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Using high resolution in situ small angle x-ray scattering in conjunction with oscillatory shear on
highly monodisperse silica suspensions, we demonstrate that an order-to-disorder transition leads to
a dynamic shear thickening in a lower stress regime than the standard steady shear thickening. We
show that the order-to-disorder transition is controlled by strain, which is distinguishably different
from steady shear thickening which is a stress related phenomenon. The appearance of this two-
step shear thinning and thickening transition is also influenced by particle size, monodispersity and
measurement conditions (i.e. oscillatory shear vs. steady shear). Our results show definitively that
the order-to-disorder transition induced thickening is completely unrelated to the mechanism that

drives the steady shear thickening.

In a variety of colloidal suspensions, the transition from
Newtonian to non-Newtonian behavior, including shear
thinning and shear thickening, occurs with an increase
of shear stress [1, 2]. For discontinuous shear thickening
(DST), in which the suspension viscosity increases by or-
ders of magnitude, it is increasingly clear that frictional
contact between particles plays a key role in leading to a
shear jamming state [3-6]. On the other hand, in contin-
uous shear thickening (CST), where the viscosity increase
is less than an order of magnitude, the picture remains
somewhat unclear [7-9]. Early studies attributed shear
thinning to the formation of ordered structures in the
suspension and shear thickening to the subsequent dis-
solution of these ordered structures [10-13]. Despite the
fact that the formation of ordered structures under shear
flow is often observed [14], especially under oscillatory
shear condition [12, 13, 15-18], not all shear thickening
fluids exhibit this type of order-to-disorder transitions
[19, 20]. As a result, the order-to-disorder transition
model was replaced by the so-called hydrocluster model
proposed by Brady et al. [21, 22]. Experimentally, the
hydrocluster model is supported by results from neutron
scattering [23-25] and confocal microscopy [26]. How-
ever, most recently, the importance of frictional contact
between particles is being carefully scrutinized even in
CST suspensions [7, 27-29]. With this on-going debate,
the order-to-disorder transition has been lost in the shuf-
fle. Its relationship with shear thickening remains some-
what ambiguous, and has never been clearly elucidated
[9, 30].

Using in situ small angle x-ray scattering (SAXS), we
studied the structural evolution of highly monodisperse
dense silica particle suspensions with increasing shear
stress during both oscillatory shear and steady shear.
We show that under oscillatory shear, these monodis-
perse suspensions exhibit a unique two-step dynamic
shear thinning and thickening behavior. We demon-

a 108 —
Vorticity (Vxv) 5 ; H
g L & OE,
2102 [ “Diametor (o) |
(2]
= L
[}
£ |
c 10
Velocity (v) 10° 1 7F3

X7 3
e 1 ]
Tum L TS
q (nm-)

FIG. 1. Particle monodispersity and quiescent structure for
a 360nm particle suspension. (a) Schematic of the in situ
SAXS setup. The lower-right inset is a TEM image of the
particles. (b) The form factor of the particles measured from
a 1% volume fraction solution by SAXS. Black circles are
experimental data, and the red line is the fitting curve yielding
a standard deviation of 14 nm shown in the inset. (c) I(q)
vs. ¢ curve measured using a suspension with 56.3% volume
fraction in its quiescent state.

strate that the thickening at the lower critical stress is
associated with an order-to-disorder transition which is
strain-related, whereas the thickening at the higher crit-
ical stress coincides with the standard shear thickening
during steady shear. We find that particle size, particle
monodispersity, and measurement conditions affect the
appearance of order-to-disorder transition, and in some
cases can make it unobservable. Our results provide new
insight into the relationship between order-to-disorder
transition and shear thickening and explains why certain
shear thickening fluids show this transition whereas the
others do not.

For in situ SAXS measurements, a stress-controlled
rheometer (Anton-Paar MCR 301) was installed at beam-
line 8-ID-T at the Advanced Photon Source. Fig. 1(a)
shows the schematic of the experimental geometry. A
collimated x-ray beam (7.4 keV, 20 pym in width and
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FIG. 2. Rheological data during oscillatory and steady shear. (a) Viscosity (n) and complex viscosity (n*) vs. shear stress
under steady and oscillatory shear (0.1, 1 and 5 Hz) for 360 nm particles at 56.3% volume fraction. For oscillatory shear, the
shear stress is the maximum shear stress 7o applied during each oscillatory cycle. (b) Same type of measurements as (a), but
for 155 nm particles at 56.3% volume fraction. (c) Oscillatory shear for 340 nm particles at 1 Hz at 56.3% volume fraction,
with different amounts of 155 nm particles mixed in (note: a different set of samples than those shown in panel (a), but with

similar monodispersity).

height) passes through the center of the polycarbonate
Couette cell, perpendicular to the rotational axis of the
cell. The x-ray beam is along the shear gradient direction
and the scattering pattern is collected in the velocity-
vorticity plane using a 2D CCD detector. Silica parti-
cles of three different sizes (diameter ~ 155 nm, ~ 360
nm and ~ 460 nm) were synthesized using the standard
Stober method and were dispersed in polyethylene gly-
col (molar mass = 200 g/mol) with various volume frac-
tions. (For more details see Supplementary Materials
[31]). We will mainly focus on the suspension of 360 nm
particles with a volume fraction of 56.3%, unless stated
otherwise. The highly monodisperse nature of the par-
ticles is evident from both the transmission electron mi-
croscopy (TEM) image [Fig.1(a)] and the many orders of
oscillations in the particle form factor measured by SAXS
[Fig.1(b)]. Fitting the form factor yields both the aver-
age particle size (360 nm) and particle size distribution
(standard deviation of 14 nm).

The silica particles behave like hard spheres so the sam-
ple with a volume fraction of 56.3% is in the crystalline
regime under equilibrium conditions [32, 33]. Right af-
ter pre-shear, a few crystallites nucleated immediately
as evidenced from the strong diffraction spots appearing
atop the amorphous scattering ring in the quiescent state
SAXS pattern (Fig. S1 in Supplementary Materials [31]).
The azimuthally averaged scattering intensity [Fig.1(c)]
shows that the ratio of the first five scattering peaks is
close to 1 : v/3:2: +/7 : 3. This specific ratio indi-
cates that the crystallites have likely formed on the cell
wall, hexagonally close packed, with the c-axis aligned
with the x-ray beam direction but randomly oriented in
the other two directions [34]. Therefore, the position of
the first peak, indicated by an asterisk (%) in Fig. 1(c),
is associated with the first-order crystalline peak, rather
than the interparticle spacing in a disordered solid.

Rheological measurements were conducted under both
steady shear and oscillatory shear at different frequencies

(0.1, 1 and 5 Hz) with increasing strain amplitude [Fig.
2(a)]. For both types of shear, the silica suspension shows
yielding behavior, consistent with the fact that the sus-
pension is in a solid phase [35]. Under steady shear, the
suspension shows a single step shear thinning to thicken-
ing transition, whereas under oscillatory shear, it exhibits
a more complex behavior that has not been observed be-
fore [17, 30, 36, 37]. For frequencies of 0.1 and 1 Hz, the
complex viscosity n* vs. stress curves show a two-step
dynamic shear thinning to thickening behavior, occur-
ring at two different critical shear stress values (7} and
T47)- As the oscillation frequency increases, 7; shifts to
higher stress values, while 7;; ~ 120 Pa is independent of
frequency and coincides with the critical stress for shear
thickening during steady shear. At 5 Hz, 7] increases
to the point that the two shear thinning to thickening
processes merge and appear to become a single process.
Beyond 7y, all the oscillatory shear curves are nearly
of the same magnitude in viscosity as observed under
steady shear. The same behavior was also observed us-
ing a cone-plate and a plate-plate geometry (Fig. S2 in
Supplementary Materials [31]) indicating that it does not
depend upon the testing geometry.

To understand the parameters that affect the two-step
shear thinning to thickening behavior during oscillatory
shear, we studied the rheological behaviors of suspen-
sions under different conditions: three different sizes of
particles (460, 360 and 155 nm) at two different packing
fractions (56.3% and 51.2%). The 460 nm and 360 nm
suspensions with 56.3% and 51.2% volume fractions show
the similar two-step shear thinning to thickening behav-
ior at all frequencies (Fig. S3-S5 in Supplementary Mate-
rials [31]). In contrast, a suspension of 155 nm particles
at 56.3% volume fraction shows only a single-step transi-
tion at all measured frequencies [Fig. 2(b)]. Only when
the volume fraction is decreased to 51.2% and oscillation
frequency is 5 Hz, does this suspension exhibit a two-
step shear thinning to thickening behavior (Fig. S3(a)



TABLE I. Linear viscoelastic properties of silica suspensions of three different particle sizes with two different volume fractions
measured at different frequencies. f is the oscillation frequency, Ty;ciq is the yield stress, G is the storage modulus in the linear
regime, and tand = G§ /G|, is the loss tangent, in which G{ is the loss modulus in the linear regime. For G§ > Gy, the yield
stress is defined as the stress at the cross-over between G’ and G, whereas for Gf, < G, it is defined as the cross-over between
two tangential lines drawn on G’, one in the linear regime and another one in the shear thinning regime. The shaded regime
indicates where a two-step dynamic shear thinning and thickening was observed.

155 nm 360 nm 460 nm

f(Hz) Tyiea (Pa) Gu(Pa) tand| f(Hz) 7yiea(Pa) Go(Pa) tand| f(Hz) 7yeaqa(Pa) Gi(Pa)  tand

1 50 816 0.12 0.1 0.4 5.6 0.34 1 0.3 5.3 0.84

56.3% 2 56 834 0.15 1 1.8 23 0.44 2 0.7 5.2 1.16
5 77 916 0.17 5 4.0 46 0.58 5 1.8 7.1 1.60

1 20 252 0.17 1 0.3 3.5 0.90 1 0.3 1.7 1.36

51.2% 2 22 270 0.20 2 0.3 3.7 1.30 2 0.5 2.5 1.49
5 29 278 0.24 5 0.24 7.7 1.24 5 - 1.5 4.25

in Supplementary Materials [31]). Table 1 summarizes
the linear viscoelastic properties of the silica suspensions
(See also Fig. S6 and S7 in Supplementary Materials for
all strain sweep and frequency sweep data [31]). Gener-
ally we find that suspensions with a relatively low yield
stress and high loss tangent exhibit the two-step shear
thinning to thickening behavior while the ones that show
strong elastic solid behavior do not.

Monodispersity is also an important factor for the ap-
pearance of two-step shear thinning to thickening behav-
ior during the oscillatory shear. An earlier oscillatory
shear experiment by Lee and Wagner used a similar type
of silica particle suspension, but unlike the data presented
above, only a single shear thinning to thickening event
was observed [36]. We suspected that the bimodal size
distribution of the silica nanoparticles used in the earlier
study could be a contributing factor. To test this hypoth-
esis, we mixed small fractions of 155 nm particles into a
340 nm particle dispersion while keeping the overall vol-
ume fraction of the particles the same at 56.3%. Fig. 2(c)
shows that at a 1% volume fraction of smaller particles,
the two-step viscosity feature is significantly weakened
while at 2%, the two-step viscosity feature completely
disappears. This proves that a high degree of sample
monodispersity is crucial for observing this unique be-
havior.

To elucidate the microstructural origin of this rheo-
logical behavior, we measured in situ SAXS of the sus-
pensions under oscillatory shear. The experiments were
carried out at a fixed strain amplitude and frequency,
and the SAXS patterns were collected over ~ 200 oscilla-
tion cycles and then averaged together. Fig. 3(a) shows
the steady and oscillatory shear curves for 360 nm parti-
cles at 1 Hz. Arrows indicate the different shear stresses
where x-ray scattering was measured during oscillatory
shear, and the corresponding SAXS patterns are shown
in Fig. 3(b).

Even with a small applied shear stress, ca. 0.03 Pa,
a well-defined six-fold scattering pattern appears [Fig.
3(b1)]. This shows that the randomly oriented crystal-

lites in the quiescent state begin to reorient themselves
in the velocity-vorticity plane in response to the shear.
These crystallites serve as nucleation centers for further
growth of the ordered structures. As the oscillatory shear
stress is increased, the six-fold scattering pattern be-
comes more pronounced, indicating that more particles
are now in the ordered regions. At 7}, the six-fold scat-
tering pattern is most distinct [Fig. 3(b3)]; but the two
peaks along the vorticity direction are weaker than the
other four peaks. This scattering pattern is caused by
the formation of so-called sliding layers, namely layers of
hexagonally close packed particles slide past each other,
perpendicular to the shear gradient [13, 18, 19, 38, 39].
Similar scattering patterns were observed using other
particle sizes and frequencies, as long as the system dis-
played the two-step shear thinning/thickening rheologi-
cally. Plotting the same data against the strain ampli-
tude revealed that the transition at 7; occurs at the same
critical strain amplitude (~ 1), regardless of the particle
size and oscillation frequency (Fig. S4 in Supplementary
Materials [31]). Similar behavior was observed by several
other groups [12, 15, 17]. Rheologically, it is mainly asso-
ciated with an upturn of both elastic and loss modulus at
this critical strain, akin to strain hardening in a typical
extensional rheology experiment. Interestingly, we found
that even though high strain or stress can melt the slid-
ing layers completely [Fig. 3(b4-b6)], upon reversing the
strain sweep the ordered structures reappear, albeit at a
slightly different critical strain (See Fig. S8 in Supple-
mentary Materials [31]). When the strain amplitude is
reduced to almost zero, crystalline structures still remain
and the corresponding viscosity is lower than its initial
state. Similar hysteretic order-to-disorder transition was
previously observed by Koumakis et al. [17].

To analyze the degree of ordering, we fit the inte-
grated scattering intensity data versus the azimuthal an-
gle (¢) using a linear combination of two contributions,
one from an amorphous phase (Igmorphous) and another
from a crystalline phase (Ierystaliine). As the scatter-
ing from the amorphous phase is likely isotropic, it is
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FIG. 3. Scattering patterns during oscillatory shear at 1 Hz. (a) Rheological data of a 360 nm silica dispersion with volume
fraction of 56.3%. (b) SAXS patterns of this dispersion at different oscillatory shear stresses at 1 Hz. For panels bl-b6, the

labels correspond to different points indicated in (a).

q is the scattering vector, v denotes the velocity direction, and V x v

denotes the vorticity direction. The scattering intensity is plotted on a log scale.

assumed to be constant over ¢. The crystalline peaks
are best fit with a Voigt distribution. The relative de-
gree of crystallinity of the sample can be defined as
Ig = Icrystalline/(Icrystalline + Iamorphous)- The change
of I'p over the entire stress range at 1 Hz shows a di-
rect correlation between the degree of ordering and the
change of viscosity, with the highest ordering occurring
at 77 (See Fig. S9 and S10 in Supplementary Materials
[31]). As the oscillation frequency increases, an increas-
ing fraction of particles are organized into the sliding
layer structure, with I changing from 0.41 (at 0.1 Hz),
0.67 (at 1 Hz) and to 0.94 (at 5 Hz) [Fig. 4]. This in-
dicates that although the order-to-disorder transition is
strain related, frequency does play a role, resulting in a
different viscosity at 77 as shown in Fig. 2(a).

An important observation in Fig. 2(a) is that the
steady shear leads to only one shear thinning to thick-
ening step, with the critical stress occurring at 7. In
situ, SAXS during the steady shear confirmed that the
system bypasses the order-to-disorder transition entirely
without the formation of the sliding layer (Fig. S11 in
Supplementary Materials [31]). The fact that we are
able to clearly distinguish the order-to-disorder transi-
tion, which occurs at different critical stresses (7} ) than
the steady shear critical stress 77;, indicates several im-
portant facts: (1) The strain induced sliding layers for-
mation can greatly reduce the viscosity during oscillatory
shear, causing the system to adopt a lower viscosity curve
than the steady shear [18, 19, 32]. Whereas for systems
that do not form sliding layers, the complex viscosity
curve merges with the steady shear curve immediately
beyond the yield stress and follows the extended Cox-
Merz rule, 5 (v0w) = 0(3)l3=rgw [Fig. 2(b)] [40]. (2)
The mechanism for shear thickening near the high critical
shear stress 77 is intrinsically different and not related to
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FIG. 4. Sliding layer structures formed at 77 by an oscillatory
shear at frequencies of (a) 0.1 (b) 1 and (c) 5 Hz for a 360
nm particle suspension at 56.3% volume fraction, where 77 is
1.4, 4.7 and 11.3 Pa, respectively. Left panels are the scatter-
ing patterns at each 77. The right panels are the integrated
scattering intensities plotted against the azimuthal angle ¢.

the order-to-disorder transition at 7;. The onset stress
for the shear thickening at 7 is independent of how sus-
pensions are sheared, i.e. either by steady shear or by os-
cillatory shear. For both shear modes, similar anisotropic
SAXS patterns were observed in the regime 7 > 75; (Fig.
S12 in Supplementary Materials [31]), which indicates the
microscopic origin for this stress controlled shear thick-
ening is the same. Although the long standing interpre-
tation of continuous shear thickening is the flow-induced
hydrocluster model [20-26], in the q range of this study,



the change in the first-order structure factor peak is too
small to indicate significantly large cluster formation. An
alternative interpretation is that shear thickening in this
regime involves a stress-induced transition from lubrica-
tion to frictional contact [4-6, 8, 27, 28]. This model has
been recently extended from large non-Brownian parti-
cles to small Brownian particles by Guy et al. [29]. Simi-
lar to their PMMA particle system, our silica suspensions
show critical stress 73, scales as d~2, where d is the parti-
cle diameter (Fig. S13 in Supplementary Materials [31]).
(3) The appearance of an order-to-disorder induced shear
thickening largely depends on the sample and measure-
ment conditions. It only appears in monodisperse sus-
pensions that do not show strong elastic solid behavior
(i.e. low yield stress and high loss tangent), in which
particles can easily shear past one another to induce or-
dered structures. Our data also show that oscillatory
shear is more likely to induce ordered structures, whereas
in the same system, steady shear can bypass the transi-
tion entirely. In other cases, the order-to-disorder transi-
tion can be masked by the large yield stress or the shear
thickening at 77;. Taking advantage of our monodisperse
system, for the first time, we are able to unequivocally
distinguish the shear thickening caused by the order-to-
disorder transition from the steady shear thickening, thus
clearly confirming that the later phenomenon is driven by
other mechanisms.
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