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Hypothesis: The viscosity of dense suspensions surges when the applied stress surpasses a material-specific 
critical threshold. There is growing evidence that the thickening transition involves non-uniform flow and stress 
with considerable spatiotemporal complexity. Nevertheless, it is anticipated that dense suspensions of calcium 
carbonate particles with purely repulsive interactions may not conform to this scenario, as indicated by local 
pressure measurements with millimeter spatial resolution.
Experiment: Here we utilize Boundary Stress Microscopy (BSM), a technique capable of resolving stresses down 
to the micron scale, to search for evidence of stress heterogeneity. In addition, we measure the flow field at the 
lower boundary of the suspension where the boundary stress is measured.
Findings: We find localized regions of high-stresses that are extended in the vorticity direction and propagate 
in the flow direction at a speed approximately half that of the rheometer’s top plate. These high-stress regions 
proliferate with the applied stress accounting for the increased viscosity. Furthermore, the velocity of particles at 
the lower boundary of the suspension shows a significant and complex nonaffine flow that accompanies regions 
of high-stresses. Hence, our findings demonstrate that stress and flow inhomogeneity are intrinsic characteristics 
of shear-thickening suspensions, regardless of the nature of interparticle interactions.
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 Introduction

Dense suspensions, when subjected to shear forces, exhibit a fasci-
ting and intricate flow response known as shear thickening. This phe-
menon manifests as a rise in viscosity, 𝜂, beyond a material-specific 
itical shear stress [1]. This behavior is of considerable importance 
 the engineering of fluids for a range of applications, encompassing 
dy armor [2–4], medicine [5–7], and sensors [8,9]. As one notable 
ample, in the formulation of protective gear, such as body armor and 
lmets, shear-thickening fluids are integrated to enhance impact resis-
nce. These materials remain fluid under normal conditions but stiffen 
on sudden impact, effectively dispersing and dissipating the energy, 
us providing superior protection. As will be discussed in detail below, 
ear-thickening is profoundly influenced by particle concentration, the 
ture of interparticle forces and surface chemistry. At moderate parti-
e concentrations, the suspension experiences continuous shear thick-
ing (CST), characterized by a gradual increase in viscosity as the 
plied stress increases. However, at higher particle concentrations, the 
spension has the potential to exhibit discontinuous shear thickening 
ST), leading to a sudden and substantial increase in viscosity that may 
an several orders of magnitude.
While the concept of shear thickening has been acknowledged since 
e inception of suspension rheology, the detailed mechanisms driving 
remain elusive. Nevertheless, a recent increase in research efforts has 
arted to shed light on the fundamental aspects of this phenomenon 
]. A weak CST has been associated with the formation of particle 
usters driven by hydrodynamic forces [10–12]. However, it turns out 
at lubrication forces are not sufficient to account for strong CST and 
ST [1]. Theoretical and simulation studies [1,13–15] supported by ex-
rimental findings [16,17] have shown that the dramatic increase of 
scosity originates from a shift in interactions—from predominantly 
drodynamic interactions at low stress to predominantly frictional 
teractions—occurring when the stress reaches a level sufficient to sur-
ss the repulsion between particles. Hence, shear thickening can be 
ely tuned by adjusting the particle roughness [18–22]. The proposed 
odel effectively explains various aspects of the shear-thickening across 
wide range of fluids that exhibit this behavior [23,16,24–26]. Despite 
is, fully grasping the complexity of shear thickening, including its spa-
temporal dynamics, remains a challenge.
Numerous experimental and computational studies have docu-
ented fluctuations in viscosity and shear rate [27–38] as well as 
naffine flows [28,39,38,40] within the shear-thickening regime. Re-
nt velocity measurements conducted in the DST regime of cornstarch 
spensions have revealed the presence of localized shear bands that 
opagate along the vorticity direction [41]. Moreover, density waves 
ve been recognized in shear-thickening suspensions that propagate in 
e direction of flow [32]. By direct measurements of the spatially re-
lved stresses at the boundary of the sheared suspensions using bound-
y stress microscopy (BSM), we have observed localized regions of high 
resses that emerge intermittently causing the viscosity to increase in 
e thickening regime. These localized stresses found to proliferate in 
e flow direction with the speed that is set by the rotational speed of 
e rheometer [35–38,40]. These large fluctuations in boundary stress 
e accompanied by dramatic fluctuations in suspension flow speeds 
8,40]. Moreover, direct measurements of fluid migration indicated 
at the high-stress fronts are composed of a localized region of high 
latant pressure and low particle concentration [38]. In a recent work 
2], the spatio-temporal variation of the normal stresses at the millime-
r scale has been investigated for two shear-thickening fluids: a calcium 
rbonate suspension and a cornstarch suspension. The cornstarch sus-
nsion showed significant localized normal force fluctuations which 
opagate in the flow direction, very similar with shear stress fluctua-
ns found from BSM. Conversely, in the calcium carbonate suspension, 
e local pressure was found to remain constant with time.
To gain further insights into the mechanism of shear-thickening in 
219

lcium carbonate suspensions, we evaluated localized shear stresses at bo
Journal of Colloid And Interface Science 678 (2025) 218–225

e boundary using BSM. Notably, BSM offers a substantial advantage 
er pressure sensors employed in a prior reference [42] due to its high 
atial resolution. With BSM, stresses can be resolved at the micrometer 
ale, which is approximately 10−3 times smaller than the spatial reso-
tion achievable with the pressure sensors in Ref. [42]. Additionally, 
e probe the velocity of calcium carbonate suspensions at the boundary 
here local stress is measured. We find the appearance of localized re-
ons of high stresses at the boundary in the shear thickening regime of 
lcium carbonate suspensions. These regions are extended in the vortic-
 direction and propagate in the flow direction with the speed which 

 nearly one-half the speed of the top plate. As the applied stress in-
eases in the shear-thickening region, these high-stress regions become 
larger fraction of the total surface area, accounting for the increased 
scosity. Furthermore, we observe velocity fluctuations of particles at 
e boundary accompanying these high-stress regions. These findings 
veil the existence of stress and flow heterogeneities at the boundary, 
hich stands in contrast to the homogeneous normal stress reported by 
f. [42], yet aligns with prior observations in silica microspheres and 
n-Brownian cornstarch suspensions [35–38,40].

 Materials and methods

The suspensions utilized in this study consisted of calcium carbonate 
rticles (Eskal 500 from KSL Staubtechnik GmbH) dispersed in a mix-
re of water-glycerol (50-50 w/w%). Particles possess a rhomboidal-
e shape and are moderately polydisperse with an average size of 4 μm 
3,42]. To eliminate adhesive interactions between particles and in-
ce purely frictional interactions with a short-range repulsive force, 
05 w/w% of polyacrylic acid (PAA) was incorporated into the suspen-
on [43]. For imaging calcium carbonate particles, 0.02M fluorescein 
dium salt was added to the suspension.
Rheological experiments were carried out using an Anton Paar MCR 
1 stress-controlled rheometer equipped with parallel-plate geometry 
iameter of 25 mm and a 1 mm gap). The rheometer was integrated 
ith an inverted Leica SP5 confocal microscope [44].
For BSM measurements, a layer of PDMS (Polydimethylsiloxane, Syl-
rd 184; Dow Corning) containing 2% curing agent was spin-coated 
to glass cover slides with a diameter of 40 mm. The resulting film had 
thickness of 50 ±3 μm. Subsequently, the slides underwent curing at 
°C for 2 hours to ensure proper solidification of the PDMS layer. Fol-
wing curing, the PDMS layer underwent a 40-minute functionalization 
ocess with 3-aminopropyl triethoxysilane (Fisher Scientific) through 
por deposition. For high-resolution BSM measurements, smaller sized 
μm) carboxylate-modified fluorescent polystyrene (PS) beads were 
hered to the PDMS surface. To image particles a 63× objective and a 
5 ×145 μm2 field of view was employed. To facilitate measurements at 
lower magnification and thereby achieve a larger field of view, 10 μm 
 beads were affixed to the PDMS surface. In this case, to prevent bead 
tachment during shearing, a second PDMS film was spin-coating on 
ads [35]. A 1.6× objective with the field of view 5.7 × 5.7𝑚𝑚2 was 
ed to image these particles. In all experiments, the objective has been 
sitioned approximately 4 mm away from the edge of the plate.
To determine the boundary stress, the deformation fields were 
itially evaluated using particle image velocimetry (PIV) with the 
Vlab plugin in MATLAB. Subsequently, the boundary stresses were 
mputed utilizing an extended traction force technique [45]. The 
atio-temporal analysis of the flow component of the stress map was 
nducted by computing cross-correlation, 𝑔(𝛿𝑟, 𝛿𝑡) = ⟨𝛿𝜎𝑥(𝑟, 𝑡)𝛿𝜎𝑥(𝑟 +
, 𝑡 + 𝛿𝑡)⟩∕⟨𝛿𝜎𝑥(𝑟, 𝑡)2⟩, averaged over 𝑟 and 𝑡 using the xcorr2 function 
 Matlab. The spatial autocorrelation (𝛿𝑡 = 0) was also calculated in the 
me way. The profile of the spatial autocorrelation (𝑔(𝑥), Fig. 4B) and 
atiotemporal cross correlations (Fig. 4C) along the flow direction are 
mputed by averaging over the middle 3 rows of pixels in the vortic-
 direction. The flow field of calcium carbonate particles at the bottom 

undary was measured using PIV. To effectively capture fast flows in 
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g. 1. Bulk Rheology of Calcium carbonate suspensions with 𝜙 = 54%. (A) Flow 
rve (Viscosity vs. rheometer shear stress). (B) Shear rate vs. time at different 
plied stresses.

e thickening regime, imaging was constrained to 128x512 pixels, con-
quently boosting the frame rate to 100 frames/s.

 Results

1. Bulk rheology

As outlined in the materials and methods section, addition of poly-
rylic acid (PAA) into a suspension containing calcium carbonate par-
les dispersed in a water-glycerol mixture results in the elimination of 
hesive contacts between particles. This transformation yields a sys-
m of hard particles exhibiting purely frictional interactions with a 
ort-range repulsive force [43]. The rheological behavior of these sus-
nsions under increasing stress aligns with the shear-thickening phe-
menon previously reported [46,23].
Fig. 1A shows the average viscosity, 𝜂, plotted against the step-

ise increasing applied shear stress 𝜎 (flow curve) for the examined 
spension at a volume fraction of 𝜙 = 54%. The flow curve shows a low-
scosity Newtonian plateau followed by shear thickening beyond the 
itical shear stress 𝜎𝑐 ≈ 2𝑃𝑎. Finally, at high shear stresses, 𝜎 ≥ 200𝑃𝑎, 
e viscosity experiences a slight decrease associated with sample frac-
re [43,42]. In this regime, we observe that the sample is dislodged 
om the rheometer plates. Fig. 1B shows examples of the shear rate 
easured by the rheometer as a function of time in the shear-thickening 
gime under constant applied stress. Within this regime, upon applica-
n of stress, the shear rate exhibits a transient increase before reaching 
steady-state value. The steady state values of shear rate are nearly the 
me for different applied stresses. An intriguing observation is that, un-
e dense cornstarch or silica suspensions [35,36,38], the shear in this 
se does not display appreciable intermittent fluctuations.

2. Boundary stresses

Alongside monitoring the bulk viscosity, we employ BSM to measure 
e boundary stresses exerted on the bottom plate of the rheometer. In 
M, micron-sized PS beads are chemically bonded to an elastic film 
ade of PDMS with known thickness and modulus. Subsequently, the 
m is affixed to a cover glass, which serves as the bottom plate of 
220

e rheometer. The displacements of these beads are then probed us- th
Journal of Colloid And Interface Science 678 (2025) 218–225

g confocal microscopy to acquire the deformation field, enabling the 
lculation of the stress map at the boundary (see Methods).
Fig. 2A shows examples of the spatial map of the boundary stress 
mponent in the flow direction for different values of stress well in-
de the shear-thickening regime. The map encompasses an area of 
7 × 5.7𝑚𝑚2 and is captured at approximately 4 mm away from the 
ge of the plate. The maps are selected for instances when the local-
ed stresses are at their peak, as indicated by arrows in Fig. 2B. The 
ress maps reveal distinct regions of elevated boundary stress that ex-
nd in the vorticity direction and propagate in the flow direction (Movie 
). The contribution of these high-stress regions to overall stress is de-
rmined by 𝜎𝐻 =

∑
𝜎𝑥(𝑟𝑖)∕𝑁 where the sum is computed over all the 

sitions 𝑟𝑖 that satisfy the condition that 𝜎𝑥(𝑟𝑖) > 200𝑃𝑎 and 𝑁 = 3721
 all the positions within the frame. The choice of the 200𝑃𝑎 cutoff 
r 𝜎𝐻 is based on the color map for the boundary stresses shown in 
g. 2A, where we observe that high-stress regions primarily appear for 
> 200𝑃𝑎. This value is significantly higher than the maximum stress 

corded in the low stress regions, including both signal and noise.
Fig. 2B shows time variations of 𝜎𝐻 for different values of applied 

ress. In contrast to the shear rate measured by rheometer, which does 
t show intermittent fluctuations, 𝜎𝐻 exhibits significant fluctuations 
hose frequency increases as the applied stress increases, similar to 
evious observations in measurements of dense cornstarch or silica sus-
nsions [35,36,38]. The constant shear rate measured by the rheometer 
dicates that the average stress across the entire bottom boundary re-
ains constant. Our measurements focus on local stress at the boundary; 
erefore, when we do not detect high-stress regions, they must exist in 
rts of the bottom boundary outside our measurement area at that time. 
the averaged stress across the entire bottom boundary were fluctuat-
g, we would expect to see corresponding fluctuations in the shear rate 
corded by the rheometer.
In Fig. 3, we show the averaged values of stress within high stress 
gions alongside with their area fraction for different values of applied 
ress. As shown in Fig. 3 (black squares), the averaged values of stress 
ithin high stress regions do not change with the applied stress. How-
er, the high stress regions proliferate as applied stress is increased 
lso evident from Fig. 2B) which accounts for the rapid rise in suspen-
on viscosity, similar to our previous measurements of dense cornstarch 
 silica suspensions [35,36,38].

3. The propagation speed of high-stress regions

Next, we investigate the spatio-temporal evolution of these high-
ress regions. The formation and dynamics of these regions appear 
ochastic, yet with evident translational motion in the flow direction 
ee Movie S1). An example of this motion is depicted in snapshots pre-
nted in Fig. 4A, where two high-stress regions traverse the field of 
ew in the flow direction. The propagation speed and extent of these 
gh-stress regions can be quantified by calculating the spatiotempo-
l cross-correlation of the boundary stress (see Methods). In Fig. 4B, 
e compare the spatial autocorrelation of high-stress regions along the 
w direction under various applied stresses. The autocorrelation curves 
 different stress levels reveal a weak second peak, representing the 
erage distance between two neighboring high-stress regions, approx-
ately 2-3 mm. With increasing applied stress, the second peak occurs 
 slightly larger distances. The propagation speed of these high-stress 
gions can be determined by evaluating their cross-correlation at vari-
s delay times (see Methods). As an example, in Fig. 4C, we illustrate 
oss-correlations 𝑔(𝛿𝑟, 𝛿𝑡) in the direction of flow at different time in-
rvals for an applied stress of 100 Pa. The reduction in the amplitude of 
e peak of 𝑔(𝛿𝑟, 𝛿𝑡) with increasing time interval is a result of the prop-
ation and disappearance of high-stress regions, with the peak shifting 
wards larger distances indicating a net motion in the direction of flow. 
e average propagation speed is subsequently computed from the shift 
 the peak of 𝑔(𝛿𝑟, 𝛿𝑡) with delay time (inset). The findings indicate that 

e high-stress regions propagate in the flow direction at a speed approx-
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Fig. 2. BSM measurements in the shear thickening regime. (A) Snapshots of the boundary stress map in the flow direction (𝜎𝑥) captured at the peak of the local 
stress (indicated by arrows in B) for 𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =60, 80 and 100 Pa (Scale bar: 2 mm). (B) Time series of stress contribution arising from high stresses (regions where 
𝜎𝑥(𝑟 ) > 200𝑃𝑎).
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g. 3. The average stress within high-stress regions (dark squares, left vertical 
is) and the area fraction of the stress maps containing these high stresses (red 
uares, right vertical axis) vs. the applied stress.

ately one-half that of the rheometer’s top plate (Fig. 4D), resembling 
e behavior observed in suspensions of silica particles [35–37,40].

 Concurrent measurements of boundary stress and flow field

By integrating rheology with high-speed confocal microscopy, we 
n directly examine the flow field within regions experiencing high 
resses [44]. In this context, a high magnification objective (63×) with 
field of view 145 × 145 μm2 is employed, resulting in a substantial 
provement in the resolution of the stress signal derived from BSM. 
 enhance visibility, fluorescein sodium salt is introduced into the sol-
nt, enabling a distinct visualization of the suspension bottom layer 
ee Movie S2). The significant refractive index mismatch between the 
lvent and particles restricts imaging only to the bottom layer.
Fig. 5 (A, top) shows measurements of the averaged boundary stress 

 the flow (𝜎𝑥) and vorticity (𝜎𝑦) directions for a time interval that 
221

cludes the passage of three high stress events for the suspension of im
lcium carbonate particles. For comparison, in Fig. 5 (B, top), we have 
so depicted the corresponding outcomes for a suspension of adhesive 
rnstarch particles [47]. Both types of particles share a similar shape 
d polydispersity [42], so the differences between them are likely due 
 differences in particle interactions. This comparison can help us un-
rstand how interparticle attractions impact heterogeneities that arise 
ring shear-thickening. In both suspensions, 𝜎𝑥 and 𝜎𝑦 exhibit similar 
e dependence although the latter has smaller magnitude. In the case 

 calcium carbonate suspensions, 𝜎𝑦 often exhibits slightly negative val-
s at the initiation of the event. Additionally, for calcium carbonate 
spensions, high-stress events occur nearly three times more frequently 
mpared to cornstarch suspensions, which results in the formation of 
well-defined low-stress region between consecutive high-stress events 
 the cornstarch suspension.
Fig. 5 (A, bottom) displays the velocities of the calcium carbonate 
rticles at the bottom layer as determined by PIV, conducted concur-
ntly with BSM. The fluctuations in velocity consistently coincide with 
riods of elevated boundary stress. Remarkably, during each event, the 
locity in the flow direction (𝑣𝑥) exhibits an M-shaped profile, featur-
g two maxima and a minimum that coincides with the maximum in 
e boundary stress. The peculiar M-shaped variation of 𝑣𝑥 is also ob-
rved in suspensions of cornstarch particles (see Ref. [38] and Fig. 5 (B, 
ttom)). The velocity component in the vorticity direction (𝑣𝑦) for the 
lcium carbonate suspension shows variations that are much smaller 
an 𝑣𝑥 and difficult to distinguish from slow variations presumably 
related to the passage of the high stress fronts. In contrast, the sus-
nsion of cornstarch particles shows significant variation of 𝑣𝑦 with an 
-shape pattern similar to 𝑣𝑥 but with the smaller magnitude (Fig. 5 (B, 
ttom)).

In Fig. 6, we show the flow field recorded during the passage of 
e high stress region for the calcium carbonate particles at the bottom 
undary. Away from the high stress event, particles exhibit predom-
antly affine low-speed flow (Fig. 6, i). As the event approaches, the 
eed increases rapidly in the flow direction (Fig. 6, ii). However, the 
w in the vorticity direction is slightly directed towards the center 
 the rheometer’s plate, as indicated by a slight negative value of 𝑣𝑦 . 
oving further into the event, the speed in the flow direction decreases 
d reaches its minimum at the center of the event, where 𝜎𝑥 is max-

ized (Fig. 6, iii). However, the small positive values of 𝑣𝑦 observed 
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g. 4. (A) Snapshots of the boundary stress map in the flow direction (𝜎𝑥) captured at four consecutive time points under a constant applied shear stress of 100 Pa. 
e scale bar indicates a length of 2 mm, with the arrow indicating the direction of flow. (B) The normalized 2D autocorrelation of 𝜎𝑥 measured along the velocity 
rection at different values of applied stress. (C) The evolution 𝑔(𝑥, 𝛿𝑡) at 𝜎 = 100𝑃𝑎 for various lag times. Inset shows the shift in position of the 𝑔(𝑥, 𝛿𝑡) peak as a 
nction of lag time. (D) The propagation speeds of high-stress regions extracted from the slope of the inset, scaled by the speed of the rheometer’s top boundary.

g. 5. (A, Top) Components of the boundary stress in the flow (𝑥, filled black squares) and vorticity (𝑦, filled red circles) directions. (A, Bottom) Components of 
e averaged velocity in the flow (𝑥, open black squares) and vorticity (𝑦, open red circles) directions for the suspension bottom layer. Dashed lines signify the time 
hen the boundary stress attains its maximum value. Results in A are for the suspension of calcium carbonate particles with the applied stress of 150𝑃𝑎. Panel B is 
e same as A, but for a cornstarch suspension (𝜙𝑤= 42.3%) with the applied stress of 100𝑃𝑎 (see Ref. [38] for further details).

g. 6. The top left panel shows the components of the velocity for the second event in Fig. 5 (A, bottom). Images i to v display flow fields for calcium carbonate 
rticles at specific time points, as shown by open squares on the plot of the average 𝑉𝑥 in the Top Left panel. In (ii), we have shown part of the suspension. The full 
222

e variations of both the flow field and the boundary stress during the entire event are shown in Movie S2.
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 this regime indicate a flow directed towards the outer boundary of 
e rheometer due to dilatant pressure, as discussed in [38]. Finally, the 
eed in the flow direction undergoes another acceleration (Fig. 6, iv) 
fore eventually relaxing to a state of nearly affine flow (Fig. 6, v) at 
e back of the front. In Movie S2, we have shown the full time varia-
ns of both flow field and the boundary stress during the entire event.

 Discussion

There is considerable evidence demonstrating that shear thickening 
 dense suspensions is closely linked to localized stresses, density fluctu-
ions and non-affine motion [30,32,48,49,39,50–52,35–38,53,42,41]. 
locity measurements in a dense cornstarch suspension reveal the pres-
ce of localized velocity bands in the shear thickening regime, which 
opagate in the vorticity direction [41]. Moreover, in shear-thickening 
spensions density waves that propagate in the direction of flow are 
so observed [32]. Both experiments and numerical simulations con-
cted on shear thickening systems clearly demonstrate the existence 
 dilatant fronts that propagate in the flow direction [52,50]. In our 
evious work on dense cornstarch suspensions [38], we observed that 
e dilatant pressure creates a localized region of direct frictional con-
ct between particles and the boundary, accompanied by a significant 
ansient flow in the vorticity direction.
Effects due to interparticle forces. The results reported here specif-

ally highlight the impact of different interparticle forces. As mentioned 
rlier, both calcium carbonate and cornstarch particles share similar 
apes and polydispersity. The main difference between the two sus-
nsions lies in their interparticle interactions: in calcium carbonate 
spensions, interactions are purely repulsive due to the added surfac-
nt (PAA), whereas in cornstarch suspensions, attractive interactions 
e present [47]. As a consequence, the suspensions exhibit distinct rhe-
ogical behaviors for stresses below shear thickening. Specifically, the 
lcium carbonate suspension shows a Newtonian response (Fig. 1A), 
hile the cornstarch suspension shear-thins [42] as a result of the 
eakup of attraction-induced clusters [54].
When the applied stress is increased above the critical shear stress, 
th suspensions exhibit DST which we show is associated with local-
ed regions of high stresses and an M-shaped pattern of nonaffine flows. 
owever, there are clear differences between the two suspensions: (i) 
w in the vorticity direction, which is likely an indication of dilatancy, 

 small in calcium carbonate suspensions (Fig. 5 (A, bottom)) whereas 
 cornstarch is significant (Fig. 5 (B, bottom)) and (ii) in cornstarch the 
eed of particles closest to the boundary at the center of the high-stress 
ents reaches zero (Fig. 5 (B, bottom)) whereas in calcium carbon-
e suspensions the speed stays clearly above zero (Fig. 5 (A, bottom)). 
s discussed in [38], both the flow in the vorticity direction and the 
rticle-boundary contact responsible for particle arrest at the bound-
y of the suspension can be attributed to the dilatant pressure arising 
om transient jamming. These two observations suggest that the dila-
nt pressure is smaller in calcium carbonate than in cornstarch, which is 
ely due to their difference in interparticle interactions. Additionally, 
 calcium carbonate suspensions, the high-stress fronts are notably un-
able (Movie S1). This contrasts with adhesive cornstarch suspensions, 
here stable high-stress fronts are observed [38]. At a microscopic level, 
is distinction may stem directly from an enhancement of particle fric-
n due to attraction [21,55,56], or from an increase in the temporal 
ration of contacts created by the propagating stress fronts.
Effects due to particle shape. The experimental results presented 
re, along with those from other systems, indicate that the general 
lk rheological response and the stress inhomogeneity observed in 
e shear-thickening regime appear to be relatively insensitive to parti-
e shape and interparticle forces [38,40,57]. However, the non-affine 
w observed in high-stress regions significantly depends on particle 
ape. Particles with a rhomboid-like shape, such as calcium carbon-
223

e and cornstarch, exhibit a distinctive M-shaped velocity profile when as
Journal of Colloid And Interface Science 678 (2025) 218–225

gh-stress fronts pass through. This characteristic is not observed in 
spensions of silica microspheres [40].
We speculate that this phenomenon is a consequence of the increased 
pediments to rotation present in dense suspensions of rhomboidal par-
les relative to spheres. In the bulk, rhomboidal particles need more 
ee volume to rotate, resulting in increased dilatant pressure in re-
ons where contact networks are forming. Additionally, particles at the 
undary align with their facets parallel to the flat surface [38]. This re-
lts in an increase of the overall contact area between the particles and 
rface, leading to a further reduction of the flow at the bottom of the 
latant front, which is the source of the velocity dip in the middle of 
e M-shaped non-affine flow. Finally, we note that additional rotation-
sisting forces are present for rhomboid-like particles as a consequence 
 the dependence of interparticle interactions on relative particle ori-
tation [58]. All of these effects are minimized or absent in spherical 
lica particles, which have a smaller contact area and greater freedom 
 rotate and pass each other.
Structure of propagating stress fronts. In this section, we discuss 
e mechanisms by which high-stress fronts form and propagate in the 
w direction. Computational studies suggest that the rapid increase 
 viscosity within the DST regime arises from stress-induced frictional 
ntacts [1,13–17]. Recent works suggest that a subset of mechanically 
gid clusters within the frictional contact network is responsible for this 
scosity increase [59,60]. Analysis of the particle contact network has 
vealed that fluctuations in large stresses are directly associated with 
e formation of a transient, percolated network of a specific subgroup of 
nstrained particles [61]. We have proposed that these shear-jammed 
usters, or solid-like phases (SLPs), are responsible for the experimen-
lly observed localized high-stress regions and non-affine flows at the 
undary [38].
While the front propagation speed is typically of the order of the 
undary speed, the exact values show interesting variations that may 
ed light on the origin of high-stress regions. We have speculated that 
esence of a shear-jammed aggregate or SLP attached to the shearing 
ate will generate a high-friction fluid phase underneath that propa-
tes with the top plate [57], and if there is material accretion ahead 
 the shear-jammed region, propagation speeds can exceed the speed 
 the top plate. In contrast, a shear jammed region that percolates be-
een the top and bottom boundaries, with wall-slip at both boundaries, 
ould lead to propagation rates of ∼ 𝑣𝑝∕2. This transition in propaga-
n speed occurs sharply with changes in particle concentration or gap 
ze [42]. At moderately high particle concentrations and large gaps, 
e propagation speed exceeds the top boundary speed. In contrast, as 
nfinement increases either by reducing the gap or increasing particle 
ncentration, the propagation speed drops to 𝑣𝑝∕2, consistent with the 
pothesis that the spatial extent of the shear jammed region increases 
ith increasing particle concentration.
Contrast with measurements of local pressure. Direct measure-
ents of local pressure at the millimeter scale in a shear-thickening 
spension of cornstarch particles have shown localized regions of large 
essures that propagate at a steady speed in the flow direction [53,42]. 
 contrast, suspensions of calcium carbonate particles, prepared iden-
ally to the suspensions studied here, did not show measurable pres-
re fluctuations [42]. The pressure measurements differ from the BSM 
easurements reported here in at least two important respects: BSM 
easures shear stress, as opposed to isotropic pressure, and our imple-
entation of BSM has nearly micron scale spatial resolution, whereas 
e pressure sensors used in Ref. [42] average over an area of 4.5x4.5 
m2. The spatial extent of the high stress regions detected by BSM is 
ughly the size of the 1mm gap (Figs. 2 and 4), similar to measurements 
 suspensions of cornstarch [38] and silica microspheres [35,36], so 
e relatively large sensors used in Ref. [42] would be expected to mea-
re a greatly reduced spatial variation, assuming the spatial extent of 
essure heterogeneties is comparable to those of shear stress. Moreover, 

 mentioned above, the magnitude of pressure variation in calcium 
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rbonate suspensions appears to be significantly smaller than those in 
rnstarch, adding to the detection challenge.

 Conclusion

In conclusion, we have investigated the mechanism of shear-
ickening in calcium carbonate suspensions by evaluating localized 
resses and flow fields at the boundary. In general, shear thickening 
s been associated with fluctuations in bulk rheological properties 
ch as viscosity and flow rate [27–32,35–38]. At the microscopic level, 
wever, these fluctuations are found to be linked to localized stresses, 
nsity fluctuations, and nonaffine flows [30,32,48,49,39,50–52,35–38,
]. Nevertheless, a recent study investigating calcium carbonate sus-
nsions with repulsive inter-particle interactions found no evidence 
 localized fluctuations at a millimeter scale using pressure sensors 
2]. In contrast, cornstarch suspensions with sticky interactions have 
hibited significant local pressure fluctuations in the shear-thickening 
gime [53,42]. This has raised the question of whether the mecha-
sm governing shear thickening in a suspension is influenced by the 
ture of inter-particle interactions. To address this, we employed the 
M technique, capable of resolving stress inhomogeneities down to the 
rticle level. Additionally, we monitored the flow field at the bound-
y where boundary stress is measured. We have identified localized 
gions of elevated stresses at the boundary for the calcium carbonate 
spensions in the shear-thickening regime. These high-stress regions 
tend in the vorticity direction and propagate in the flow direction at a 
eed approximately one-half that of the rheometer’s top plate. Notably, 
ese regions of heightened stresses are found to play a pivotal role in 
e observed increase in viscosity with applied stress. Furthermore, the 
ctuations observed in boundary stresses are accompanied by intricate 
naffine flows, displaying a distinctive shape similar to those observed 
 cornstarch suspensions [38]. Our work reveals a new aspect of shear 
ickening in calcium carbonate suspensions, namely, the emergence 
 stress and flow inhomogeneity. The findings presented herein, in 
njunction with earlier investigations in shear-thickening suspensions 
5–38,40,53], highlight that irrespective of the nature of interparticle 
teractions, a subtle interplay between localized stresses and nonaffine 
ws lies at the heart of the dramatic viscosity increase that character-
es shear thickening. A direct comparison between calcium carbonate 
d cornstarch suspensions reveals that the latter exhibits the forma-
n of stable high-stress fronts, resulting in significant dilatancy, likely 
tributable to attraction-enhanced particle friction. Future research 
rections could explore systems where interparticle interactions are 
ntinuously adjusted (for example through depletion forces). This fine-
ning would enable a detailed examination of the impact of attractive 
teractions on both bulk response and local structure and dynamics. 
ese investigations could be complemented by simulations involving 
rge systems, realistic boundaries, and hydrodynamic models incor-
rating phenomena like shear jamming, dilatant pressure, and fluid 
igration.
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