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Increased shear thinning arising due to strong attractive interactions between colloidal particles
is thought to obscure shear thickening. Here, we demonstrate how moderate attractions, induced
by adding a non-adsorbing polymer, can instead enhance shear thickening. We measure the rhe-
ology of colloidal suspensions at a constant particle volume fraction of φ = 0.40 with dilute to
weakly semi-dilute concentrations of three polyacrylamide depletants of different molecular weights.
Suspensions containing large polymer exhibit increased shear thickening and positive first normal
stress differences at high shear stress, and increased heterogeneous fluctuations in the boundary
stress. These results are consistent with a friction-based model for shear thickening, suggesting
that the presence of large, extended polymers induces the formation of near-spanning networks of
interparticle contacts.

Dense suspensions of particles with repulsive interac-
tions usually exhibit shear thickening, an increase in vis-
cosity with shear rate γ̇ [1]. In continuous shear thick-
ening (CST), this increase is gradual and reverses upon
decrease in γ̇. Microscopic mechanisms underlying CST
are vigorously debated, with studies highlighting both
lubrication (hydrodynamic) [2–4] and friction (contact)
[5–10] interactions. The sign of the first normal stress dif-
ference N1 is used to distinguish the contributions from
these interactions [10], with negative and positive N1 cor-
responding to lubrication [11, 12] and friction [6, 13], re-
spectively. Introducing additional interactions between
the particles is thus expected to affect shear thickening.

Strong short-range interparticle attractions suppress
shear thickening [14, 15]. In CST colloidal suspensions,
this suppression was proposed to arise when the at-
tractive thermodynamic contribution to viscosity over-
whelmed that from hydrodynamic interactions [14]. Sim-
ulations of colloidal suspensions with both lubrication
and contact interactions challenge this perspective, show-
ing that contact is important even for CST: suspensions
with weak interparticle attractions shear thickened, al-
though sufficiently strong attractions still obscured thick-
ening [16]. None of these studies, however, suggest
that interparticle attractions (with possible exception of
bridging attractions [17]) may enhance shear thickening.

Non-adsorbing polymers added to a colloidal sus-
pension induce short-range depletion attractions, whose
stresses can overwhelm thickening [14]. The polymer it-
self may also alter suspension rheology. In filled poly-
mers, the elasticity of the polymer medium can dramat-
ically affect N1 [18–20], with increases in shear thicken-
ing attributed to particle-induced fluid stresses in elas-
tic polymer solutions [21–23]. These studies, however,
largely treat polymer solutions or melts as continuum

fluids and do not consider effects arising from variation
in polymer molecular weight or polymer-induced attrac-
tions between particles.

In this Letter, we show that polymer depletants added
to colloidal suspensions can markedly enhance CST
through formation of force-bearing contact networks, de-
pending on polymer molecular weight. Suspensions con-
taining large polymers exhibited a pronounced increase
in shear thickening with polymer concentration at dilute
to semi-dilute concentrations (c/c∗ ≤ 1.3) with an accom-
panying change in the sign of N1. The elasticity (as de-
duced from N1) of the background polymer solution was
nearly independent of polymer size at these concentra-
tions, indicating that differences in suspension rheology
did not arise from changes in background elasticity. An-
alyzing the results with a friction-based model [5, 10, 24]
and measuring boundary stress fluctuations [25], we show
that the presence of large polymers increased the frac-
tion of particles in contact, leading to positive N1 and
pronounced fluctuations in boundary stress. This ef-
fect arises when the sheared, extended polymer is large
enough to be excluded from lubrication layers between
particles. These results suggest that shear thickening can
be enhanced or reduced via addition of non-adsorbing
polymers of different molecular weight. This ability to
tune shear thickening can be used to probe microscopic
mechanisms driving shear thickening and to improve the
efficiency of colloidal materials processing [1].

Poly(2,2,2-trifluoroethyl methacrylate-co-tert-butyl
methacrylate) particles (DH = 1500 nm (PDI 0.1),
DH = 1580 nm (PDI 0.06)) were synthesized [26]
to be refractive index- and density-matched to 80
(w/w)% glycerol in water; 20 mM NaCl was added to
partly screen electrostatic repulsions between particles.
Depletion attractions between particles were induced
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by adding solutions of polyacrylamide in 80 (w/w)%
glycerol/water [27] to particle suspensions, such that
particle volume fraction φ = 0.40 was constant through-
out all samples. Three polyacrylamides of various
weight-average molecular weight Mw and dispersity
D̄ were used as depletants: Mw = 185.7 kDa, D̄ =
1.4, Polymer Source (hereafter, USP); Mw = 1.15
MDa, D̄ = 1.8, PolySciTech (ULP); and Mw = 1.97
MDa, D̄ = 21, Sigma-Aldrich (DP). The range of the
attraction was Rg/a ≈ 0.03 – 0.07, and the minimum in
electrostatic + depletion energy ranged between O(-1
kT) and O(-10 kT). Suspensions were imaged on an
inverted Leica microscope equipped with a VT-Eye
confocal scanhead [27]. Measurements of viscosity η
and N1 were performed on a DHR-2 Rheometer (TA
Instruments, New Castle, DE) with a 40 mm diameter,
2◦ hard-anodized aluminum cone, following established
protocols [27][28]. Normal stress differences from raw
axial force were corrected for inertia [29] and initial
value measured at the lowest shear rate N1,0. The
particle Reynolds number [30] Rep ≤ 8× 10−6 indicated
that inertial effects on particles were negligible; the
geometric Reynolds number [31] Re ≤ 0.05 indicated
that secondary flows were minimal. The Péclet number
1 × 101 ≤ Pe ≤ 3 × 105 indicated that stresses arising
from Brownian motion could be neglected.

In the absence of polymer, the φ = 0.40 suspension
exhibited weak CST at a critical shear stress of 30 Pa
and N1 ≤ 0 at all accessible shear stresses σ (Fig. 1a,d),
as expected for dense suspensions of nearly hard spheres
[4, 10, 32]. Addition of USP at constant φ increased the
low-shear viscosity of the suspensions and generated pro-
nounced shear thinning for σ . 5 Pa. The shear-thinning
exponent n (η ∼ σ−n) increased from 0.04 to 1.2 with in-
creasing USP concentration, consistent with shear thin-
ning arising from stronger attractions between particles
(Fig. 2a) [33, 34]. As σ was further increased, the vis-
cosity first reached a plateau and then increased slightly,
again displaying weak CST. The shear thickening expo-
nent β = 0.1 (η ∼ σβ) in the absence of polymer, and
remained constant as USP concentration was increased
up to c/c∗ = 1.2 (Fig. 2b). Addition of USP did not
markedly alter either shear thickening or N1, indicating
that CST arose from formation of hydroclusters. For
USP solutions, N1 ≥ 0 at high σ in the absence of par-
ticles, as expected for polymer solutions, but ≤ 0 in the
presence of particles. This result suggests that USP was
incorporated in the lubrication layers between particles
in hydroclusters, which dominate N1.

Addition of ULP resulted in weaker shear thinning but
stronger shear thickening at high σ (Fig. 1b), as indicated
by an increase in β from 0.1 to 0.3. Stronger shear thick-
ening was accompanied by a switch in the sign of N1,
from negative in hard spheres to positive in ULP, with
magnitudes of N1 a factor of 10 higher than those ob-
served for nearly hard spheres (Fig. 1e). These strikingly

different trends in η and N1 were observed at same φ
and c/c∗ in USP and ULP samples, despite similar η and
N1 of the background polymer solutions [35] and nearly
identical quiescent particle microstructures (Fig. 1d,e in-
sets).

Suspensions containing DP, which had comparable
number-average and weight-average molecular weights to
USP and ULP, exhibited trends in η and N1 analogous to
those of suspensions with ULP. Shear-thinning exponents
n of ULP and DP suspensions scaled identically as a func-
tion of c/c∗, and were smaller than n values obtained for
suspensions containing USP. Shear thinning in attractive
suspensions reflects breaking of bonds between clusters of
particles [33, 34]; smaller n values observed for ULP and
DP are consistent with weaker attractions induced (in
equilibrium) by large polymers at fixed c/c∗. Likewise, β
values were larger for suspensions containing ULP or DP
than for those containing USP, although β ≤ 0.3 indi-
cated that all samples were in the CST regime. Further,
ULP samples exhibited larger β values than DP samples.
Together, these results suggest that the relatively high
Mw of DP and ULP polymers generated the changes in
shear thickening and N1.

For CST driven by hydrodynamic interactions, β is
expected to remain constant as the strength of attrac-
tions is increased [14], as observed in USP suspensions.
In ULP and DP suspensions, however, β increased as
c/c∗ was increased. The increase in β and change in sign
of N1 (as compared to the hard-sphere suspension) ob-
served as c/c∗ was increased in ULP and DP samples
are, instead, reminiscent of the signatures of contact net-
works of particles in dense, shear-thickening suspensions
of hard spheres [10]. Inspired by a theoretical model
[5] positing that discontinuous shear thickening emerges
when frictional contacts form upon exceeding a critical
stress, Ref. [10] postulated that the change in sign of N1

from negative to positive signals the formation of an in-
terconnected network of frictional contacts throughout
the sample. Negative values of N1, by contrast, reflect
contacts between particles confined within hydroclusters
held together by lubrication forces.

To test the hypothesis that contact networks drive the
observed changes in rheology for suspensions containing
large polymers, the friction-based model of Ref. [5] as
modified in Ref. [10, 24] was fit to the shear-thickening
portion of all viscosity curves. This model posits that
the total relative viscosity ηr arises from the competi-
tion between two branches of viscosities, each of which
diverges when the particles become jammed. In the lower
stress branch, particles maintain lubrication layers such
that the viscosity diverges at the close-packed φ0. In the
higher stress branch, particle surfaces make contact such
that the viscosity diverges at a lower, friction-dependent
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FIG. 1. (a-c) Viscosity and (d-f) corrected N1 as a function of shear stress for φ = 0.40 suspensions with various free-volume
concentrations of polyacrylamide c/c∗, normalized by the overlap concentration c∗. Polymers (a,d) USP, (b,e) ULP, (c,f) DP.
Insets: Micrographs of quiescent suspensions with c/c∗ = (d) 0.5 USP, (e) 0.7 ULP, and (f) 0.7 DP. Scale bars: 5 µm.
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FIG. 2. Power-law (a) shear-thinning (n) and (b) shear-
thickening (β) exponents as a function of normalized poly-
acrylamide (USP, ULP, DP) concentration in the free volume
c/c∗ for φ = 0.40 suspensions. Gray lines are guides for the
eye.

volume fraction φm. The viscosity ηr is thus given by

ηr(σ, φ) =
(

1− φ

φc(σ)

)−2

, (1)

where the critical volume fraction φc(σ) = fφm + (1 −
f)φ0. The fraction of particles in contact f(σ, φ) =
fmax(φ)e−σ

∗/σ [10] is a function of σ, critical stress for
particles to overcome repulsive forces σ∗, and maximum
fraction of particles in contact fmax.

The friction-based model (Eq. 1) quantitatively fit the
shear thickening in all samples (Fig. 3a) using fixed φm =
0.54 [4] and variable φ0, σ∗, and fmax [35]. The result-
ing φ0 ≈ 0.7 and σ∗ ≈ 100 Pa were independent of c/c∗

across all samples (USP, ULP, or DP) (Fig. 3b), and com-
parable to values (φ0 = 0.71 and σ∗ ≈ 170 Pa) reported
for hard-sphere suspensions [10]. The near-constant φ0,
the close-packing fraction at which lubricated particles
jam, is expected for particles of similar size and disper-
sity. The fact that σ∗ obtained here is comparable to
that for hard-sphere suspensions indicates that polymers
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FIG. 3. (a) Relative viscosity as a function of stress, fit to Eq.
1 [5, 10] for representative suspensions without polymer, with
normalized polyacrylamide concentration in the free volume
c/c∗ = 0.7 ULP, and with c/c∗ = 0.7 DP. (b-c) Fit parameters
extracted from Eq. 1 as a function of c/c∗. Dashed lines are
guides for the eye at (b) φ0 = 0.71, σ∗ = 100 Pa, (c) fmax = 1.
Samples in the shaded region (fmax > 0.8) exhibited N1 > 0.

do not alter the repulsive forces between particles that
prevent contact.

Whereas φ0 and σ∗ were similar across all samples,
fmax was notably larger in the presence of ULP and DP.
We found fmax = 1 for ULP suspensions and fmax ≈ 0.8
for DP (Fig. 3), but fmax ≈ 0.4 of USP samples was
close to that of the hard-sphere sample. Both β and N1

exhibited a pronounced increase when fmax approached
1 in samples containing large polymers. This increase
is similar to the dramatic evolution of β and N1 when
fmax = 1 in dense suspensions without polymers [10], and
is consistent with the development of a space-spanning
network of contacts.
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As a second signature of contact network formation,
dense suspensions of hard-sphere colloids exhibit pro-
nounced heterogeneities in boundary stress, reflecting
the separation into high-viscosity and low-viscosity fluid
phases during CST [25]. Using boundary stress mi-
croscopy (BSM), Ref. [25] showed that local fluctuations
in the boundary stress arise from a gap-spanning high-
viscosity phase. Thus if the enhanced shear thickening
in ULP and DP samples arises from an increase in con-
tact networks, increased boundary stress fluctuations are
expected as well.

We measured the local fluctuations in boundary stress
for representative USP, ULP, and DP suspensions and
quantified the average boundary stress as a function of
time (Fig. 4). Whereas no significant heterogeneities
in boundary stress were observed in any sample at low
shear rates (γ̇ ≤ 100 s−1), samples containing large PAM
(ULP, DP) exhibited pronounced spatial heterogeneities
in boundary stress in the shear-thickening regime (Fig.
4a). For γ̇ = 100 s−1, fluctuations in average bound-
ary stress remained below 20 Pa (Fig. 4b). When the
shear rate was increased (γ̇ = 500 s−1), USP exhibited
more frequent fluctuations, but the magnitude remained
low. Samples containing larger polymer, however, devel-
oped higher boundary stress fluctuations, with maxima
of 89 Pa and 140 Pa in ULP and DP, respectively. The
maximum fluctuation magnitudes were lower than those
measured at higher φ in concentrated hard-sphere sus-
pensions [25], for which more particles were in the con-
tact network. The increases in magnitude and frequency
of boundary stress heterogeneities in ULP/DP samples
(compared to USP) are consistent with the idea that en-
hanced shear thickening in these samples results from
transient, sample-spanning contact networks.

The data in Figs. 1–4 indicate that large polymers
modify shear-thickening behavior in colloidal suspensions
by inducing contact networks. The increase in contacts
does not originate from stronger equilibrium depletion
attractions, as the magnitude of the depletion attraction
is greater for polymers with lower Mw at fixed c/c∗ be-
cause of higher polymer number density and thus higher
osmotic pressure [36–38].

The viscosity data do not show qualitative signatures
of even weak, transient bridging of particles by polymers
[17, 39]. All PAM solutions exhibited similar values of
N1 in the absence of particles, independent of PAM size
[35]. This comparison suggests that the change in sign
fromN1 does not arise from increasing contributions from
polymer elasticity [18, 19, 40, 41] and that strain harden-
ing of polymers due to elongational flow around the par-
ticles [21–23] does not drive shear thickening. Finally,
measurements of φ = 0.45 suspensions of poly(methyl
methacrylate) particles in a dilute, viscous solution of
large polystyrene (Mw ≈ 15 MDa) also showed enhanced
shear thickening and change in sign of N1 from negative
to positive compared to hard spheres. Thus, the elastic-
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FIG. 4. (a) Examples of boundary stress (in units of Pa) with
weak and strong heterogeneity events. Shared scale bar: 100
µm. (b) Average boundary stress as a function of measure-
ment time while shearing at a rate of 100 s−1 (top row) and
500 s−1 (bottom row) for USP (first column), ULP (second
column), and DP (third column) samples with c/c∗ = 0.7.

ity of the polymer solution is not responsible for these
rheological signatures in our system.

Instead, we posit that the lubrication layers break
down [10, 32] when polymers are excluded by size from
the gaps between particles, thereby promoting particle
contacts. The quiescent radii of gyration of USP and
ULP are ≈ 20 nm and 46 nm, respectively. To assess the
effects of shear on polymer conformation, we calculate a
Weissenberg number Wi = τ γ̇, where τ is the estimated
polymer relaxation time. For suspensions with c/c∗ ≈ 0.7
at γ̇ = 100 s−1, WiUSP ≈ 0.1 and WiULP ≈ 1.0, sug-
gesting that both polymers are partially extended [42].
The contour length of ULP is ∼4 µm, much larger than
the average separation d ≈ 0.3 µm between particle sur-
faces at φ = 0.40 estimated from geometric arguments
[30]. Thus shear may drive exclusion of large polymers
from the lubrication layers. By contrast, USP’s contour
length, ∼ 0.6 µm, is comparable to d. USP is therefore
unlikely to be shear-excluded by size from between the
particles. Indeed, USP and hard-sphere suspensions ex-
hibit similar shear thickening and N1, in accord with the
idea that USP is small enough to remain entrained within
lubrication layers.

This picture is consistent with experiments [43, 44]
and theory/simulations [45, 46] on active microrheol-
ogy, which show that very strong attractions can arise
from non-equilibrium osmotic forces generated when de-
pletants are excluded from gaps between particles. Size-
dependent exclusion of polymers is also consistent with
the lower fmax ≈ 0.8 of DP: if the smaller polymers in
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DP remain entrained in lubrication layers, fewer parti-
cles would be expected to make contact. Finally, our
exclusion picture is consistent with the filled-polymer lit-
erature [18, 19, 40, 41], which states that N1 is dominated
by polymer elasticity and scales as a power-law with σ
[19]. This scaling holds for ULP/DP suspensions when
N1 > 0, suggesting that polymers contribute indepen-
dently to N1 once excluded from interparticle gaps.

Our results suggest that large polymers promote parti-
cle contact networks that enhance CST and change sign
of N1 from negative to positive. Contact network forma-
tion represents an additional mechanism by which poly-
mers can alter shear thickening of suspensions, enabling
new routes to probe shear thickening. Microscopically,
our results are consistent with exclusion of large poly-
mers from lubrication layers, which allows particles to
make contact. Insight into non-equilibrium interactions
in flowing dense, particle/polymer mixtures is not attain-
able with current simulation capabilities, but may be ac-
cessible in experiments using labeled polymers. The abil-
ity to tailor polymer additives and thereby modulate the
shear thickening response offers new opportunities in the
design of complex materials for technology [47, 48].
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