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We probe the microstructural yielding dynamics of a concentrated colloidal system
by performing creep/recovery tests with simultaneous collection of coherent scattering
data via X-ray Photon Correlation Spectroscopy (XPCS). This combination of theology
and scattering allows for time-resolved observations of the microstructural dynamics
as yielding occurs, which can be linked back to the applied rheological deformation
to form structure—property relations. Under sufficiently small applied creep stresses,
examination of the correlation in the flow direction reveals that the scattering response
recorrelates with its predeformed state, indicating nearly complete microstructural
recovery, and the dynamics of the system under these conditions slows considerably.
Conversely, larger creep stresses increase the speed of the dynamics under both applied
creep and recovery. The data show a strong connection between the microstructural
dynamics and the acquisition of unrecoverable strain. By comparing this relationship to
that predicted from homogeneous, affine shearing, we find that the yielding transition
in concentrated colloidal systems is highly heterogeneous on the microstructural level.

yielding | time-resolved rheology | X-ray photon correlation spectroscopy | soft glass |
structure-property relations

Glassy dynamics are exhibited by a wide range of soft materials including concentrated
colloidal suspensions (1-15) and emulsions (3, 16-20), foams (21-23), and microgels
(4,11, 19,21, 24, 25). These materials all exhibit a macroscopic yield transition: a process
in which the physical behavior transitions from solid-like to fluid-like once the applied
deformation or stress passes some critical threshold (26-30). The ability of these materials
to yield has resulted in their widespread use in applications as diverse as spreadable foods,
personal care products, and materials for additive manufacturing, all of which benefit
from the ability to control the fluidity of a material on demand. In order to precisely
design novel colloidal systems which exhibit yielding, it is critical to understand the
specific physical processes occurring during this transition.

At the continuum level, yielding has been thought of as an instantaneous transition
to a flowing state at a fixed stress threshold (27, 29, 31). This view originates from the
investigations of plastic flow by Schwedoff (32) and Bingham (31, 33) in the early 20th
century, which chose to focus almost exclusively on the steady-state flow of the materials
in question. This picture has been clarified by recent studies, which have shown both
the importance of elasticity (34) to the process of yielding, and the gradual nature of
the transition (24, 25). Additional work has also linked the processes of yielding and
unyielding to the loss and formation of material memory in glassy systems (35, 36).

While a range of techniques have been proposed to study the yielding transition
(21, 24-27, 30, 33), many assume a Bingham-type yield transition that is instantaneous
and are unable to resolve how yielding evolves nor can they distinguish between elastic
deformation and plastic or viscous flow in a time-resolved manner. The notable exception
is recovery tests (4, 25, 37—40) that separate the applied strain in a rheological test into
recoverable and unrecoverable components that are easily interpreted in terms of solid-
like or elastic and fluid-like or flow behaviors. Creep and recovery (39) and straining
and recovery tests (25) have recently been used to study the onset of the yielding
transition by directly probing the reversibility of any deformation, with the transition
to unrecoverable flow being linked to the reversible—irreversible transition observed
in jammed systems (41-44). These tests have shown that materials begin to acquire
strain unrecoverably once the linear regime is exceeded and then transition to steady
flow at larger applied deformations. Under oscillatory deformations, the acquisition
of unrecoverable strain has also been shown to be closely related to the progression
of yielding (4). Despite these advances, a precise definition of when the yielding
transition occurs, and the relationship between the unrecoverable strain and any
microstructural changes that occur during yielding, remain inconclusive (21, 24, 25, 27).
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From a microstructural perspective, glassy dynamics and
yielding are associated with the presence and breaking of
jammed configurations that result from interparticle repulsion
(5, 6, 15, 17, 43-46). The presence of these interactions leads
to significantly slowed dynamics (47-50), and the trapping of
microstructural elements in local energy wells. Flow only becomes
possible once some minimum energy comparable to the well
depthisadded into the system. Thermal fluctuations are sufficient
to play a role in overcoming these energy barriers when the
particles are on the order of nm in size, while approximately
pm-sized particles form athermal glasses (3). While this energetic
argument has featured in many models of glassy yielding (46, 51—
55), the exact connection between these microstructures and their
respective yielding dynamics is unclear (4, 21, 24, 29, 53).

To investigate microstructural dynamics of yielding, time-
resolved measurements of the changes occurring within the
microstructure are necessary. Light scattering (1, 13, 20, 56-61)
and microscopy (62) have recently provided significant insight
into the dynamics of hard (56-59) and soft (1, 13, 20, 60, 62)
glassy materials. In the specific case of colloidal soft glasses,
X-ray scattering has been shown to be particularly helpful as
it can access structure and dynamics on the scale of nanoparticles
(63). While traditional small-angle X-ray scattering (SAXS) can
be used to characterize the microstructure of these systems,
dynamic information is obtained via X-ray photon correlation
spectroscopy (XPCS) (63), which functions analogously to
dynamic light scattering (DLS), but accesses nanoscale dynamics
with successive SAXS measurements using a coherent beam (64).
While XPCS has traditionally been performed on quiescent
samples, out-of-equilibrium dynamics can be probed via the
application of shear or flow to the material (65-68). For this
reason, a combined rheometry/scattering technique (rheo-XPCS)
has been recently implemented to facilitate the development of
flow-dependent structure—property relations for these systems
(69) and has shown promise under both steady shear startup (1)
and oscillatory shear (15, 20). In this work, we use rheo-XPCS
to investigate the microstructural evolution of concentrated
colloidal suspensions using creep/recovery protocols to identify
rheological conditions for yielding and demonstrate an intimate
connection between the accumulation of unrecoverable strain
and how yielding progresses microstructurally.

Results and Discussion

Creep/Recovery Rheology. To assess the flow behavior of a
soft glassy material, a series of rheo-XPCS creep/recovery tests
(30, 37-40) were performed on a concentrated, disordered
suspension of charged silica nanoparticles (Ludox TM-50) that
forms a ductile solid (Materials and Methods and SI Appendix for
details). These tests allow us to separate the strain into recoverable
and unrecoverable components, while simultaneously observing
the effect of shear on the microstructure. While prior XPCS
studies have focused solely on the total strain, we focus here
on the unrecoverable strain, which has been shown to track the
yielding transition (4).

We show in Fig. 14 the macroscopic deformation results from
the creep and recovery tests performed in this study, focusing
on the effect of increasing the creep stress (o¢) for a fixed creep
time (¢¢). Three measurement intervals can be distinctly seen:
(Q) the quiescence prior to creep; (C) the interval of creep; and
(R) the zero-stress recovery step. All measurements begin at zero
strain, y = 0, under quiescence, with some amount of strain
being acquired during the creep step. At a time #¢ the stress
is set to zero, and the strain is allowed to recover. The partial
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recovery of the strain indicates acquisition of both recoverable
and unrecoverable components, which sum as follows:

V(tC) = yrec(tC) + Vunrec(tC)' [1]

The recoverable strain is related to solid-like deformation and
the unrecoverable strain is related to fluid-like flow (4, 38). As
“flow” corresponds to the acquisition of unrecoverable strain, we
Can USe Yyyure to probe the yielding transition. In Fig. 1B, we plot
Vunrec against the creep stress for each of the experiments with
different values of #¢. At each value of #¢, the value of V. is
low (i.e., <107%) at small stresses, and increases approximately
linearly with stress above a critical threshold. This critical stress is
seen to decrease as 7¢ increases, ranging from ~30 Paforzc = 1s,
to ~1 Pa for ¢ = 100 s. This suggests that the yielding is not
exclusively determined by the stress but increases in likelihood as
t¢ increases. This indicates the possibility of a thermal mechanism
for yielding in this system, which is consistent with the fact that
our colloidal glass is made up of Brownian particles (~20 nm
in diameter). For the purposes of this paper, we will define the
yield stress as the critical stress at the shortest creep time [i.e.,
0y = 0cir(tc = 1) ~ 30 Pal.

Rheo-XPCS.

Two-time correlations. While we can identify a possible yielding
point rheologically via the unrecoverable strain, it is not imme-
diately clear whether such a point has any significance to the
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Fig. 1. Rheological measurements on concentrated Ludox TM-50 (~42
vol%): (A) Creep/recovery rheology for tr = 100 s. (B) Unrecoverable strain
for the full set of creep/recovery tests. Dashed lines act as guides to the eye.
Some variability is seen between the different creep times.
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microscopic structural processes in this colloidal glass. To this
end, the XPCS results of two example creep/recovery test cases
are detailed in Fig. 2, where o¢ is below yielding (Fig. 2 A and
B) and above yielding (Fig. 2 C and D), respectively.

To observe the time dependence of the microstructural
dynamics, the time-resolved scattering data are displayed as two-
time correlation functions (1, 57-59, 70) for each of the stress
cases in Fig. 2 Aand C, respectively. These plots actasa map of the
correlations (C(#;, #2)) of the scattering speckle patterns between
each pair of measurement times (#; and 7). The minimum
possible correlation is one, which indicates negligible similarity
in the scattering pattern. These plots are symmetric about the
1 = tp diagonal, which represents the self-correlation values for
a given sample age. The plot appears as a grid with three distinct
intervals along each axis corresponding to the intervals of applied
deformation from Fig. 14. Due to the symmetry of the plot,
the grids have six unique regions, three on-diagonal regions (Q,
C, and R) which show the correlations at different times within
a given interval of deformation, and three off-diagonal regions
quiescence-creep (Q-C), creep-recovery (C-R), and quiescence-
recovery (Q-R) which show the correlations between times in
different deformation intervals.

The strongest correlation is seen in the three on-diagonal
regions (Q, C, and R), as they are close to the self-correlation line
(#1 = 1). Microstructural dynamics in these regions are observed
as a decaying correlation away from the diagonal, which can be
described at low shear rates by a stretched exponential decay
(1). The dynamics of the system are steady within the region
of quiescence (Q), while the creep (C) and recovery (R) regions
show time-dependent decorrelation dynamics, caused primarily
by transience in shear rate (Fig. 14) and aging of the material.

The average correlation within the interval of quiescence (Q) can
be expressed as

Co(t, 1) = 1+ Age™ (In=2l/@)™, [2]

where Ag is the decay amplitude, Az = |51 — 1| is the delay time,
1( is the decorrelation time, and 7 is the stretching exponent.
In all cases, the subscript Q denotes the measure pertaining to
the interval of quiescence. As the dynamics during quiescence are
stable, A, 7 and 7 all maintain steady values as a function of
age (.., (11 + ©2)/2). Ar = 1 is shown as a gray dotted line
on each part of Fig. 2. In contrast, the time dependence under
creep (C) and recovery (R) causes T and 7 to vary with the time
elapsed in each interval.

There is essentially no correlation between the structures
probed in the Q-C and C-R regions, which is consistent with the
accumulation of a significant amount of strain during the creep
step and its effect on the speckle pattern. In contrast, the Q-R
region shows noticeable differences at small and large applied
stresses: A significant correlation is seen between the structure
before and after creeping for the small stress case (Fig. 24) but
is absent in the large stress case (Fig. 2C). This indicates that
the microstructural configuration from quiescence is maintained
when small creep stresses are applied, while significant irreversible
microstructural changes occur at larger applied stresses.

Impact of creep on structure. To explore the effect of the applied
creep on the evolution of the microstructure, we take a slice of
the two-time correlation function at a constant reference time
corresponding to immediately prior to application of the stress
(f2 = 0, the red line in Fig. 2 4 and C). This effectively defines
a time-resolved memory function of the material’s precreep
microstructure. As the dynamics of this glass result in a structural
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Fig. 2. Rheo-XPCS results: (A) Two-time correlation plot from creep/recovery test (tc = 30 s) for small stresses (6 = 10 Pa). The origin in time is chosen as the

end of the quiescence interval. The red line corresponds to a cut at constant

reference time (t; = 0). The gray dotted line represents At = 4, the decorrelation

time from the quiescent interval (note that only the t; — ¢, line is shown). The white letters denote the different regions referenced in the text. () Comparison
of a cut at a fixed reference time (red) with the quiescent dynamics of the system (gray) from the small stress case. The blue rectangle denotes the time at

which the correlation ratio Eq. 3 is determined. (C and D) are the correspond
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ing figures for a larger stress case (¢ = 56.2 Pa).
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memory that fades over time, even without the application of
creep to the system, we compare the measured correlation to that
of the expected correlation from the average quiescent dynamics
Eq. 2 to assess the impact the creep has had on the microstructure.

This comparison can be seen for each applied stress case in Fig.
2 B and D, respectively. In both cases, the measured correlation
in the creep interval drops substantially below the value that
would have been observed had creep not been applied, which is
indicated by the gray line. At the smaller creep stress, an increase
in the structural correlation is seen during the recovery interval,
to the point where the measured correlation is larger and decays
slower than would be expected from uninterrupted quiescent
dynamics. In contrast, the measured correlation increases only
minimally at the larger stress once the recovery interval has begun.
This comparison suggests the utility of the ratio of actual to
quiescent correlation in discerning the yielding response of the
sample, incorporating the impact of both memory and dynamics,
as proposed in Eq. 3:

_ C(t],tzZO)—l
N CQ(tl)tz =0)— 1

In this representation, a G, < 1 indicates an excess of
structural dynamics over what would occur without shearing,
while a Cy1 > 1 will occur when the dynamics of the system
are slowed. While this ratio is innately time-resolved and defined
for all 71 in the system, we choose to focus on the value of this
ratio at the time where 71 = 7 (i.c., the quiescent decorrelation
time). This value (C4i, (7)) allows us to compare the correlation
between structures present at the end of the quiescence interval
and a point in the recovery interval which is rigorously defined.
Choosing #; = 7( for our comparison provides the best balance
between allowing sufficient time for the strain to relax while
maintaining a value of Cg(#,0) that is sufficiently large for
measurement (C decays with increasing #1). A comparison of
this correlation ratio with the creep/recovery rheology can be seen
in Fig. 3.

Fig. 34 shows how the value of the measured correlation
ratio changes with applied creep stress: Cui, plateaus at the
lowest stresses but decreases as the stress increases beyond a
value which depends strongly on zc. This plot is strikingly
similar to an inverted Fig. 1B, which suggests an anticorrelation
between the unrecoverable strain and C,.;,. This is further
cemented by the fact that the stress where Crui(7) falls
below 1 for each creep time is approximately the same as
the stress where the onset of significant unrecoverable strain
occurs, suggesting that the application of a creep stress sufficient
to yield the system has dual consequences: the macroscopic
consequence of introducing unrecoverable strain to the system
and the microscopic consequence of altering the correlation of
the microstructure.

Fig. 3B further illustrates the strength of this connection
and suggests a constitutive relation connecting the macroscopic
(Vunree) and microscopic (Cruri,) consequences of the applied
stress quantitatively. At the onset of yielding, this relation
incorporates a transition between the behavior in its respective
limits. For unrecoverable strains which are significantly large
such that C,i,(7Q) < 1, there is in inverse relationship between
Crario(tQ) and Yynrec(tc) (purple line in Fig. 3B). This relation
is expressed as

recovery

Crﬂtio(tl» b = 0) = [3]

quiescence

Cmtz'o<fQ) = (y[CmMZI])/(Vunrz’C(tC))) (4]

where yc,,,=1 = 2.4 X 10~% strain units. In the limit of
negligible unrecoverable strain, the correlation ratio plateaus
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Fig.3. Comparison of the correlation ratio (Crqtjp (7g)) to the creep/recovery
rheology: (A) Comparison to creep stress. Dashed lines are meant to guide
the eyes. (B) Comparison to unrecoverable strain. Purple line is a fit to the
data for Cratip(zg) < 1. Vertical dashed line shows threshold recoverable
strain. Pink line shows decay envelope for the predicted Cyqtjo (7g) assuming
perfectly affine strain.

at a value of ~3.5, which is higher than the maximum value
obtainable from a simple slowing of dynamics: Cig,glasey (TQ) =
e ~ 2.72, indicating increased constraint to the fast, localized
motion of the particles in the jammed configuration (details in the
SI Appendix). This innate connection between the accumulated
unrecoverable strain and the correlation of the microstructure
across the applied deformation appears to suggest that small
amounts of unrecoverable deformation over-age the colloidal
system studied here, while larger quantities (consistent with
yielding) destroy the memory of the microstructure, as seen in
other systems (35, 36).

Evidence for heterogeneous deformation. We compare the mea-
sured values of C,ui,(7Q) to those that would result if the
unrecoverable strain were simply an affine shear deformation
(65, 71) (pink line in Fig. 3B, details in the ST Appendix),
and we see that the measured correlations are significantly
greater. Further, at large unrecoverable strain, affine deformations
would lead to Crurio(70) Yunree(tc) ™2, in contrast to that
predicted by Eq. 4 (purple line in Fig. 3B). These differences
suggest that the microscopic deformation associated with the
unrecoverable strain is heterogeneous, where the irreversible
dynamics are confined to portions of the sample, while other
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portions experience significantly reduced irreversible changes,
resulting in the maintenance of a highly correlated state.

Conclusions

Our creep and recovery rheo-XPCS tests provide sensitive time-
resolved macroscopic and microscopic measures of the yielding
response of the concentrated colloidal systems probed in this
study. The measured rheology demonstrates that the macroscopic
flow behavior of these systems is affected by both the magnitude
of the creep stress and the time spent under creep, demonstrating
that the yielding transition is more complicated than an abrupt
transition at a constant stress threshold. The coupled XPCS
measurements show this complex dependence on shear history
extends to the structural memory and nanoscale dynamics of the
material.

We find a strong inverse connection between the accumulation
of unrecoverable strain and the correlation of the microstructure
before and after yielding. While the unrecoverable strain has
previously been connected to the progression of yielding (4),
this work indicates that the unrecoverable strain is additionally
an appropriate macroscopic measure for characterizing the
extent of microscopic changes undergone by the material as
yielding progresses, as summarized in the correlation ratio
Cmtz'o(TQ)-

The behavior of the correlation ratio as a function of Ve
provides insight into the nature of the microscopic processes
responsible for the accumulation of unrecoverable strain. The
fact that the correlation ratio scales more weakly with Ve
than would be expected under affine deformation suggests
that the unrecoverable strain is associated with microscopically
heterogeneous changes such that surprisingly large correlations in
the microstructure persist before and after yielding. Additionally,
although the creep is observed to slow the intrinsic dynamics
in the glass, the correlation ratio at small unrecoverable strains
obtains values even larger than can be explained by slowed
dynamics, strongly suggesting that small unrecoverable strains
act to constrain positional fluctuations of the particles in the
glassy matrix in some way. These observations suggest that
the yielding transition in these systems manifests first as a
localized hardening with applied stress followed by the onset of
heterogeneous, irreversible flow. The incredibly small recoverable
strain which acts as the threshold between these two behaviors
(e, ¥C,,=1 = 2.4 x 107% strain units) corresponds to
unrecoverable displacements of the bob on the order of ~48 nm,
which are of comparable length scale to the particles in our
system. While we do not think that there is necessarily a causal
relationship at play between these length scales, we do note that
this indicates yielding can occur at very small deformations at the
microstructural level.

While we have focused on connecting the rheo-XPCS two-
time correlations to simple creep and recovery experiments in
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this work, similar experiments and analyses on more complicated
flow profiles such as oscillatory shear have potential to be equally
informative in regard to the coupling of structural memory and
dynamics to applied deformation.

Materials and Methods

This study utilizes a concentrated aqueous suspension of colloidal Ludox TM-50
silica nanoparticles with a particle diameter on the order of 20 nm. The resulting
sample was a soft repulsive glass with a volume fraction of ~42 vol%, similar
to that used in (1, 4, 11, 72). Specific preparation instructions can be found in
Sl Appendix.

The combined rheo-XPCS tests were performed on beamline 8-ID- at the
Advanced Photon Source; details of the beamline setup can be found in
Sl Appendix. All reported correlation values were obtained at the primary peakin
the structure factor (g = 0.023771,d = 26.5nm). The values presented here
were also taken exclusively from scattering in the direction parallel to the applied
shear, as we aim to directly compare the shear rheology and the microstructure.

Insitu rheology was collected via an Anton Paar Physica MCR 301 rheometer.
Measurements were taken with a custom 11.4 mm cup/11 mm bob geometry
constructed from polycarbonate, to allow for x-ray transmission. The setup was
placed inside a polycarbonate enclosure, and the air inside was humidified to
reduce sample evaporation.

The rheological protocol consisted of three steps with concurrent scattering:
1)a200-s zero applied rate interval to probe quiescent dynamics; 2) an interval
of creep (7.5Pa < o <100Pa, 1s < tr <1005); and 3)a 400-s constrained
(zero stress) recovery step to separate the recoverable and unrecoverable strains
(4, 37, 38, 40). Further rheological details can be found in S/ Appendix,
including a preshear protocol, linear viscoelastic characterization, and offline
measurements.

Data, Materials, and Software Availability. The full set of data shown in the
manuscript can be accessed via Mendeley Data (https://data.mendeley.com/
datasets/65r37w9c8k/1) (73).
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