of steady flow coin-
cides with the emergence of a region of higher local mobility
that percolates throughout the sample at the yield stress,
while dynamic activity remains localized below the yield
stress. Similar results were obtained by Schall et al., who
demonstrated that the number of shear transformation zones
increases with increasing strain and that plastic flow occurs
when such zones form a sample-spanning network [94].
Finally, Ghosh et al. also showed that sample fluidization in
hard-sphere colloidal glasses was associated with the emer-
gence of dynamical clusters of particles that percolated at the
yielding transition [54]. Figures 7 and 9 suggest that inter-
locking particles, such as the rough colloids used in this
study, could promote the formation of clusters with greater
dynamical activity, perhaps due to the coordinated rotation of
interlocked clusters. The enhanced cluster mobility results in
a higher strain deformation and earlier onset of fluidization
for rough colloids at a jamming distance that is equivalent to
that of smooth colloids.

C. Recovery

When the stress is set to o =0 after the cessation of creep
flow, the resultant strain recovery is a result of structural

recovery and can be divided into recoverable (y,..) and non-
recoverable components (¥,,...).- The recoverable part of
strain deformation is a measure of the remnant suspension
elasticity, while the unrecoverable strain is associated with
permanent deformation due to viscous losses [51,57,95].
The value of y,..(f) is the difference between maximum strain
deformation at the end of creep and the time-dependent strain
measured during recovery [i.€., Vyecdf) = ¥Vimax—¥:(#)]. The
minimum changes in angular displacement (~100nrad) mea-
sured in recovery experiments are far greater than the resolution
(10 nrad) of the instrument, which ensures that the recoverable
strain values reported here are reliable.

Figures 10(a) and 10(b) show the slow evolution of the
Yrec as a function of ¢. Irrespective of the previously applied
creep stress, both types of suspensions only recover
10%-20% of the maximum recoverable strain (¥,ec.maxs
recoverable strain at the end of the recovery experiment
t=3000 s) within a short time frame of #=1 s, while the major-
ity of the recovery occurs gradually over the remaining period
(1<t<3000s). As mentioned in Sec. III B, the application
of o distorts the particle cages, causing particles above a
reference particle to move in a different direction compared
to the particles below the reference particle. The differential
mobility builds up an internal anisotropic osmotic pressure,
which drives recovery once the stress is removed [46].
Petekidis et al. reported that a major fraction (60%—80%) of
Yree.max 1 hard-sphere colloidal glasses is recovered at short
times (f~ 1s), while the residual recovery occurs slowly;cﬁ1
over the remaining period of time [46,47]. They attributed &
the initial rapid recovery to the suspension elasticity and%
rapid f-relaxation of particle cages, indicative of the fast§
motion of particles within particle cages, while the residual £
recovery is attributed to the slow viscoelastic nature of the g
suspension and residual cage rearrangements [47]. It is
likely that the absence of a distinct initial rapid recovery
phase and long-term gradual recovery is due to the visco-
elastic nature of our suspensions, with relatively equal
contributions from both G’ and G”, as opposed to the pre-
dominantly elastic colloidal glass reported in previous
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FIG. 10. Recoverable strain as a function of time during the recovery experiment for suspensions of (a) smooth and (b) rough colloids. Applied stress during
creep includes 0.01 Pa (black circle, O), 0.02 Pa (red star, ), 0.03 Pa (blue squares, []), 0.035 Pa (green diamonds, <>), 0.05 Pa (orange upward triangle /\),

and 0.07 Pa (purple downward triangle \/).
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studies. This difference in the relative contribution of G’ and
G” may arise because of the comparatively large particle size
used in this study, in contrast with the submicrometer sized
colloidal particles (2a=0.36-0.60 um) used in previous
studies [46,47,49].

Generally, for o< oy, both ¥,.¢max and ¥,.,; increase with
o since the suspension retains solidlike character, and the
slope m (equivalent to do/dy,..;) when plotting ¥,..; as a
function of o is equivalent to the value of G’ obtained within
the LVR [46,47]. For o >0, both ¥,.c max and ¥,..; reach a
saturation value (~10%-20%) independent of o [49]. Some
recovery is observed even after the suspensions achieve
steady flow because particle dynamics during recovery are
still affected by caging. As cages break and reform,
out-of-cage particle motion remains restricted to a small
distance corresponding to a fraction of the particle size
(~10%-20%) [49]. The crossover between linearly increas-
ing instantaneous recoverable strain (y,..;) and its saturation
value occurs at the suspension yield stress [46,47]. Figure 11
shows that y,..; (t=1s) for suspensions of rough colloids
reaches a saturation value at 0.025 Pa, while suspensions of
smooth colloids reach a saturated value at 0.035 Pa. These
values are close to the yield stress values estimated from the
steady shear flow sweep (o5 = 0.031Pa, of = 0.014 Pa) and
oscillatory stress sweep (aﬁ = 05 = 0.010Pa). However, we
observe that values of m (mg=1.78 Pa, mp=0.64 Pa) are
greater than G’ corresponding to the G’ value obtained within
the LVR regime during oscillatory stress sweep
(G5 = 0.63Pa, G = 0.32Pa). We hypothesize that the devi-
ation between the m and G’ arises because both suspensions
are only weakly elastic, which means that o may not be
directly proportional to ¥,.,; even below o,. The weakly
elastic nature of the suspensions is indicated by the loss
modulus calculated based on G’ and G” obtained during the
oscillatory stress sweep (tan dg=tan o ~ 1).

We verify the hypothesis by running creep and recovery
experiments on a suspension of submicrometer sized smooth

0.00 0.02 0.04 0.06 0.08 0.10
(Pa)

FIG. 11. Instantaneous recoverable strain (=1s) as a function of applied
stress for suspensions of smooth (red circles) and rough (blue squares) col-
loids during the recovery experiment. The dotted lines indicate linear fits
below the yield stress and a saturation plateau beyond the yield stress.

colloidal particles (2a =0.73 pm +5%) at ¢=0.6. Since G’
is inversely proportional to the particle size (G’ « 1/a’), we
expect suspensions with submicrometer sized colloidal parti-
cles to exhibit strongly elastic behavior within the linear
regime. Figure 12 summarizes the results obtained from
oscillatory stress sweep and creep and recovery experiments.
As hypothesized, the slope of ¥,..; as a function of o (5.1 Pa)
for o <o, matches the G’ value obtained within the linear
regime of the oscillatory stress sweep (4.5 Pa). This agree-
ment might be due to the strong solidlike elastic character
(tan 65=0.45) of the suspension of smaller colloids, which
ensures a rapid solidlike recovery at short times and a
gradual recovery at long times as reported in previous studies
[46,47]. We chose ¢ = 0.6 to obtain flowable suspensions for
the experiments. The yield stress of the suspension, as indi-
cated by a crossover of G’ and G”, is 0.6 Pa. Therefore, after
preshearing the loaded suspension, creep and recovery exper-
iments were conducted between 0.01 and 5Pa so that the
strain responses both above and below the yield stress could
be analyzed.

Studies have shown that ¥,.. 4 also exhibits an increase
with ¢ for o< o, followed by saturation above o, in hard-
sphere colloidal glasses [46,47]. Figure 13(a) shows that ¥,
max Teaches a saturation value of (15%—18%) in suspensions
of smooth colloids above 0.02 Pa. Unlike smooth colloids,
Fig. 13(b) shows that suspensions of rough colloids exhibit a
nonmonotonic trend in ¥, mqe With a peak value of 100% at
0=0.02Pa (~o,) followed by decreasing ¥,ecimax with;cﬁ1
increasing o. Such nonmonotonic behavior in ¥, was§
reported by Pham et al. for attractive colloidal glasses3
[17,96]. Pham et al. observed that ¥,...; and ¥ec.max increased§
with o up to oy, followed by a decrease with increasing o. 8
They speculated that for o < oy, interparticle attractive g
bonds respond elastically, preventing changes in the
bonding and topological neighbors and leading to high
recoverable strains up to o,. Beyond oy, flow-induced bond
breaking competes with bond formation by diffusion and
decreases the magnitude of ¥, mar. For o> o, shear-
driven bond breaking dominates, resulting in a value of y,.,,
max With similar a magnitude as that of a hard-sphere colloi-
dal glass. Analogous to attractive colloidal systems, the
interlocking of surface asperities in jammed suspensions of
rough colloids may function similarly to bonds formed
from frictional interactions in particle cluster networks that
can withstand applied shear and provide higher recovery up
to 0.02 Pa. For 0 <0.02 Pa, the particle clusters might be
stretched by applied shear without breaking the interlocking
contacts so that upon removal of stress, the contacts exhibit
greater elastic recovery compared to suspensions of smooth
colloids. Beyond o=0.02 Pa, the applied shear begins to
break the interlocking contacts, resulting in a decrease in
Yree until it matches the recovery in suspensions of smooth
colloids as observed at o =0.07 Pa.

It is important to note that while ¥, . 1S higher for sus-
pensions of rough colloids, Fig. 14 shows that, at similar o,
suspensions of smooth and rough colloids recover a similar
fraction of the strain deformation accumulated during creep.
The ratio of ¥,ecmax With respect to ¥,,,, indicates the extent
to which the suspension can recover the creep strain
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FIG. 12. (a) Oscillatory stress sweep performed on a suspension of smooth colloids of smaller sizes (2a = 0.73 um + 5%, f=0.60) showing the LVR, the onset
of nonlinearity and crossover of G’ (closed circles) and G” (open circles). (b) Strain responses as a function of time and applied stress during creep. N
(c) Recoverable strain as a function of time and applied stress during recovery. (d) Instantaneous recoverable strain as a function of applied stress. Applied stress &
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diamond, 4p), 1 Pa (blue star, %), and 5 Pa (orange cross, X).

deformation. As o increases, the extent of recovery decreases
for both systems, indicating greater permanent deformation.
Even at the lowest applied stress of o=0.01 Pa, suspensions
of smooth and rough colloids recover approximately 25% of

strain deformation. This type of partial recovery has been pre-
viously reported for hard-sphere colloidal glasses and sug-
gests that even below the yield stress, dense suspensions
undergo permanent deformation due to viscous flow.
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FIG. 13. Maximum recoverable strain at the end of the recovery experiment (t=3000s) as a function of applied stress for suspensions of smooth (left, red
circles) and rough colloids (right, blue squares). Lines are drawn to guide the eye. Arrows indicate yield stresses for smooth and rough colloids obtained from

creep experiments.
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FIG. 14. Maximum fractional recovery at the end of the recovery experi-
ment (r=3000s) as a function of applied stress scaled with respect to the
particle size for suspensions of smooth (red circles) and rough (blue squares)
colloids.

IV. CONCLUSIONS

This study combines oscillatory measurements, steady
shear flow sweeps, as well as creep and recovery rheology to
show how particle surface roughness affects the mechanical
and flow properties of dense colloidal suspensions. At a
jamming distance of 3.4% for smooth and rough colloids
suspensions of rough colloids exhibit lower load-bearing
capacity compared to suspensions of smooth colloids
(G ~ 3Gp). Previous studies have shown that rough colloids
experience hindered rotational dynamics due to interlocking
of surface asperities at high concentrations [23,26]. The inter-
locking between immobile rough colloids may result in the
formation of particle clusters that are not completely dis-
rupted during shear rejuvenation, resulting in a weaker het-
erogeneous microstructure. Suspensions of smooth colloids
may possess a homogeneous microstructure by avoiding
cluster formation.

During creep, suspensions of rough colloids undergo
higher strain deformation compared to smooth colloids both
above and below o, and exhibit early onset of fluidization
above o,. The magnitude of y is likely correlated with the
fraction of dynamically active particles, and the onset of flu-
idization occurs upon percolation of mobile particle clusters
in hard-sphere colloidal glasses as described in this study and
by others [50,54,94]. It is likely that, in addition to the
weaker load-bearing capacity of rough colloids in creep flow,
asperity interlocking facilitates percolation of active mobile
clusters leading to greater dynamical activity for the same
applied stress. Strain recovery experiments performed after
creep show that ¥,..m. increases nonmonotonically with
respect to o for suspensions of rough colloids. The value of
Vree.max (~100%) peaks at 0.02 Pa for suspensions of rough
colloids, which matches the bulk yield stress obtained during
creep (af = 0.02Pa), indicating a threshold below which
particle interlocking results in long-lived contacts that can
withstand the applied shear. However, for o> 0.02 Pa, inter-
locked particle clusters begin to break, and at sufficiently
high stress (o=0.07 Pa), suspensions of rough colloids
exhibit similar ¥,..mqc as suspension of smooth colloids
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(15%—-20%). Despite a higher magnitude of ¥,¢cmqr in rough
colloids, the ratio of ¥,ecmax tO Ymax Shows that suspensions
of smooth and rough colloids recover similar fractions of
creep strain deformation. This indicates that both suspensions
accumulate greater permanent strain deformation over time,
irrespective of o. Results from this study indicate that micro-
scale particle properties, such as surface roughness, can sig-
nificantly affect the flow and elastic recovery in dense
suspensions and, therefore, serve as a design tool to generate
novel yield stress fluids for applications such as additive
manufacturing, coatings, and mechanically responsive soft
matter composites.
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