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Abstract

The mechanisms of flow in suspensions of soft particles above the glass-transition volume fraction and in the jammed state
were probed using orthogonal superposition rheometry (OSR). A small amplitude oscillatory shear flow is superimposed
orthogonally onto a steady shear flow, which allows monitoring the viscoelastic spectra of sheared jammed core—shell
microgels during flow. The characteristic crossover frequency w,., deduced from the viscoelastic spectrum, provides infor-
mation about the shear-induced structural relaxation time, which is connected to the microscopic yielding mechanism of
cage breaking. The shear rate evolution of the crossover frequency is used to achieve a superposition of all spectra and get
a better insight of the flow mechanism. Despite their inherent softness, the hybrid core—shell microgels exhibit similari-
ties with hard sphere-like flow behavior, with the main difference that for the microgels, the transition from a glassy to a
jammed state introduces a volume fraction dependence of the scaling of @, with shear rate. We further check the application
of the Kramers—Kronig relations on the experimental low strain amplitude OSR data finding a good agreement. Finally, the
low frequency response at high strain rates was investigated with open bottom cell geometry, and instrumental limits were
identified. Based on these limits, we discuss previous OSR data and findings in repulsive and attractive colloidal glasses and
compare them with the current soft particle gels.
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Introduction spheres have been extensively used as model systems, to

study phase behavior, state transitions, and flow response

The study of the rheological behavior of complex materials
under flow and its interplay with the microstructure con-
sists of an active research topic in soft matter physics that
has received much attention (De Silva et al. 2011; Mewis
and Wagner 2011; Eberle and Porcar 2012; Koumakis et al.
2012b, 2013; Lettinga et al. 2012; Lopez-Barrdn et al. 2012;
Amann et al. 2015; Snijkers et al. 2015; Vlassopoulos and
Cloitre 2021; Wagner and Mewis 2021). Colloidal hard
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of both ordered and glassy states (Koumakis et al. 2008,
2012a). For hard spheres, the glass transition occurs at vol-
ume fractions above ¢, ~ 0.58, due to the entropic caging
of particles induced by the presence of their first neighbors
(Pusey 1991; van Megen and Underwood 1994; Cheng et al.
2001; El Masri et al. 2009). The mechanisms of yielding
and flow of hard sphere colloidal glasses have been stud-
ied through experiments and simulations, for both steady
(Petekidis et al. 2004; Schall et al. 2007; Besseling et al.
2010; Chikkadi et al. 2011; Koumakis et al. 2012a; Sieben-
biirger et al. 2012) and oscillatory (Petekidis et al. 2002;
Miyazaki et al. 2006; Brader et al. 2010; Koumakis et al.
2013) shear flow. Furthermore, Jacob et al. (2015) studied
the viscoelastic spectra of hard sphere glasses under steady
shear flow and the shear rate dependence of structural relax-
ation using orthogonal superposition rheometry, the experi-
mental technique reported in this investigation.

Similar to hard spheres, the mechanism of yielding and
flow has also been studied for soft systems, such as micro-
gels and star-like systems (polymer-grafted colloids and
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multiarm stars) (Cloitre et al. 2003; Erwin et al. 2010; Seth
et al. 2011; Truzzolillo et al. 2014; Vlassopoulos and Cloi-
tre 2014, 2021). Soft systems undergo the same qualitative
sequence of the phase transitions with hard sphere suspen-
sions, with the difference that, due to the deformability and
compressibility of the microgels and the interpenetrability
of star-like systems, the glass and the jamming transitions
are shifted to higher volume fractions, with the possibility
to be larger than one (Mewis and Wagner 2011; Lyon and
Fernandez-Nieves 2012; Vlassopoulos and Cloitre 2014,
2021). In addition, non-linear rheology in connection with
microstructural evolution has been explored in several soft
glasses under shear (Le Grand and Petekidis 2008; Sieben-
biirger et al. 2009; Mohan et al. 2013).

In this work, we explore the effect of steady shear on the
viscoelastic behavior of sheared hybrid core—shell microgels
well above glass transition through orthogonal superposition
rheometry (OSR). OSR combines two deformation modes,
steady shear in one direction and small amplitude oscillatory
shear applied simultaneously and orthogonally to the steady
shear. In this way, small amplitude orthogonal frequency
sweeps interrogate the sample which is subjected to steady
shear flow enabling the direct measurement of its viscoelas-
tic spectra (Simmons 1966; Vermant et al. 1998; Kim et al.
2013; Jacob et al. 2015).

The OSR approach has been so far utilized in a number of
soft matter systems including polymer solutions and colloi-
dal gels, dilute or concentrated, as well as colloidal glasses
of soft and hard sphere particles undergoing steady shear
(Mewis et al. 2001; Mobuchon et al. 2009; Kim et al. 2013;
Jacob et al. 2015; Khandavalli et al. 2016; Colombo et al.
2017; Sung et al. 2018; Moghimi et al. 2019; Rathinaraj
et al. 2022; Pagani et al. 2024). In some of these studies
of colloidal glasses and gels, we came across a common
phenomenology, although clear system-specific differences
have also been revealed. With regard to the first an interest-
ing, yet still puzzling, observation is a strengthening of the
elastic response (G’ > G") observed at low frequencies at
rather high steady shear rates. This finding has been attrib-
uted to possible precursors of shear thickening effects, which
however are yet to be verified. Here, we revisit this point
using a similar type of soft colloidal gel to interrogate the
underlying viscoelastic spectra under steady shear, with
emphasis on the low frequency regime. For this purpose,
we utilize a new type of Couette shear cell custom made for
OSR measurements to eliminate pumping effects that might
ruin delicate measurements in yield stress samples at low
frequencies. Careful analysis at the low frequency regime
with all different rheological tools available applied to the
soft glassy sample reveals the instrumental limit at low fre-
quency. This suggests that a large part of the earlier reported
low frequency elasticity was due to the instrumental pump-
ing effects. We finally look into the character of measured
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viscoelastic spectra under steady shear and confront it with
the Kramers—Kronig relations, which follow from the cau-
sality condition, but may be expected for some systems not
to hold in non-conservative flows such as shearing, at least
under certain conditions (Dhont and Wagner 2001).

Experimental
Systems

We used temperature-sensitive soft core—shell particles con-
sisting of a fluorescently labeled (Nile red) trifluoroethyl
methacrylate (TFEMA) core of 85-nm radius onto which
a poly(N-isopropylacrylamide) shell is affixed. The com-
position of the microgel shell determines the thermosensi-
tive behavior of the hybrid particle. The hybrid particles,
TFEMA/PNIPAM (diameter 870 nm), are synthesized in a
two-step procedure according to the process described by
Appel et al. (2015). The crosslinking density of the shell is
5 wt%. The particles which are electrostatically stabilized in
aqueous suspensions by sulfonate groups at their periphery
have a hydrodynamic radius of Ry=435 nm at 7=20 °C as
determined by dynamic light scattering in the dilute regime.
The effective volume fraction ¢, of colloidal suspensions
was extracted by measuring the relative viscosity #,, of
dilute suspensions as a function of particle concentration,
using capillary viscometry, and subsequent fitting of the
volume fraction dependence (in the dilute regime) by the
Batchelor-Einstein prediction for hard spheres.

Rheometry

Orthogonal superposition rtheometry is performed at various
rotational rates and three different effective volume frac-
tions well above the glass transition (0.99, 1.13, and 1.27
at T=20 °C), using an ARES-G2 (TA Instruments) strain-
controlled rheometer, equipped with a modified double wall
Couette geometry (Vermant et al. 1997; Kim et al. 2013).
The control loop of the normal force transducer is adapted to
impose a small strain amplitude oscillatory motion orthogo-
nal to the standard rotational motion of the rheometer (Ver-
mant et al. 1997; Kim et al. 2013). Orthogonal dynamic
frequency sweeps were performed at a low strain amplitude
in a linear regime (y=0.3%) once a steady flow was reached.
We explored tangential steady shear rates, y, ranging from
1073 to 10 s~!. For this range of shear rates, no measur-
able wall slip was revealed according to the flow curves in
Fig. 1, where a well-defined yield stress plateau was meas-
ured indicative of non-slip conditions (Ballesta et al. 2008,
2013). All experiments were performed in the repulsive
regime (with T< T} ~g~34 °C) at T=20 °C.
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Fig. 1 Normalized steady state shear stress (closed symbols, left
axis) and shear viscosity (open symbols, right axis) as a function of
scaled shear rate (Pe) for various volume fractions at 7=20 °C. The
unscaled data are shown in Figure S1 of the supplementary material

In addition, a special open bottom Couette (OBC) geometry
was used to verify the effect of pressure gradients. The radii of
the cell are R; = 5 mm (outer) and R, = 6 mm (inner), and the
measuring length is L=25 mm (see schematic in Fig. 9). This
prototype cell was mounted on a linear motor for an MCR702
(Anton-Paar) stress-controlled rheometer. The yield stress of
the material keeps the sample in the gap between the concentric
cylinders without dripping of the material into the open volume
at the bottom of the bob. In this way, this geometry minimizes
pressure effects generated by the displacement of the yield
stress material in the material reservoir, typical in the normal
OSP Couette. The ability of yield stress material to sustain their
own weight for a short period of time is also important in the
loading procedure. The cavity was loaded with an excess of the
material to ensure complete filling. Then, the internal geometry
was removed, and the excess material in the bottom cavity was
cleaned. The lower edge was trimmed before reinserting the
bob, and the loading procedure was concluded with the trim-
ming of the upper edge. The described procedure ensures that
the material fills the measuring annulus effectively. It should be
noted that these are the first data acquired with this new proto-
type cell/geometry. However, since the geometry is not covered
by a humidity-controlling cover that would minimize solvent
evaporation, the material was subject to some evaporation, and
thus, measurements were limited to short times. Note that the
effective volume fraction for these measurements was estimated
to be ¢ =1.37, i.e., higher than the ones used with the normal
OSR Couette, mentioned above. The higher effective volume
fraction ensures that the measurements fall into the operational
window of the instrument. The data acquisition procedure and
the corrections applied are described in the Appendix.

Table 1 The consistency factor, X
. Sl Pett n
k, and shear thinning exponent,
n, values obtained by fitting 1.27 523 0.44

experimental data of Fig. 1 with

the Herschel-Bulkley model 113 195 0.48

0.99 47 0.51

Results

First, we present the investigation of the flow behavior of
the system under constant steady shear. Figure 1 shows the
flow curves (steady state shear stress versus shear rate) for
various volume fractions. These curves present the typi-
cal response expected for soft yield stress materials with
a shear thinning behavior at high shear rates, where stress
shows a sublinear increase with shear rate and the detec-
tion of a yield stress plateau at low shear rates. The shear
stress and viscosity are shown in Fig. 1 as a function of
the dimensionless Péclet number (Pe = 3 = 7R? /Dy with
tg = 0. 384 s being the free Brownian time of the particle
with R=870 nm at T=20 °C, with Dy, is the diffusivity in
the dilute regime calculated through the Stokes—Einstein-
Sutherland relation), which relates the shear rate of a flow
to the particle’s diffusion rate. The shear stress can be fitted
with the Herschel-Bulkley model, ¢ = o, + k7", in agree-
ment with similar earlier studies (Cloitre et al. 2003; Bécu
et al. 2006; Ballesta et al. 2008; Erwin et al. 2010; Kou-
makis et al. 2012b). Table 1 displays the values of k and n
for various volume fractions. The consistency factor, k, is
a constant of proportionality that increases with increasing
volume fraction. The flow index exponent, n, describes the
shear thinning behavior and shows an insignificant change
with volume fraction with a value less than one in the high
shear rate regime measured.

The extent of the linear viscoelastic regime in the
orthogonal direction is determined by performing dynamic
strain sweep (DSS) tests. Figure 2a depicts the orthogonal
dynamic strain sweep for ¢ ;=1.27 at rest as well as for
rotational shear rates of 0.1 and 1 s™! at the fixed frequency
of 10 rad/s. The rotational dynamic strain sweep is also
depicted for comparison. The rotational DSS data exhibit
the typical features for yielding as seen in many colloidal
glasses and jammed states of soft particles (Petekidis et al.
2002; Koumakis et al. 2012a, b), i.e., a decrease of G' with
increasing strain amplitude and the simultaneous appearance
of a peak in G" at approximately 10% strain amplitude, as
well as the constant power law slopes at high strains with
G' having roughly twice the slope of G”. With no shear, the
orthogonal dynamic strain sweep exhibits a similar response
to the parallel one with a small discrepancy in the plateau
value. The difference can be caused by end-effects or ani-
sotropy induced by the pre-shear. As expected, the onset
of non-linearity begins at around 1% strain, with a higher
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Fig.2 a Orthogonal dynamic strain sweeps (ODSS) showing the
elastic, G’ |, (solid symbols) and viscous,Gl, (open symbols) moduli
at the frequency of w=10 rad/s under steady shear flow for various
shear rates as indicated at @ ;=1.27 of TFEMA/PNIPAM 870 nm.
The parallel dynamic strain sweeps (black curves) are also shown for

volume fraction showing an earlier onset. Increasing the
shear rate, the system tends to liquefy leading to the exten-
sion of the linear regime to larger strain amplitude values.
For ¢ +=1.27, the linear regime at rest extends to approxi-
mately 0.3%, whereas under the steady shear rate of 0.1 s7h
it increases to 1.5% and at 1 s™! to 3%. In dynamic strain
sweeps, the peak of loss moduli, G", represents the maxi-
mum energy dissipation around yielding where it is expected
that a large number of cages break and particle rearrange-
ments are important (Petekidis et al. 2002; Koumakis et al.
2012a). Here, we observe that under steady shear at increas-
ing shear rate the peak disappears indicating a more gradual
elastic energy dissipation during yielding through micro-
scopic rearrangement. During steady state shear flow, there
is plastic deformation, which continuously relaxes the elastic
strain. Therefore, while the LAOS G" peak at rest indicates
a transition from solid to liquid response, accompanied by
a peak in energy dissipation, for the flowing sample under
steady shear, this transition has already taken place. There-
fore, the OSR LAOS simply probes the residual structural
response that transits from probing restructuring cages under
low strain amplitudes to a stronger shear thinning response
due to additional deformation of the structure when the
orthogonal strain amplitude increases.

Figure 2b presents the orthogonal dynamic frequency
sweeps for g.4=1.27, at a low strain amplitude in the lin-
ear regime, which were performed once a steady state was
reached, typically after 200 s for the highest to 2000s for
the lowest shear rates. The waiting time used each time cor-
responds to a total strain of y> 1. The dynamic frequency
sweeps are represented both as a function of the angular
frequency w or the dimensionless frequency Pe, = wtj,
the latter differ from the Péclet number by the absence of
any information regarding the amplitude of the deforma-
tion. The orthogonal DFS experiment at quiescent condi-
tions shows the typical behavior of colloidal suspensions
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the comparison. b Storage and loss moduli from the orthogonal fre-
quency sweeps at ¢.4=1.27 at T=20 °C for various shear rates as
a function of frequency, @ (bottom x-axis), and the scaled frequency
(top x-axis), Pe, = oty

above glass transition where the storage modulus G’ domi-
nates the loss modulus G” over a wide range of frequencies.
The storage modulus G’ presents a plateau with a slightly
increasing slope, which is due to increased particle motions
at low frequencies compared to high ones, where the motion
is restricted due to the caging effect. The loss modulus
G" exhibits a minimum, which is related to the transition
between the in-cage and the out-of-cage relaxation times of
the particles (van Megen and Underwood 1993; Mason and
Weitz 1995; Koumakis et al. 2012b). Moreover, the evolu-
tion of the orthogonal elastic, G,’, and viscous, Gi, moduli
at various rotational shear rates is presented, where upon
increasing the main shear rate, the stress induces stronger
microstructural changes in the system, which results in
speeding up of the internal relaxation dynamics.

From the dynamic frequency sweeps, we can extract the
plateau modulus G’p, located at the minimum of G” around
a frequency w,, (Pellet and Cloitre 2016). Figure 3 shows
the plateau modulus as a function of effective particle vol-
ume fraction. For the TFEMA/PNIPAM (870 nm) system,
although we do not have a lot of data points, we clearly
observe a change of slope with increasing the effective vol-
ume fraction. This change in concentration dependence of
the plateau modulus, taking place around ¢ =1, may sig-
nify a transition from a glassy to jammed state as has been
reported by Pellet and Cloitre (2016) as a mechanical signa-
ture of glass to jammed transition.

Figure 4 includes comparisons for various rotational
shear rates for the three different volume fractions meas-
ured. We observe that even at the lowest shear rate imposed
(7 = 0.01 s7"), the ODFS shows a discernible change from
the DFS at rest, with the elastic modulus G’ |, decreasing
and the viscous modulus G’ |, increasing over the whole fre-
quency range. This finding is consistent with the idea that
the rotational shear rate and consequent shear stress partially
fluidize the glassy sample.
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Fig.3 Volume fraction dependence of the plateau modulus, G'p, at
rest for TFEMA/PNIPAM (870 nm) as a function of effective volume
fraction. The solid lines indicate the two different power law depend-
encies at low and high effective volume fractions

Moreover, both G’ | and Gl increase as the effective vol-
ume fraction increases for all the applied shear rates. At
shear rate 0.01 s™!, we detect the emergence of a crosso-
ver frequency, inside the experimental frequency window,
which moves to higher frequencies with increasing shear
rate. The crossover frequency provides a direct measure of
the shear-induced structural relaxation that is attributed to
the microscopic yielding mechanism of cage breaking (Jacob
et al. 2015). Above a certain shear rate, a second crosso-
ver frequency is observed at lower frequencies. These two
crossover frequencies represent two structural relaxation

timescales (f,= 1/w_) that may be related with two different
length-scales. As the shear rate is increased, we observe that
both the high and the low crossover frequency w, move to
higher values, denoting the speed-up of the internal dynam-
ics. In the case of HS glasses, the high frequency crossover
was related to the shear-induced out-of-cage displacements,
while the low frequency crossover was attributed to the pos-
sible formation of larger length-scale structures or aggre-
gates (Jacob et al. 2015) due to the interplay of shearing
with lubrication hydrodynamics interactions (hydro-clusters)
(Bossis and Brady 1985; Bender and Wagner 1996). Hybrid
microgels though consist of a soft polymeric shell surround-
ing the hard core, defined by repulsive thermodynamic
forces, which modify the lubrication interactions, minimiz-
ing the probability of hydro-clustering (Melrose and Ball
2004). Nevertheless, a similar phenomenon is detected here
in jammed soft core—shell particles, suggesting either a uni-
versal phenomenon common to all these systems, besides
the differences in the magnitude of hydrodynamic interac-
tions or other surface interactions. However, before enquir-
ing such mechanisms, we need to exclude (or determine the
extent of) any possible instrumental effects of the orthogonal
probing at ultralow frequencies due to the yield stress nature
of the measured samples.

Hence, we use a new open bottom Couette (OBC) cell
(Fig. 9) where pumping effects in highly viscous and yield
stress samples are expected to be suppressed. Data from such
OBC orthogonal set-up are shown in Fig. 5 for a series of
applied shear rates at a high volume fraction (¢.4=1.37)
sample. The data of the loss modulus for the samples at
rest and at small shear rates that are outside the operational

Fig.4 Orthogonal dynamic

e o o o ]

frequency sweeps obtained
for different rotational shear
rates from a at rest (0 s™!) to
d1satgF=099,1.13, 10°
and 1.27 of TFEMA/PNIPAM
(870 nm). G’ | and Gl are plot-
ted as a function of the scaled
frequency, Pe, = wtg. All meas-
urements were conducted with
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Fig.5 Orthogonal dynamic frequency sweep obtained for different
shear rates at @ ;= 1.37 of TFEMA/PNIPAM (870 nm) with the new
OBC geometry. Solid lines with filled symbols represent the storage
moduli, while the dash-dotted lines with empty symbols represent the
loss moduli. The shaded grey region represents the lower limit of the
operating window given by the minimum force measurable; all the
data points with lower values are excluded from the plot

window of the instrument as determined by the conservative
data analysis applied (as explained in Appendix 1) are not
reported in Fig. 5. A more lenient (to that shown in Fig. 5)
data analysis of these measurements is shown in the sup-
plementary Figure S3, with essentially the same message.
Although the overall response of the material is confirmed,
the curves lack a visible low frequency crossover (w; ). Even
though only a limited frequency window is accessible due
to resolution limitations, the behavior at frequencies lower
than the high frequency crossover (@ ) suggests that the
low frequency crossover is not clearly detected, if not absent.
Thus, it is reasonable to conclude that the low frequency
response in our previous measurements (see Figs. 2b and
4 where an enhanced elasticity and a low frequency G'-G"
crossover is seen) is, to a certain extent, related with the
residual pressure (pumping) effects present in the normal
orthogonal (close bottom Couette) geometry and amplified
by the elastoplastic (yield stress fluid) nature of the material.
As these OSR experiments with the OBC cell indicate, the
OSR data can be safely measured down to a low frequency
limit of about Pe,=0.3 (see Fig. 5), although this limit is
expected to depend on the technical details of the geometry
and transducer and hence on the rheometer used. We there-
fore indicate this low frequency limit in Fig. 4 noting that
the orthogonal moduli data from sheared samples at lower
frequencies might, to a certain extent, be affected by instru-
mental factors (of the normal OSR geometry).

With the knowledge extracted from the new OBC meas-
urements and the related analysis (in Appendix 1), we can
look again in the extended series of data presented in Fig. 4
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taken by the conventional (commercial) OSR geometry in
the ARES-G2. We note that for the regime above Pe =0.3
(identified as the low limit for the new OBC measurements),
measurements of Fig. 4c and d (corresponding to high steady
shear rates) still indicate the existence of a second low fre-
quency crossover regime. These data fall within the instru-
ment’s (ARES-G2) operational window (see Appendix 2)
and can be directly compared with the OBC measurements.
Since this second, low frequency crossover is absent in the
OBC geometry in this frequency range, we may reasonably
assume that its origin relates to pressure effects (which are
absent in the OBC geometry).

With possible instrumental artifacts being identified, we
are now well placed to explore the validity of the Kram-
ers—Kronig (KK) relationship in the soft colloidal glasses
under steady shear probed by orthogonal superposition
rheometry. The KK relationship, linking the elastic and vis-
cous moduli, was thus utilized in one of its forms, i.e.,

G (w) ~ %(%) I (Booij and Thoone 1982) to test its

validity in the orthogonal viscoelastic moduli. To do so, we
first interpolated the G’ data with a second order polyno-
mial function (shown as solid line among experimental data
in Fig. 4). Subsequently, the interpolating data were used to
calculate the Gl according to the above Kramers—Kronig
relation, via the derivative of G’ |. The results of the model
are presented in Fig. 4 as dashed lines. As expected for our
soft glasses at rest, the KK relationship is followed for the
entire frequency range probed. For the samples under steady
shear, the resulting response of the orthogonal moduli veri-
fies the validity of the KK relationship, especially at fre-
quencies above the high frequency crossover, where the
application of the relation yields an excellent agreement with
experimental data, whereas below the low @, some devia-
tions are detected. The validity of the Kramers—Kronig rela-
tion for the orthogonal in general denotes that the applied
stationary shear flow does not induce considerable modifica-
tion of the microgels’ microstructure (Dhont and Wagner
2001). This confirms that while some distortion of the sam-
ple microstructure under shear occurs, it does not signifi-
cantly differ from the microstructure at rest. Moreover, if we
exclude the low frequency regime (Pe, <0.3), where accord-
ing to the discussion above we may experience instrumental
effects, we do see that for higher frequencies deviations of
the orthogonal viscoelastic data from KK are minimal. Note
though that one could also use reversely this argument, argu-
ing that for these systems at least, the deviation from KK is
a strong indication of the existence of instrumental artifacts
in the measured data.

Figure 6 presents the relaxation times determined at the
low and high frequency crossovers as a function of Pe. Note
that although, as shown above, the low frequency crossover
is prone to instrumental effects, we chose for completeness
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high frequency crossover frequency, wcy, and b the low frequency
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(and for comparison with earlier studies) to still present its
response in the following. A direct comparison of microgel
suspensions with HS glasses is possible normalizing the relax-
ation times with the Brownian time of each system in the dilute
regime. The scaled short-time relaxation, deduced from the
high frequency crossover, shows almost a linear decrease with
Pe, similar to HS glasses (t/t5 ~ 1/Pe) (Fig. 6a). Increasing
shear rate (above Pe =~ 1), we expect that the microstructure
becomes more anisotropic, as seen in other studies in hard and
soft particle glasses and jammed systems with an increasing
radial distribution function g(r) in the compression axis and
a decreasing in the extension axis (Seth et al. 2011; Kouma-
kis et al. 2012a). For HS glasses, this particle rearrangement
is associated with the shear-assisted particle cage escape and
hence the reduction of the short-time relaxation (Jacob et al.
2015). Here, we observe that the short-time relaxation (cor-
responding to the high frequency crossover) exhibits a non-
monotonic dependence on particle volume fraction (Jacob
et al. 2015) in contrast with HS glasses where the relaxation
time was found to be independent of particle volume fraction.
This non-monotonic dependence of short-time relaxation on
particle volume fraction could be an indication of a transition
from a glassy state to a jammed state, similarly to the change of
the slope of the plateau modulus with particle effective volume
fraction (see Fig. 3). On the other hand, the long-time relaxa-
tion (corresponding to low frequency crossover) exhibits also
a power law decrease with Pe (Fig. 6b), with a volume frac-
tion dependent exponent of 0.8 or lower. Here, data deduced
in the low frequency regime where instrumental effects are
definitely dominant (i.e., Pe,<0.3), are indicated with open
symbols, while in view of the discussion above also for higher
frequencies, they should be also considered with caution.
We should point out that in the case of HS glasses, Brown-
ian dynamics simulations, which do not take into account the
hydrodynamic interactions (HI) between particles, exhibit only

¢Eﬂ=l1 .27
=113
$,,=0.99
Hard Spheres , ¢,=0.61 |

* & o m

@=0.61 are also shown for comparison. In b, data for the low fre-
quency crossover time ¢ /tg deduced from Fig. 5 in the low fre-
quency regime were OSR measurements definitely affected by instru-
mental errors, are shown with open symbols

a high frequency crossover. Therefore, in a previous study,
the low frequency crossover detected only in experiments was
associated with the formation of hydro-clusters which is more
prominent at high shear rates (Jacob et al. 2015) but was not
directly verified, and in view of the instrumental effects identi-
fied here, it should now be reconsidered.

The shear rate dependence of the crossover frequency
was further used to investigate if a superposition of the
viscoelastic spectra can be achieved (Jacob et al. 2015).
Indeed, a scaling of the moduli as a function of frequency
for the different steady state shear rates was used to super-
impose all curves by shifting the experimental data in the
x- (frequency) and y- (modulus) axes by factors a and b,
respectively. This was produced in a way that the high
frequency crossover frequencies w, for all shear rates coin-
cide. In the regime where the crossover frequency w, is not
measurable, the shift is performed in a way that the rest
of the viscoelastic spectra matches. The scaling results for
the present core—shell microgel glasses at T=20 °C are
presented in Fig. 7a—c for the three different effective vol-
ume fraction samples measured ¢.;=0.99, 1.13, and 1.27,
respectively. Hence, a scaled mapping of the dynamics of
the microgels through a shear rate-orthogonal frequency
superposition (SROFS) is obtained. In all the measure-
ments for the three different volume fractions, two distinct
frequency regimes are detected which are separated by the
crossover frequency @,. In the high frequency regime, for
® > ., which corresponds to short-time scales, the elastic
moduli G, superimpose for all shear rates, whereas the
loss modulus Gi increases as the shear rate is increased
(see arrows in Fig. 7). In contrast, for low frequencies,
o < w, related to long-time scales, G’ | exhibits a decrease
with increasing shear rate, whereas Gl shows a rather good
superposition for all shear rates explored. In comparison
for the case of HS glasses, the deviation of G'i from a

@ Springer
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Fig.7 Superposition of orthogonal dynamic frequency sweeps for
microgels at various rotational shear rates for shear rates 0.01 to 5 s~
for effective volume fractions a 0.99, b 1.13, and ¢ 1.27. Arrows indi-
cate in the low and high frequency regimes the increase of steady
shear rate

good scaling detected at high frequencies has been related
to shear-induced reduction of short-time in-cage motions
(Jacob et al. 2015). Shear deforms cages leading to some
structural anisotropy with particles being accumulated
more in the compression axis while are pushed out in the
extension axis restricting the short-time in-cage particle
diffusion (Koumakis et al. 2012a, 2016). In contrast, the
deviation of G’ at low frequency which has been previously
related to the formation of hydro-clusters in HS glasses,
is probably not possible in soft core—shell particles, while

@ Springer

in addition, as discussed above, it should also be consid-
ered with caution as it is now shown to be affected by
instrumental factors (for measurements with conventional
OSR Couette geometries). Hence, in the regime where the
instrumental factors are not important, the deviations (in
the SROFS) for the present soft hybrid microgels at low
frequency can be related to local effects such as partial
chain interpenetration or deformation in the outer shell
of the particles which cannot be scaled by the same rate
dependent factor as the overall structural relaxation of the
high frequency crossover. Similar effects have been probed
in concentrated star-like micelles by Jacob et al. (2019)
that had been attributed to long-time relaxation processes
under shear.

The horizontal and vertical scaling factors used in obtain-
ing the shear rate-orthogonal frequency superposition plots
of Fig. 7 are shown in Fig. 8. The horizontal (frequency)
shift factor reflects the shear rate dependence of the transi-
tion from the in-cage to out-of-cage motion and exhibits a
linear dependence on the shear rate, similarly to that found
in hard sphere glasses (Jacob et al. 2015). In comparison for
ultrasoft star-like micelles, the dependence of the shift fac-
tor on shear rate was found to be sublinear (with the power
law exponent equal to 0.8) (Jacob et al. 2019). Moreover,
the frequency shift factor of the present hybrid core—shell
microgels also exhibits a non-monotonic change with the
effective volume fraction, similarly with the behavior of the
.. As mentioned above, this non-monotonic dependence
could be signaling the transition from a glassy to a jammed
state, as it is evident by a significant change in the elastic
modulus with particle volume fraction (Fig. 3). To the con-
trary, repulsive hard sphere (HS) glasses present a volume
fraction independent shear rate dependence of the shift fac-
tor a (Jacob et al. 2015).

For HS glasses, the vertical shift factor b reflects the
effect of shear on the local free volume inside the cage and
is directly connected to the entropic elasticity of the hard
sphere glass. Increasing the shear rate, the short-time in-
cage motion of the particles is slowed down as particles are
constricted in a deformed cage. When converted to viscoe-
lastic moduli, using the generalized Stokes—Einstein relation
(Mason 2000), the decreased in-cage motion corresponds
to stronger elasticity, and thus, G’ is higher. Furthermore,
for lower effective volume fractions, a loosely packed cage
is able to deform more under shear before breaking due to
higher in-cage free volume, which is also reflected to the
shear rate dependence of the modulus shift factor (Jacob
et al. 2015). To the contrary, at higher volume fractions, a
tightly packed cage cannot deform much under shear due to
smaller in-cage free volume with the modulus shift factor
being almost shear rate independent and close to 1 (Jacob
et al. 2015). The behavior of the vertical shift factor for the
present hybrid core—shell microgels is analogous to that
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of the HSs, in the sense that it increases stronger with the
shear rate at lower volume fractions while at higher volume
fractions in the jammed state, it is close to 1 and exhib-
its a weak shear rate dependence. It worth noting that for
the ultrasoft star-like micelles (Jacob et al. 2019), this shift
factor is essentially shear rate independent and equal to 1.
This behavior is possibly related to their ability to partially
interpenetrate each other and easily deform when they are
jammed.

Conclusions

OSR was employed to study shear-induced microstructural
changes of soft hybrid core—shell microgels. The orthogo-
nal superposition moduli, extracted during steady state
flow at various shear rates, provide information about the
mechanism of flow under shear at different effective vol-
ume fractions well above the glass transition. At rest, hybrid
microgels exhibit a typical behavior of colloidal glass with
G'> G" in a wide frequency range. Under steady shear flow,
for all the probed volume fractions, two crossover frequen-
cies were observed, which move monotonically to higher
values increasing the applied shear rate, and represent two
structural relaxation timescales (¢.= 1/w_) with the high fre-
quency crossover related to the shear-induced out-of-cage
displacements.

Superposition of the orthogonal viscoelastic spectrum
under different shear rates was realized by using shift fac-
tors @ and b. Both shift factors exhibit a power law depend-
ence on the shear rate. The frequency shift factor, which is
directly connected to w,, exhibits an almost linear depend-
ence that is similar to that in repulsive hard spheres, despite
the soft character of the hybrid core—shell microgels. This
can be attributed to the crosslinked shell that exists in the
outer part of the particles, which prohibits full chain inter-
penetration allowing only a partial one, and its ability to
deform. Contrary to HS behavior, the frequency shift factor
for microgels presents volume fraction dependence, which

Pe

may be due to the transition from a glassy to a jammed state.
The modulus shift factor, which is connected to the elas-
ticity under shear and expresses the in-cage free volume,
shows a shear rate dependence both at low and high vol-
ume fractions. This behavior differs for HS, where at lower
volume fractions, shear affects the vertical shift factor, due
to increased free volume inside a loosely packed cage, but
at higher volume fractions, a tightly packed cage cannot
deform under shear before breaking, rendering the factor b
shear independent.

Moreover, we interrogated the low frequency response,
via the use of a new OSR Couette cell which eliminates
pumping effects in OSR measurements of yield stress fluids
and reveals the true low frequency response and the OSR
low frequency limits. Finally, we applied the Kramers—Kro-
nig relationship on the orthogonal superposition viscoelastic
spectra from our sheared soft colloidal yield stress states and
revealed its applicability regime. Its validity in a wider range
of frequencies suggests the absence of strong new shear-
induced structural changes, while KK deviations at low fre-
quencies, in agreement with the new OBC OSR measure-
ments, indicate the regime where instrumental artifacts in
OSR might be present. The KK validity approach appears
thus appealing to be implemented in systems with demon-
strated strong shear-induced structural anisotropy, such as
fractal colloidal gels, or when strong structural changes are
absent as a mean to distinguish instrumental effects in OSR
experiments.

Appendix 1

The data presented here are the first published data
acquired with the open bottom Couette (OBC), and it
is important to clarify the refinements applied to them.
Instead, the linear motor prototype was already tested
using a standard orthogonal Couette in Pagani et al.
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Y.

Fig. 9 Schematic representation of the new OBC geometry. The inner
bob controls the rotational motion, while the outer cylinder controls
the linear oscillation. The outer cylinder is connected with the geom-
etry shaft leaving an empty space at the bottom. In pink color is high-
lighted the volume occupied by the sample

(2024). A schematic design of the new OBC Couette is
presented in Fig. 9.

The instrument (MCR702, Anton-Paar) operates and
records the raw variables (force, speed, and displacement),
and these must be converted manually to relevant quanti-
ties. The moduli were calculated with the formulas pro-
posed by Vermant et al. (1997). The formulas are reported
in Egs. (1)—(4), and the geometrical coefficients A and
are adapted for the used geometry.

G, = %(%cosé—K+(m+ﬁAp)w2) )
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Fig. 10 Force as a function of frequency as measured by the instru-
ment (MCR702, Anton-Paar) at ¢.=1.37 of TFEMA/PNIPAM
(870 nm). The frequency range is clearly identifiable by the sudden
deviation of the force measurements. While the minimum force is
particularly recognizable in the measurements at 5 s~' and 10 5.7
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The previous formulas correct the measured force
(F), normalized by the applied displacement (s), from
the instrumental artifacts: the elastic (K /A), the friction
(¢ /Aw = ¢*w), and the inertia (m /sz) of the motor and
the sample inertia ( PAp a)z) . The effect of sample and motor
inertia can be combined in an inertia modulus that repre-
sents the impact of the system inertia on the measurement,
G, = (m+ pAp)/Aw* = lw*. The phase angle (5) is meas-
ured directly by the MCR702. The coefficients A and f are
function only of the dimensions of the geometry represented
in Fig. 9: the measuring length L, the bob radius R, the cup
radius R;, and their ratio r(r =R;/R, )

The limiting angular frequencies (a) a)max) and the
minimum modulus (Gfmn) are defined by instrument limita-
tions and quantified by observing the raw force measured.
To let the reader observe first-hand, the raw measured force
as a function of frequency is presented in Fig. 10 for the
system under study.

min?
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Fig. 11 Orthogonal dynamic frequency sweep obtained for different
shear rates at ¢.4=1.37 of TFEMA/PNIPAM (870 nm), with MCR
702 (Anton-Paar). Solid lines represent the storage moduli, while the
dash-dotted lines represent the loss moduli. The instrumental limita-
tions, the friction correction, and the inertia correction are presented
with dashed lines

In Fig. 11, the complete range of moduli collected for the
particles studied with this cell is represented with the instru-
ment limitations and the applied corrections. A conservative
approach was used in data refinement. All the data points
were discarded if their value was lower than the complex
modulus derived from the minimal force, i.e., no phase angle
decomposition was considered.

100 T T T
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Fig. 12 Inertia contribution (MCR702, Anton-Paar) of the orthogo-
nal dynamic storage modulus obtained for different shear rates at
@e=1.37 of TFEMA/PNIPAM (870 nm). The dashed line represents
the upper limit of the inertia acceptable in the measurements

The inertia correction is the most impactful correction
applied to the data. The percentage of response given by
inertia is plotted in Fig. 12. The final values reported in
Fig. 4 are obtained excluding data points where inertia con-
tributes to more than 10% of the final value.

Appendix 2

Below, we present the analysis of the ARES-G2 OSR meas-
urement limits along the same lines as that discussed in
Appendix 1 for the Anton-Paar MCR702.

The minimum and maximum frequencies as the minimum
torque are the most impactful instrumental limits for the
ARES-G2 rheometer. These are obtained by the specifica-
tion given by the manufacturer. In Fig. 13, the operational
window is overlaid to the complex modulus (G*) for the
particles with ¢_s=1.27. The operational window for the
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Fig. 13 Complex modulus as a function of frequency operational
window of the ARES-G2 rheometer overlayed to the complex modu-
lus as a function of frequency for the sample at ¢ 4 = 1.27

remaining particle concentrations is presented in the sup-
plementary materials.

Based on the limits identified here in a stringent way (as
for the new OBC cell with the MCR702, Anton-Paar meas-
urements), the ODFS data highlight the uncertainty in the
low frequency measurements due to instrumental effects.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00397-024-01469-5.

Acknowledgements Anton Paar (Dr. J. Lauger) is gratefully acknowl-
edged for the use of the OSP prototype.

@ Springer


https://doi.org/10.1007/s00397-024-01469-5

Rheologica Acta

Funding The authors acknowledge funding from the EU program
EUSMI. GP acknowledges partial funding from the Twinning project
FORGREENSOFT (Number: 101078989 under HORIZON WIDERA-
2021-ACCESS-03). JV acknowledges the Swiss National Science
Foundation, SNSF Grant No. 200020-192336. A CC-BY public
copyright license has been applied by the authors to the present docu-
ment and will be applied to all subsequent versions up to the Author
Accepted Manuscript (alternatively final peer-reviewed manuscript
accepted for publication) arising from this submission, in accordance
with the grant’s open access conditions.

Data availability The datasets used in this study are available from the
corresponding author on reasonable request.

Declarations

Competing interests The authors declare no competing interests.

References

Amann CP, Denisov D, Dang MT et al (2015) Shear-induced breaking
of cages in colloidal glasses: scattering experiments and mode
coupling theory. J Chem Phys 143(3):034505-034516. https://
doi.org/10.1063/1.4926932

Appel J, de Lange N, van der Kooij HM et al (2015) Temperature
controlled sequential gelation in composite microgel suspensions.
Part Part Syst Charact 32(7):764-770. https://doi.org/10.1002/
ppsc.201500007

Ballesta P, Besseling R, Isa L et al (2008) Slip and flow of hard-sphere
colloidal glasses. Phys Rev Lett 101(25):258301-258304. https://
doi.org/10.1103/PhysRevLett.101.258301

Ballesta P, Koumakis N, Besseling R et al (2013) Slip of gels in col-
loid—polymer mixtures under shear. Soft Matter 9(12):3237-3245.
https://doi.org/10.1039/C3SM27626K

Bécu L, Manneville S, Colin A (2006) Yielding and flow in adhe-
sive and nonadhesive concentrated emulsions. Phys Rev Lett
96(13):138302. https://doi.org/10.1103/PhysRevLett.96.138302

Bender J, Wagner NJ (1996) Reversible shear thickening in monodis-
perse and bidisperse colloidal dispersions. J Rheol 40(5):899-916.
https://doi.org/10.1122/1.550767

Besseling R, Isa L, Ballesta P et al (2010) Shear banding and flow-
concentration coupling in colloidal glasses. Phys Rev Lett
105(26):268301-268304. https://doi.org/10.1103/PhysRevLett.
105.268301

Booij HC, Thoone GPIM (1982) Generalization of Kramers-Kronig
transforms and some approximations of relations between vis-
coelastic quantities. Rheol Acta 21(1):15-24. https://doi.org/10.
1007/BF01520701

Bossis G, Brady JF (1985) The rheology of concentrated suspensions
of spheres in simple shear flow by numerical simulation. J Fluid
Mech 155(1):105-129. https://doi.org/10.1017/500221120850017
32

Brader JM, Siebenbiirger M, Ballauff M et al (2010) Nonlinear
response of dense colloidal suspensions under oscillatory shear:
mode-coupling theory and Fourier transform rheology experi-
ments. Phys Rev E 82(6):061401-061421. https://doi.org/10.1103/
PhysRevE.82.061401

Cheng Z, Chaikin PM, Russel WB et al (2001) Phase diagram of
hard spheres. Mater Des 22(7):529-534. https://doi.org/10.1016/
S0261-3069(01)00015-2

Chikkadi V, Wegdam G, Bonn D et al (2011) Long-range strain correla-
tions in sheared colloidal glasses. Phys Rev Lett 107(19):198303—
198308. https://doi.org/10.1103/PhysRevLett.107.198303

@ Springer

Cloitre M, Borrega R, Monti F et al (2003) Glassy dynamics and flow
properties of soft colloidal pastes. Phys Rev Lett 90(6):068303—
068307. https://doi.org/10.1103/PhysRevLett.90.068303

Colombo G, Kim S, Schweizer T et al (2017) Superposition rheol-
ogy and anisotropy in rheological properties of sheared colloi-
dal gels. J Rheol 61(5):1035-1048. https://doi.org/10.1122/1.
4998176

De Silva JP, Poulos AS, Pansu B et al (2011) Rheological behaviour
of polyoxometalate-doped lyotropic lamellar phases. Eur Phys J E
34(1):4-13. https://doi.org/10.1140/epje/i2011-11004-1

Dhont JKG, Wagner NJ (2001) Superposition rheology. Phys Rev E
63(2):021406-021419. https://doi.org/10.1103/PhysRevE.63.
021406

Eberle APR, Porcar L (2012) Flow-SANS and Rheo-SANS applied to
soft matter. Curr Opin Colloid Interface Sci 17(1):33—43. https:/
doi.org/10.1016/j.cocis.2011.12.001

El Masri D, Brambilla G, Pierno M et al (2009) (2009) Dynamic light
scattering measurements in the activated regime of dense colloidal
hard spheres. J Stat Mech 07:P07015-P07033. https://doi.org/10.
1088/1742-5468/2009/07/P07015

Erwin BM, Cloitre M, Gauthier M et al (2010) Dynamics and rheology
of colloidal star polymers. Soft Matter 6(12):2825-2833. https://
doi.org/10.1039/B926526K

Jacob AR, Poulos AS, Kim S et al (2015) Convective cage release in
model colloidal glasses. Phys Rev Lett 115(21):218301-218306.
https://doi.org/10.1103/PhysRevLett.115.218301

Jacob AR, Poulos AS, Semenov AN et al (2019) Flow dynamics of
concentrated starlike micelles: a superposition rheometry inves-
tigation into relaxation mechanisms. J Rheol 63(4):641-653.
https://doi.org/10.1122/1.5086022

Khandavalli S, Hendricks J, Clasen C et al (2016) A comparison of
linear and branched wormlike micelles using large amplitude
oscillatory shear and orthogonal superposition rheology. J Rheol
60(6):1331-1346. https://doi.org/10.1122/1.4965435

Kim S, Mewis J, Clasen C et al (2013) Superposition rheometry of a
wormlike micellar fluid. Rheol Acta 52(8-9):727-740. https://doi.
org/10.1007/s00397-013-0718-2

Koumakis N, Schofield AB, Petekidis G (2008) Effects of shear
induced crystallization on the rheology and ageing of hard sphere
glasses. Soft Matter 4(10):2008-2018. https://doi.org/10.1039/
B805171B

Koumakis N, Laurati M, Egelhaaf SU et al (2012a) Yielding of
hard-sphere glasses during start-up shear. Phys Rev Lett
108(9):098303-098308. https://doi.org/10.1103/PhysRevLett.
108.098303

Koumakis N, Pamvouxoglou A, Poulos AS et al (2012b) Direct com-
parison of the rheology of model hard and soft particle glasses.
Soft Matter 8(15):4271-4284. https://doi.org/10.1039/C2SMO
7113D

Koumakis N, Brady JF, Petekidis G (2013) Complex oscillatory yield-
ing of model hard-sphere glasses. Phys Rev Lett 110(17):178301—
178306. https://doi.org/10.1103/PhysRevLett.110.178301

Koumakis N, Laurati M, Jacob AR et al (2016) Start-up shear of con-
centrated colloidal hard spheres: stresses, dynamics, and structure.
J Rheol 60(4):603-623. https://doi.org/10.1122/1.4949340

Le Grand A, Petekidis G (2008) Effects of particle softness on the
rheology and yielding of colloidal glasses. Rheol Acta 47(5):579—
590. https://doi.org/10.1007/s00397-007-0254-z

Lettinga MP, Holmqvist P, Ballesta P et al (2012) Nonlinear behav-
ior of nematic platelet dispersions in shear flow. Phys Rev Lett
109(24):246001-246006. https://doi.org/10.1103/PhysRevLett.
109.246001

Lépez-Barrén CR, Porcar L, Eberle APR et al (2012) Dynamics of
melting and recrystallization in a polymeric micellar crystal sub-
jected to large amplitude oscillatory shear flow. Phys Rev Lett


https://doi.org/10.1063/1.4926932
https://doi.org/10.1063/1.4926932
https://doi.org/10.1002/ppsc.201500007
https://doi.org/10.1002/ppsc.201500007
https://doi.org/10.1103/PhysRevLett.101.258301
https://doi.org/10.1103/PhysRevLett.101.258301
https://doi.org/10.1039/C3SM27626K
https://doi.org/10.1103/PhysRevLett.96.138302
https://doi.org/10.1122/1.550767
https://doi.org/10.1103/PhysRevLett.105.268301
https://doi.org/10.1103/PhysRevLett.105.268301
https://doi.org/10.1007/BF01520701
https://doi.org/10.1007/BF01520701
https://doi.org/10.1017/S0022112085001732
https://doi.org/10.1017/S0022112085001732
https://doi.org/10.1103/PhysRevE.82.061401
https://doi.org/10.1103/PhysRevE.82.061401
https://doi.org/10.1016/S0261-3069(01)00015-2
https://doi.org/10.1016/S0261-3069(01)00015-2
https://doi.org/10.1103/PhysRevLett.107.198303
https://doi.org/10.1103/PhysRevLett.90.068303
https://doi.org/10.1122/1.4998176
https://doi.org/10.1122/1.4998176
https://doi.org/10.1140/epje/i2011-11004-1
https://doi.org/10.1103/PhysRevE.63.021406
https://doi.org/10.1103/PhysRevE.63.021406
https://doi.org/10.1016/j.cocis.2011.12.001
https://doi.org/10.1016/j.cocis.2011.12.001
https://doi.org/10.1088/1742-5468/2009/07/P07015
https://doi.org/10.1088/1742-5468/2009/07/P07015
https://doi.org/10.1039/B926526K
https://doi.org/10.1039/B926526K
https://doi.org/10.1103/PhysRevLett.115.218301
https://doi.org/10.1122/1.5086022
https://doi.org/10.1122/1.4965435
https://doi.org/10.1007/s00397-013-0718-2
https://doi.org/10.1007/s00397-013-0718-2
https://doi.org/10.1039/B805171B
https://doi.org/10.1039/B805171B
https://doi.org/10.1103/PhysRevLett.108.098303
https://doi.org/10.1103/PhysRevLett.108.098303
https://doi.org/10.1039/C2SM07113D
https://doi.org/10.1039/C2SM07113D
https://doi.org/10.1103/PhysRevLett.110.178301
https://doi.org/10.1122/1.4949340
https://doi.org/10.1007/s00397-007-0254-z
https://doi.org/10.1103/PhysRevLett.109.246001
https://doi.org/10.1103/PhysRevLett.109.246001

Rheologica Acta

108(25):258301-258306. https://doi.org/10.1103/PhysRevLett.
108.258301

Lyon LA, Fernandez-Nieves A (2012) The polymer/colloid duality of
microgel suspensions. Annu Rev Phys Chem 63(1):25-43. https://
doi.org/10.1146/annurev-physchem-032511-143735

Mason TG (2000) Estimating the viscoelastic moduli of complex flu-
ids using the generalized Stokes-Einstein equation. Rheol Acta
39(4):371-378. https://doi.org/10.1007/s003970000094

Mason TG, Weitz DA (1995) Linear viscoelasticity of colloidal hard
sphere suspensions near the glass transition. Phys Rev Lett
75(14):2770-2773. https://doi.org/10.1103/PhysRevLett.75.2770

Melrose JR, Ball RC (2004) Continuous shear thickening transitions
in model concentrated colloids—the role of interparticle forces. J
Rheol 48(5):937-960. https://doi.org/10.1122/1.1784783

Mewis J, Wagner NJ (2011) Colloidal suspension rheology. Cambridge
University Press, Cambridge. https://doi.org/10.1017/CBO97
80511977978

Mewis J, Kaffashi B, Vermant J et al (2001) Determining relaxation
modes in flowing associative polymers using superposition flows.
Macromol 34(5):1376-1383. https://doi.org/10.1021/ma000987p

Miyazaki K, Wyss HM, Weitz DA et al (2006) Nonlinear viscoelastic-
ity of metastable complex fluids. Europhys Lett 75(6):915-921.
https://doi.org/10.1209/epl/i2006-10203-9

Mobuchon C, Carreau PJ, Heuzey MC (2009) Structural analysis of
non-aqueous layered silicate suspensions subjected to shear flow.
J Rheol 53(5):1025-1048. https://doi.org/10.1122/1.3193720

Moghimi E, Vermant J, Petekidis G (2019) Orthogonal superposition
rheometry of model colloidal glasses with short-ranged attrac-
tions. J Rheol 63(4):533-546. https://doi.org/10.1122/1.5080717

Mohan L, Pellet C, Cloitre M et al (2013) Local mobility and micro-
structure in periodically sheared soft particle glasses and their
connection to macroscopic rheology. J Rheol 57(3):1023—-1046.
https://doi.org/10.1122/1.4802631

Pagani G, Hofmann M, Govaert LE et al (2024) No yield stress
required: stress-activated flow in simple yield-stress fluids. J
Rheol 68(2):155-170. https://doi.org/10.1122/8.0000748

Pellet C, Cloitre M (2016) The glass and jamming transitions of soft
polyelectrolyte microgel suspensions. Soft Matter 12(16):3710-
3720. https://doi.org/10.1039/C5SM03001C

Petekidis G, Moussaid A, Pusey PN (2002) Rearrangements in
hard-sphere glasses under oscillatory shear strain. Phys Rev E
66(5):051402-051415. https://doi.org/10.1103/PhysRevE.66.
051402

Petekidis G, Vlassopoulos D, Pusey PN (2004) Yielding and flow of
sheared colloidal glasses. J Phys: Condens Matter 16(38):S3955—
$3963. https://doi.org/10.1088/0953-8984/16/38/013

Pusey P (1991) Colloidal suspension. In: Hansen JP, Levesque D, Zinn-
Justin J (eds) Liquids, Freezing and Glass Transition. North-Hol-
land, Amsterdam, pp 765-942

Rathinaraj JDJ, Hendricks J, McKinley GH et al (2022) OrthoChirp:
a fast spectro-mechanical probe for monitoring transient micro-
structural evolution of complex fluids during shear. ] Non-Newton
Fluid Mech 301(1):104744-104759. https://doi.org/10.1016/j.
jnnfm.2022.104744

Schall P, Weitz DA, Spaepen F (2007) Structural rearrangements
that govern flow in colloidal glasses. Sci 318(5858):1895-1899.
https://doi.org/10.1126/science.1149308

Seth JR, Mohan L, Locatelli-Champagne C et al (2011) A microme-
chanical model to predict the flow of soft particle glasses. Nat
Mater 10(11):838-843. https://doi.org/10.1038/nmat3119

Siebenbiirger M, Fuchs M, Winter H et al (2009) Viscoelasticity and
shear flow of concentrated, noncrystallizing colloidal suspensions:
comparison with mode-coupling theory. J Rheol 53(3):707-726.
https://doi.org/10.1122/1.3093088

Siebenbiirger M, Ballauff M, Voigtmann T (2012) Creep in colloidal
glasses. Phys Rev Lett 108(25):255701-255706. https://doi.org/
10.1103/PhysRevLett.108.255701

Simmons JM (1966) A servo-controlled rheometer for measurement
of the dynamic modulus of viscoelastic liquids. J Sci Instrum
43(12):887-892. https://doi.org/10.1088/0950-7671/43/12/304

Snijkers F, Pasquino R, Olmsted PD et al (2015) Perspectives on the
viscoelasticity and flow behavior of entangled linear and branched
polymers. J Phys: Condens Matter 27(47):473002-473015. https://
doi.org/10.1088/0953-8984/27/47/473002

Sung SH, Kim S, Hendricks J et al (2018) Orthogonal superposition
rheometry of colloidal gels: time-shear rate superposition. Soft
Matter 14(42):8651-8659. https://doi.org/10.1039/C8SM01512K

Truzzolillo D, Vlassopoulos D, Munam A et al (2014) Depletion gels
from dense soft colloids: rheology and thermoreversible melting.
J Rheol 58(5):1441-1462. https://doi.org/10.1122/1.4866592

van Megen W, Underwood SM (1993) Glass transition in colloidal
hard spheres: mode-coupling theory analysis. Phys Rev Lett
70(18):2766-2769. https://doi.org/10.1103/PhysRevLett.70.2766

van Megen W, Underwood SM (1994) Glass transition in colloidal
hard spheres: measurement and mode-coupling-theory analysis
of the coherent intermediate scattering function. Phys Rev E
49(5):4206-4220. https://doi.org/10.1103/PhysRevE.49.4206

Vermant J, Moldenaers P, Mewis J et al (1997) Orthogonal superposi-
tion measurements using a rheometer equipped with a force rebal-
anced transducer. Rev Sci Instrum 68(11):4090-4096. https://doi.
org/10.1063/1.1148351

Vermant J, Walker L, Moldenaers P et al (1998) Orthogonal versus
parallel superposition measurements. J] Non-Newton Fluid Mech
79(2-3):173-189. https://doi.org/10.1016/S0377-0257(98)
00105-0

Vlassopoulos D, Cloitre M (2014) Tunable rheology of dense soft
deformable colloids. Curr Opin Colloid Interface Sci 19(6):561—
574. https://doi.org/10.1016/j.cocis.2014.09.007

Vlassopoulos D, Cloitre M (2021) Suspensions of soft colloidal par-
ticles. In: Wagner NJ, Mewis J (eds) Theory and Applications
of Colloidal Suspension Rheology. Cambridge University Press,
Cambridge, pp 227-290. https://doi.org/10.1017/9781108394826.
007

Wagner NJ, Mewis J (eds) (2021) Theory and applications of colloidal
suspension rheology. Cambridge University Press, Cambridge

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1103/PhysRevLett.108.258301
https://doi.org/10.1103/PhysRevLett.108.258301
https://doi.org/10.1146/annurev-physchem-032511-143735
https://doi.org/10.1146/annurev-physchem-032511-143735
https://doi.org/10.1007/s003970000094
https://doi.org/10.1103/PhysRevLett.75.2770
https://doi.org/10.1122/1.1784783
https://doi.org/10.1017/CBO9780511977978
https://doi.org/10.1017/CBO9780511977978
https://doi.org/10.1021/ma000987p
https://doi.org/10.1209/epl/i2006-10203-9
https://doi.org/10.1122/1.3193720
https://doi.org/10.1122/1.5080717
https://doi.org/10.1122/1.4802631
https://doi.org/10.1122/8.0000748
https://doi.org/10.1039/C5SM03001C
https://doi.org/10.1103/PhysRevE.66.051402
https://doi.org/10.1103/PhysRevE.66.051402
https://doi.org/10.1088/0953-8984/16/38/013
https://doi.org/10.1016/j.jnnfm.2022.104744
https://doi.org/10.1016/j.jnnfm.2022.104744
https://doi.org/10.1126/science.1149308
https://doi.org/10.1038/nmat3119
https://doi.org/10.1122/1.3093088
https://doi.org/10.1103/PhysRevLett.108.255701
https://doi.org/10.1103/PhysRevLett.108.255701
https://doi.org/10.1088/0950-7671/43/12/304
https://doi.org/10.1088/0953-8984/27/47/473002
https://doi.org/10.1088/0953-8984/27/47/473002
https://doi.org/10.1039/C8SM01512K
https://doi.org/10.1122/1.4866592
https://doi.org/10.1103/PhysRevLett.70.2766
https://doi.org/10.1103/PhysRevE.49.4206
https://doi.org/10.1063/1.1148351
https://doi.org/10.1063/1.1148351
https://doi.org/10.1016/S0377-0257(98)00105-0
https://doi.org/10.1016/S0377-0257(98)00105-0
https://doi.org/10.1016/j.cocis.2014.09.007
https://doi.org/10.1017/9781108394826.007
https://doi.org/10.1017/9781108394826.007

	Orthogonal superposition rheometry of soft core–shell microgels
	Abstract
	Introduction
	Experimental
	Systems
	Rheometry

	Results 
	Conclusions
	Appendix 1
	Appendix 2
	Acknowledgements 
	References


