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Abstract

Particles suspended in a less-wetting fluid can be aggregated by addition of a small quantity of an immiscible fluid that preferentially wets

the particles. If the added wetting fluid is sufficiently dilute, the aggregates are composed of particles held together by pendular menisci of

the wetting fluid. Such pendular aggregates can then percolate into a network which endows the suspension with a yield stress. We exam-

ine the yielding behavior of pendular networks at a particle volume fraction of 20%, with wetting fluid loadings ranging from 0:08% to

6:4%. Steady shear experiments give a dynamic yield stress that increases roughly linearly with wetting fluid loading within the pendular

regime, and the shear stress vs shear rate behavior can be collapsed onto a mastercurve by simply normalizing the stress by the yield stress.

Linear viscoelastic moduli are found to decrease if the suspensions are sheared at a high rate prior to the modulus measurement, but this

decrease can be reversed by shearing at a low rate. Various measures of yielding—the limit of linear viscoelastic behavior, the crossover

of the storage and loss moduli in large amplitude oscillatory shear experiments, and strain recoil after cessation of shear—all suggest that

the networks yield at �1% strain. This strain is much smaller than expected from the micromechanics of rupturing pendular menisci, and

we suggest nonhomogeneous deformation of the networks as the reason for the discrepancy. VC 2017 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1122/1.4973962]

I. INTRODUCTION

In particulate systems, capillary forces can bind discrete

particles together into a space-spanning network with a yield

stress. The most familiar example is of sand which, when wet-

ted with small amounts of water, develops sufficient yield

stress to allow construction of elaborate sand castles [1–4].

The same is true for particles-in-liquid suspensions: Addition

of a small amount of a second immiscible liquid can create a

network which endows the suspension with a yield stress

[5–14].

Such suspensions in which capillarity forces are impor-

tant are practically useful in materials science. Specifically,

the very simple method—“add liquid and mix”—of realiz-

ing a yield stress offers a convenient way of stabilizing a

structure temporarily before it can be made permanent, e.g.,

by sintering or crosslinking [15]. Furthermore, open pore

morphologies can be realized readily in such systems

[9,16–18] with immediate relevance to applications in

which chemical transport or fluid retention must be com-

bined with mechanical strength. Indeed applications to

materials science are not restricted to suspensions with

capillary forces—a diverse set of particle/fluid/liquid

mixtures can, depending on the materials and composition,

yield a variety morphologies of potential interest to materi-

als science [15], including Pickering emulsions [8,19],

particle-stabilized foams [20–22], bijels [18,23], wet granu-

lar materials [1,24,25], and liquid marbles [26,27].

In such particulate systems with capillarity, the wettability

of the particles toward the minority liquid plays a crucial role

in determining the suspension microstructure [15,28,29]. The

above-mentioned case of wet sand is, in this article, dubbed

the fully wetting situation, i.e., the particles are fully wetted

by the minority liquid, water. The case when the particles are

less-favorably wetted by the minority fluid is dubbed the par-
tially wetting situation. This article is concerned with the for-

mer situation.

In a previous paper [12], we examined the morphology of

suspensions in the fully wetting situation. The suspensions

were composed of two immiscible polymeric liquids and sil-

ica particles that were fully wetted by one of the two liquids.

Experiments showed that when the wetting liquid was pre-

sent in a small minority (in that paper, 16 vol. % of the parti-

cle loading), the morphology consisted of particles bound

together by small menisci of the wetting liquid. At very low

particle loadings, such meniscus binding led to the formation

of open (i.e., not compact) aggregates denoted pendular
aggregates. When the particle loading exceeded a few per-

cent, aggregates were found to join together into a percolat-

ing network which was dubbed a pendular network. This
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terminology derives from the term pendular meniscus used

to describe an hourglass-shaped meniscus joining two par-

ticles [25,30,31], which is our idealized picture of the basic

building block of a network at low wetting fluid loadings.

Rheologically, pendular networks were found to behave

analogous to other attractive suspensions: They show yield

stress in steady shear, solidlike behavior, G0-G00 crossover in

large amplitude oscillatory shear (LAOS), and delayed yield-

ing in creep [12].

The goal of this article is to examine the rheology of

pendular networks in greater detail, for example, quanti-

fying how the yield strain changes with the wetting liq-

uid loading, whether the networks have significant

elasticity (in the sense of elastic recoil), and whether

rheological properties can be related to microstructural

details of the pendular bridges. A significant part of this

paper is devoted to the effect of shear history on the

rheological properties. Specifically as will be discussed

in Sec. IV, pendular menisci are associated with a cer-

tain attractive force, and furthermore, the meniscus

breaks when the interparticle distance is sufficiently

large. This raises an obvious question: Can a high pre-

shear rate or a high preshear strain disrupt the pendular

network and induce softening? On the other hand, a

meniscus may also be re-formed under applied flow as

particles that already have wetting fluid on their surface

come into contact with each other. This raises a second

question: Can changes in rheological properties be

restored by sufficiently long flow? Or is flow-induced

structural breakdown long-lived, and thus induce nearly

permanent changes in properties? Furthermore, since a

pendular meniscus can be stretched to some extent with-

out rupture, can this induce viscoelastic phenomena in

the suspension such as elastic recovery after cessation of

shear?

Incidentally, very similar questions have been addressed

in another system with capillary forces, viz., droplet-matrix

blends of immiscible fluids. In that case, flow induces both

drop breakup and drop coalescence (analogous to breaking

and reforming menisci). In those systems, shearing at high

rate can reduce drop size and affect the rheology, but subse-

quent shearing at lower rate can usually (but not always)

restore the original drop size and rheological properties

[32–34]. Furthermore, the increase in interfacial area due to

applied flow provides a means of storing mechanical energy

and hence induces viscoelastic effects [35–37]. This article

seeks to address similar questions for particulate systems

with capillary forces.

This paper is structured as follows: Section II provides

experimental details, and Sec. III discusses the experiments.

In the first part of Sec. III, we develop and validate a new

method for preparing our three-component mixtures along

with a rationale for why this new method is preferred over

the mixing procedures followed previously. In Sec. III B, we

address the questions of the previous paragraph through rhe-

ological experiments. Section IV comments on the results in

the context of the micromechanics of meniscus rupture, fol-

lowed by Conclusions.

II. EXPERIMENTAL

A. Materials

Polyisobutylene (PIB, q� 0.908 g/ml, Mw� 2200 g/mol)

and polyethylene oxide (PEO, q� 1.1 g/ml, Mw� 20 000 g/mol,

melting point� 65 �C) were purchased from Soltex and

Fluka, respectively. Spherical silica particles (diameter

roughly 2 lm) were purchased from Industrial Powders.

All experimental materials are identical to those used pre-

viously [10,12,14]. As shown previously [10,12], the par-

ticle surfaces are fully wetted by PEO, which is the

minority phase in the mixtures examined here.

B. Sample preparation

A small quantity of PIB and PEO were mixed together

to make a concentrated “masterbatch” using a custom ball

mixer [38]. PIB (80 wt. %) and PEO (20 wt. %) were held

inside the mixer at 80 �C for 15 min to ensure complete melt-

ing, and then mixed at 500 rpm for 5 min. The mixed product

was then transferred into a sealed plastic dish, kept in the

refrigerator at about 10 �C for at least 30 min to complete

crystallization of the PEO. The masterbatch blend has a PEO-

in-PIB morphology, and after dissolving the PIB, the residual

PEO drops are seen to be roughly 5 lm in diameter (Fig. 1).

Ternary samples of the desired composition were pre-

pared by blending appropriate quantities of this masterbatch,

pure PIB, and particles. This blending was performed by

hand with a spatula in a 40 mm petri dish at room tempera-

ture. Samples were placed in vacuum overnight to degas.

This mixing procedure is different than that used previously

[12], and the reasons for this will be discussed in Sec. III.

C. Rheology and characterization

Rheological experiments were conducted on a TA

Instruments AR-2000 stress-controlled rheometer as well as

Anton Paar rheometer MCR 302. All the experiments were car-

ried out on a 25 mm parallel plate geometry profiled to prevent

wall slip, at 80 �C to ensure that PEO was well above its melt-

ing temperature. The geometry was preheated to 80 �C the

sample loaded, and set to a gap of no more than 1 mm.

FIG. 1. SEM image of solidified PEO dispersed phase drops extracted from

the masterbatch. (enhanced online) [URL: http://dx.doi.org/10.1122/

1.4973962.1]
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Both continuous and oscillatory shear flow properties were

measured. For continuous shear, steady shear measurements

were conducted at shear rates increasing from 0.01 to 100 s�1.

Each shear rate was maintained for 1 min. Creep-recovery tests

were done at stresses lower than the yield stress estimated from

steady shear measurements. Creep times were varied (dis-

cussed later), whereas a fixed recovery time of 250 s was set.

For oscillatory experiments, amplitude sweep tests (strain

ranging from 0.005% up to 300% at 1 rad/s) were conducted.

The compositions selected here are firmly in the regime

in which pendular aggregates are expected, and hence, mor-

phological characterization is not the focus here. A limited

amount of optical and electron microscopy was conducted

using methods established previously. These show that the

samples have the expected structure of pendular aggregates,

viz., particles which are connected by small menisci of

the PEO. A typical example of the morphology is shown in

Fig. S1 in the supplementary material [39].

III. RESULTS

A. Validation of the “cold mixing”

Our previous research [10] considered ternary mixtures

using the same constituents as the present paper with a com-

position of 10 vol. % particles and 2.8 vol. % PEO. Various

mixing methods were considered, including premixing the

particles into the PIB before adding the PEO or vice versa

(predisperse the PEO before adding particles). Different

combinations of mixing speed were also used. In all cases,

the temperature during the mixing was 80 �C, and hence, the

PEO was molten when it was mixed. In general, two types of

structures were evident: A network of particles bound by

menisci of PEO, and large PEO-bound particle aggregates,

called capillary aggregates. For convenience, examples of

both structures, taken from that article [10], are shown in

supplementary Fig. S1 [39]. That article suggested that capil-

lary aggregates were a “trapped state” which could not be

broken up easily under mixing conditions. Achieving pre-

dominantly pendular networks required avoiding the forma-

tion of capillary aggregates in the first place, e.g., by

predispersing the wetting fluid PEO (preferably at a size

smaller than of the particles) prior to adding particles.

Despite success in avoiding capillary aggregates, the previ-

ous methods still have some limitations. The first is that

research on wet granular materials suggests that even extremely

small quantities of wetting fluid (as low as 0.01 vol. %) can

affect the flow behavior [2]. Previously [12], we conducted

experiments with wetting fluids volume fractions as low as

/PEO¼ 0.16% and found that pendular aggregation already

had a major effect on rheological properties. For a �4-g batch,

this volume fraction corresponds to only 8 mg of wetting fluid.

Apart from possible errors in weighing such small quantities, it

is also possible that some of the wetting fluid may be “lost” if it

wets the internal parts of the mixer, making the actual mixture

composition different from the target value. Accordingly, vol-

ume fractions of wetting fluid lower than 0:16% were not

examined. Second, the previous experiments showed that the

size of the drops immediately prior to adding particles is an

important parameter affecting the morphology development,

with a small drop size reducing the formation of capillary

aggregates. But when the PEO/PIB ratio is itself varied, the

drop size may change, and this may be expected to affect the

morphology. Finally, reproducing the same morphology using

a different mixer, e.g., one with a larger capacity, is difficult,

once again because different mixing characteristics are likely

to create different drop sizes prior to adding particles.

The mixing process considered here, dubbed cold mixing

is intended to circumvent these problems. Analogous to one

of our previous mixing processes, the PEO is predispersed as

drops in the PIB, but then, the blend masterbatch is cooled to

solidify the PEO drops (shown in Fig. 1). Particles are then

mixed with this masterbatch at room temperature (along with

additional PIB as needed). The sample is then heated in a rhe-

ometer to remelt the PEO drops, and then sheared to induce

meniscus-bridging of particles. This cold mixing method

offers several advantages. First, since samples in the pendular

regime require very little PEO, a single PEO/PIB masterbatch

is adequate to prepare a large number of ternary samples.

Since the size of the frozen drops does not change during the

room-temperature mixing step, all the ternary samples have

identical drop size distributions across all samples. Second,

the masterbatch can be diluted repeatedly to realize very low

wetting fluid loadings without significant weighing errors, and

moreover, since the PEO is solid until the sample is loaded in

the rheometer, it cannot be lost by wetting parts of the mixer

(the mixing dish and spatula in our case). Finally, any method

may be used to prepare the masterbatch, including any conve-

nient batch mixer (our method), extrusion, or even precipita-

tion from a common solvent. The first task of this paper

therefore is to validate this cold mixing method as a means of

preparing pendular morphologies.

Figure 2 validates this cold mixing approach. It compares

the oscillatory behavior in amplitude sweep experiments for

one specific blend with 20 vol. % particles and 3.2 vol. % PEO

before melting vs after melting and shearing. The oscillatory

behavior of the cold-mixed sample at 30 �C (“-” symbols with

thick curves) suggests liquidlike behavior with G00 � G0 over

the entire strain range. Such behavior is consistent with that

expected for a suspension with a dispersed phase loading of

23.2 vol. %. Note that the silica particles as well as the solidi-

fied PEO drops are both more polar than the PIB matrix, and

this suspension is expected to behave not like a hard-sphere

suspension but like a suspension of attractive particles. Indeed

supplementary Fig. S2 [39] shows that under steady shear

conditions at 30 �C, this blend is somewhat shear-thinning,

likely reflecting the influence of attractive interactions.

The sample was then melted, and sheared at 1 s�1 for

10 min. Upon repeating the amplitude sweep, a sharp change

in rheology is apparent in Fig. 2: G00 < G0 at low strain, fol-

lowed by a crossover at intermediate strain. Such behavior is

qualitatively similar to that observed in our previous research

at the same composition and was attributed to the formation

of a pendular network (i.e., with pendular menisci bridging

the particles), and the strain crossover was interpreted in

terms of the microstructural breakdown of these menisci.

This will be discussed further later. Subsequent to the ampli-

tude sweep, the steady shear viscosity was measured at
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several different rates, and once again, the behavior (Fig. S2

[39]) is qualitatively different from the unmelted sample:

The sample shows yield-stress rheology (viscosity roughly

follows _c�1) similar to that obtained from pendular networks

previously [12].

Figures 2 and S2 [39] also show the behavior of a parti-

cles-in-PIB mixture without any PEO added at 80 �C, and

this suspension is liquidlike, not surprising for a suspension

at 20 vol. % particles. Thus, as previously, we firmly con-

clude that the strongly non-Newtonian behavior is attribut-

able to capillary forces between particles.

In Sec. III C we will show that deformation history affects

LAOS behavior significantly. Anticipating that, it is immedi-

ately relevant to ask whether the measured rheology changed

if the sample was sheared for a longer duration. Accordingly,

Fig. 2 shows two additional LAOS experiments, each con-

ducted with an additional 600 strain units of shear at the same

shear rate of 1 s�1. These show negligible differences in mod-

uli as compared to the first shearing step, suggesting that suffi-

ciently long shearing can establish a steady state rheology, at

least under the conditions of Fig. 2.

B. Rheological changes with wetting fluid content

The cold-mixing approach can now be applied to examine

the effect of wetting fluid content on the rheology. Previously,

we had shown that the rheological properties are nonmono-

tonic in wetting fluid loading: At very low wetting fluid

loadings, the formation of a pendular network led to the rheo-

logical changes detailed in Figs. 2 and S2 [39]. But once the

wetting fluid volume fraction became comparable to the parti-

cle fraction, the wetting fluid encapsulated the particles lead-

ing to a destruction of the pendular morphology, and the

solidlike rheology diminished. The corresponding results are

best-represented in terms of the wetting fluid to particle vol-

ume ratio: . ¼ /PEO=/p: Samples with . of about 0.1–0.3

had a roughly pendular structure, whereas in samples with .
exceeding 1, the particles were engulfed by the wetting fluid,

and had a diminished yield stress.

We seek to repeat those experiments for two reasons.

First, as mentioned in the Introduction, preparing samples by

direct mixing of the three components sometimes involved

very small quantities of wetting fluid, with consequent uncer-

tainty in composition. Second, more important, even the low-

est wetting fluid loading that could be examined previously

already showed a measurable yield stress. Thus, we were not

able to capture the transition between liquid and solid as

fluid loading is increased. For instance, we could not estab-

lish whether there is a minimum amount of wetting fluid

needed for developing a yield stress, or equivalently, if the

yield stress appears gradually or abruptly as wetting fluid

content changes. As mentioned above, one advantage of the

cold mixing approach is that since mixing is performed

when the PEO droplets are frozen, low wetting fluid loadings

can be realized by sequential dilution. Accordingly, we

examined the rheology of 20 vol. % silica suspensions with

PEO loadings varying from /PEO ¼ 0:08% to 6:4%: These

results are shown in Fig. 3. The numbers in the legend corre-

spond to the value of ., but since the particle loading is fixed

at 20 vol. %, the /PEO values are simply 0:2� ..

In the absence of PEO, the particles-in-PIB suspension

show strain sweep behavior similar to that of the unmelted

sample in Fig. 2: Liquidlike rheology with G00 � G0 over the

entire strain range. Addition of wetting fluid at a loading

/PEO ¼ 0:08% (which corresponds to . ¼ 0:004) has only a

slight effect on the moduli. The next higher wetting fluid

loading, corresponding to . ¼ 0:016 already shows all the

features of the pendular network that were evident in Fig. 2:

Much higher moduli, G0 > G00 at low frequencies, and then

a moduli crossover at some strain. Further increase in wet-

ting fluid loading does not change the behavior qualitatively

but quantitatively, the moduli increase considerably up to

. ¼ 0:25, followed by a modest decrease.

In steady shear [Fig. 3(b)], the effects of PEO are felt

even at the lowest PEO loading where the low-rate viscosity

rises significantly at . ¼ 0:004. Upon further addition of

PEO, the low-rate data show a clear yield stress, whereas

there is only a modest change in stress at the highest shear

rates accessible, and the stress vs strain rate data approach a

slope of 1. These results suggest that significant solidlike

behavior appears between /PEO ¼ 0:08% and 0:32% corre-

sponding to . ¼ 0:004 and 0:016. It is difficult to reliably

measure the value of yield stress at very low wetting fluid

loadings. Hence, it is difficult to establish a percolation

threshold above which a space-spanning network exists.

Indeed, there does not appear to be any wetting fluid loading

at which the yield stress increases abruptly.

To quantify the yield stress in a consistent fashion across

all samples, the data of Fig. 3(b) were fitted to the modified

Herschel Bulkley equation

r ¼ ry þ k � _cn þ g1 � _c; (1)

where ry represent the yield stress, the first two terms on

the right hand side compose the “standard” Herschel and

Bulkley expression [40], and the last term is a Newtonian

term which guarantees that the viscosity approaches a finite

value of g1 at high rates. Note that the g1 � _c term on the

FIG. 2. LAOS results for ternary mixture (PIB/PEO/silica¼ 76.8/3.2/20)

before and after melting, and binary suspension (PIB/silica¼ 76.8/23.2).

Filled symbols with solid lines represent the storage modulus and open sym-

bols with dashed lines represent the loss modulus.
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right hand side was missing in Domenech and Velankar [12].

The value of g1 is set to the measured viscosity of the

particles-in-PIB suspensions (without PEO added) and hence

is not a fitting parameter; this is discussed further below. The

data of Fig. 3(b) were fitted to Eq. (1) with ry; k, and n as fit-

ting parameters. The solid lines in Fig. 3(b) show the fits,

and the corresponding values of the three fitting parameters

are given in Table I. The value of n is found to be close to

0.5 for all the samples. The fitted yield stress [Fig. 4(a)]

increases almost linearly at low /PEO values, followed by a

decrease in yield stress when . exceeds 0.16 (i.e., /PEO

exceeds 3:2%). As a caveat, it must be noted that the yield

stress obtained at the lowest . value may not be entirely

accurate since those stress vs rate data do not show a clear

plateau at low rates. Furthermore, the lowest 2–3 points in

Fig. 3(b) may not have reached steady shear conditions due

to the low shear strain corresponding to the 1 min shearing

time. It is useful to compare the results against those

obtained previously [12]. The first comparison is against the

yield stress measured at same composition, but prepared by

the previous mixing method in which the PEO drops were

molten during mixing. That case gave a somewhat higher

yield stress (green triangle). The second is a series of ternary

mixtures at 10 vol. % particles, but spanning roughly the

same range of . values. The corresponding yield stresses

[shown by the red squares in Fig. 4(a)] are qualitatively simi-

lar, and in particular, at both 10 and 20 vol. % particles,

samples approximately show the ry / /PEO / . at low wet-

ting fluid loadings and then a maximum yield stress when .
is on the order of 0.1.

Finally, we previously suggested a two-parameter scaling

of the flow curve. Specifically, we proposed scaling the

steady shear data as follows: (1) normalize the shear stress

by the yield stress ry, (2) the viscosity by the limiting high

shear rate, viscosity g1, and (3) as a consequence, normalize

the shear rate by the characteristic rate ry=g1. This scaling

is suggested by drawing an analogy between suspensions in

a pendular state and suspensions with attractive interactions

between particles [12,41]. At sufficiently low shear rates,

viscous forces are negligible, and hence, the stress (which

approaches the yield stress) embodies the attractive forces

between particles. At sufficiently high rates viscous forces

dominate, and hence, the stress must simply represent the

hard-sphere type contribution of the particles. In this physi-

cal picture, just two parameters—the yield stress that repre-

sents interparticle attractions, and the high-shear rate

viscosity that represents viscous interactions between par-

ticles—suffice to scale all the steady shear behavior. Here,

we test whether the scaling applies as the PEO loading

(rather than the particle loading) is varied. Since all the

samples of Fig. 3 have the same particle loading (20 vol. %),

they must necessarily have the same value of g1, and

indeed, we remarked above that the high-shear rate stress

is only weakly sensitive to wetting fluid loading. Thus, g1
¼ 12:6 Pa s (the viscosity of the PEO-free blend at 20 vol. %

particle loading) is assigned to all the samples [this is also

why g1 was not a fitting parameter when Eq. (1) was used

above]. The only “shift” permissible is to normalize the

stress using the yield stress. Figure 4(b) shows the results.

With no further adjustable parameters [since ry was already

determined in Fig. 4(a)], a reasonable superposition of the

various flow curves is obtained. The same scaling is shown

in the form of a normalized stress vs normalized rate graph

as an inset in Fig. 3(b). This confirms the validity of treating

the flow curve of pendular suspensions as being an

“interpolation” between a low rate regime dominated by

FIG. 3. (a) LAOS results for ternary mixtures at fixed particle loading (20 vol. %) and various . values listed in the legend. Filled symbols with solid lines rep-

resent the storage modulus and open symbols with dashed lines represent the loss modulus; (b) Steady state stress under various shear rates for the same ternary

blends. Solid lines represent the best fit for each composition using Eq. (1). The inset shows normalized plots for the same data.

TABLE I. Summary of fitting parameters used in modified Herschel–Bulkley

equation: r ¼ ry þ k � _cn þ g1 � _c for various . values. Fits are shown as

soild lines in Fig. 3(b).

. ¼ /PEO

/p
k (SI units) n ry (Pa)

0.004 11.1 0.552 6.70

0.016 20.2 0.448 27.3

0.04 64.2 0.443 55.1

0.16 78.5 0.485 220.7

0.25 85.7 0.478 169.0

0.32 72.6 0.552 134.3
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capillary attractions, and a high rate regime dominated by

hard sphere suspension hydrodynamics. We must reiterate

that at . ¼ 0:004, the flow curve is only weakly non-

Newtonian [Fig. 3(b)], and therefore, the corresponding

value of yield stress is susceptible to some error.

C. Dependence of flow conditions on
microstructure and its effects on yielding

As explained in the Introduction, since such ternary blends

are far from equilibrium, their microstructure can depend sig-

nificantly on their deformation history. We have already men-

tioned that adding the PEO after the particles led to the

formation of numerous capillary aggregates, whereas predis-

persing the PEO before adding the particles gave a pendular

structure with an almost complete absence of capillary aggre-

gates. That same article [10] reported that different mixing

approaches gave as much as a threefold difference in yield

stress. At least some of the difference was attributable to the

formation of capillary aggregates which, being very compact,

do not contribute much to the modulus. Some of the difference

might also reflect more subtle differences in microstructure

such as the number of pendular bridges per unit volume or

average number of bridges per particle. Regardless, since the

microstructure depends on mixing conditions, it is not surpris-

ing that the rheology does too. The cold mixing approach now

provides a more consistent method of preparing samples

across a range of compositions, and thus permits the effect of

deformation history on rheology to be examined. We are

chiefly concerned with three questions, all of which arise from

the physical picture of particles held together by pendular

menisci. The first concerns strain rate effects: We anticipate

that capillary menisci are ruptured at high stress (indeed this is

equivalent to regarding g1 as being independent of capillary

attractions between particles as discussed in Sec. III B). Does

this rupture also lead to softening, i.e., to a decrease in modu-

lus? Indeed, Koos and Willenbacher [42] measured the linear

viscoelastic moduli after a high rate shearing and noted a grad-

ual increase with time, suggesting some structural breakdown

due to high rate shear, and subsequent recovery. The second

concerns strain effects: We anticipate that capillary menisci

rupture when deformed sufficiently. Does such large strain-

induced meniscus rupture leads to softening as well? The third

concerns elasticity (in the sense of recoverable deformation):

Since individual capillary menisci can be stretched (few ten

percent as discussed in Sec. IV), can pendular networks show

few ten percent recoverable strain after cessation of shear?

We will first illustrate the changes in rheology with defor-

mation history with a simple shear protocol. A sample of the

same composition of Fig. 2 (PIB/PEO/silica ¼ 76.8/3.2/20)

was subjected to 1 s�1 shear for 600 strain units, followed

by an amplitude sweep at 1 rad/s up to a strain of 300%.

Immediately following this, a second amplitude sweep was

conducted, but with decreasing strain. A sharp decrease in

low-amplitude modulus is evident [Fig. 5(a)], presumably

indicating some breakdown in the structure of the particulate

network. This simple experiment shows clearly that shear

history can—even within a single sample—induce moduli

changes of as much as a factor of five. Yet this figure does

not unambiguously identify whether the softening is a rate

effect or a strain effect. In an oscillatory experiment at a

strain amplitude c0 and frequency x, the peak strain rate is

c0x. Thus, an amplitude sweep at a fixed frequency exposes

samples to increasing strains as well as increasing rates.

To test the rate dependence more directly, we examined

the LAOS behavior of the same composition of Fig. 2 (PIB/

PEO/silica¼ 76.8/3.2/20) after shearing at three different

rates, 0.1, 1, and 10 s�1. These rates bracket the highest rate in

the oscillatory experiment (3 s�1 corresponding to 300% strain

at 1 rad/s). Each shear step was conducted for 10 min, fol-

lowed by an amplitude sweep at 1 rad/s. The results [Fig.

5(b)] unambiguously show a significant softening: The low

strain modulus decreases by almost three-fold after shearing

the sample at 10 s�1. These changes in rheology were found

to be completely reversible: Upon shearing at 1 s�1 for

10 min, the LAOS data overlaid almost exactly onto the 1 s�1

results shown in Fig. 5(b). To our knowledge, these are the

first data to show that the mechanical properties of suspen-

sions with capillary interactions can be tuned reversibly by

FIG. 4. (a) Yield stresses at various . values corresponding to Fig. 3(b) and compared with previous results. (b) Viscosity versus normalized shear rate curves

for ternary mixture with 20 vol. % silica at various . values.
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simply varying the shear rate imposed on the suspension.

These experiments were performed for samples with various

PEO fractions (all at 20 vol. % particles), and in all cases,

LAOS data were collected after three different preshear rates.

The dependence of the corresponding linear viscoelastic mod-

ulus on . after the three different rates is shown in supplemen-

tary Fig. S3 [39]. All samples behave similarly (modulus

reduces as preshear rate increases), but the decrease in modu-

lus is more pronounced at low . values. We speculate that this

is because the capillary network becomes increasing tenuous

at low . values, and can be destroyed readily by shearing.

Incidentally, it is interesting to note that the trend of Fig. S3

[39]—that the modulus becomes more dependent on rate at

low .—cannot continue to arbitrarily low wetting fluid load-

ings. This is because at . ¼ 0, capillary interactions must van-

ish and the rate dependence should disappear (as indeed it

does experimentally, not shown).

It is also plausible that the capillary network may be bro-

ken by strain rather than by strain rate. Specifically, the pro-

cess of breaking vs remaking a pendular meniscus is

hysteretic (see Sec. IV), and hence, we examined whether a

modest strain imposed on a network that was created under

steady shear conditions is itself disruptive. To test the strain

dependence independently of rate effects, the following shear

protocol (illustrated in the upper part of Fig. 6) was used. A

sample with /p ¼ 20% and . ¼ 0:16 was sheared at 1 s�1 for

600 strain units. Shearing was paused, and then resumed at

the same shear rate for 1 strain unit, and then the oscillatory

moduli measured. The entire process was repeated but with

the latter strain being increased to 3, 60, and finally another

600 strain units. The corresponding data are shown in Fig. 6,

and it is clear that while strains of about 1 strain unit do

indeed reduce the modulus as compared to much longer

strains at the same rate, these modulus variations are modest,

and much smaller than those in Fig. 5. These observations

suggest that while some menisci may be broken at large shear

strain, new menisci are simultaneously formed, leading to lit-

tle or no change in the overall network structure.

It is of immediate interest to ask whether such changes in

modulus noted in Fig. 5 can be related to underlying changes

in microstructure. Previously, we have used scanning electron

microscopy (SEM) of samples in which the continuous phase

was dissolved to qualitatively identify the microstructure (e.g.,

pendular vs capillary aggregates). However, that approach is

not suitable for testing for more subtle changes in network

microstructure since the aggregates tend to undergo at least

some damage when preparing samples for SEM. Here, we

attempted a different approach. Small samples of blends with

20 vol. % particles were extracted from the rheometer (from

near the edge of the parallel plate geometry) after shearing at

0:1 and 10 s�1 shearing, and placed in a polystyrene dish.

These samples were too concentrated to permit any judgment

on whether structural breakdown occurred. A large drop of

PIB was then placed on each sample in an attempt to gently to

spread out the aggregates, and hence improve the images.

This was unsuccessful: Neither of the samples could be spread

significantly, i.e., after both 0:1 and 10 s�1, the yield stress of

the samples with 20 vol. % particles was too high. This

FIG. 5. (a) LAOS results for one ternary mixture (PIB/PEO/silica ¼ 76.8/

3.2/20) following a sequence of increasing strain (yellow squares) and then

decreasing strain (red triangles). (b) LAOS results with increasing strain for

ternary mixture at same composition after shearing at different rates. Filled

symbols with solid lines represent the storage modulus and open symbols

with dashed lines represent the loss modulus.

FIG. 6. LAOS results for ternary mixture (PIB/PEO/silica ¼ 76.8/3.2/20)

following the shear protocol sketched above. Filled symbols with solid lines

represent the storage modulus and open symbols with dashed lines represent

the loss modulus.
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experiment was then repeated at a much lower particle loading

of 3 vol. %, while maintaining the same PEO/PIB ratio

(. ¼ 0:16). Here, the results proved clearer: The sample

sheared at higher shear rate spread significantly, and discrete

clusters can be readily identified by optical microscopy (Fig.

7). In contrast, the sample sheared at the lower rate did not

spread significantly suggesting a larger yield stress, presum-

ably due to larger interconnected clusters. Thus, we tentatively

conclude that high rate shearing induces breakdown of capil-

lary menisci, thus reducing the connectivity of the network.

The shear thinning as noted in Fig. 3 (at fixed particle loading)

or previously (at fixed .) [12] may be attributed to this

decrease in network connectivity. Confirming this tentative

conclusion requires in situ visualization [43]. The present

experimental system is ill-suited for in situ visualization: The

large refractive index mismatch between the particles and the

continuous phase makes it impossible to image samples with

20 vol. % particles. However, we conducted experiments on

an analogous system comprising glass particles, 1,4-polyiso-

prene as the continuous phase, and glycerol as the wetting

fluid. Due to a near-perfect index match between the glass and

polyisoprene, the particles are nearly invisible, and excellent

images are obtained at 4.5 vol. % particles. Those experiments

(Fig. S5 in the supplementary material [39]) show beyond

doubt that meniscus-bound aggregates do break down at high

rates, and moreover, they readily reform within a few strain

units when sheared at low rate.

The third question above—how much strain pendular net-

works can withstand without undergoing irreversible deforma-

tion—was addressed by creep-recovery experiments. A sample

of the same composition as in Fig. 2 (PIB/PEO/silica ¼ 76.8/

3.2/20) was subjected to creep at a stress of either 100 Pa or

150 Pa. Two stresses were needed to cover both “elastic” and

“plastic” regimes of deformation (explained in the next para-

graph), but note that both these stresses are lower than the yield

stress measured in steady shear experiments [Fig. 4(a) and

Table I] for this same sample. The creep was interrupted at a

small strain, following which recovery was monitored. This

was repeated at several different creep times. In between each

creep step, the sample was “reset” by shearing at 1 s�1 for 600

strain units. These results are shown in Fig. 8(a).

The creep process (if not interrupted) comprises a rapid defor-

mation to about 0.6% strain, followed by a slow increase in

strain, as may be expected at a stress below the yield stress. Once

interrupted, a portion of the strain recovered rapidly, followed by

a slower recovery over several seconds. The ultimate recovery

obtained from this experiment is shown in Fig. 8(b). If the

applied strain is less than roughly 0.6%, almost all the strain can

be recovered, i.e., the sample behaves elastically. Such elastic

behavior is evident when the creep time is sufficiently small at

100 Pa strain. However, for larger strains, the ultimate recovery

remains fixed, i.e., deformation in excess of �0.6% is almost

purely plastic. These correspond to the longer duration creeps

at 100 Pa, and all the cases at 150 Pa stress. Similar results were

obtained at other compositions, and two such examples

(. ¼ 0:04 and . ¼ 0:25) are shown in Fig. S4 [39], respectively.

Plastic deformation is generally associated with irrevers-

ible microstructural changes. On the other hand, a glance at

LAOS data such as Fig. 2 or 5(a) shows that the modulus at

0.6% oscillatory strain is already less than half of its value at

small strain. This suggests that reversible strain softening

occurs prior to plastic deformation. In order to verify this,

one last experiment was conducted.

Samples were presheared at 1 s�1 for 10 min, and then sub-

jected to oscillatory amplitude sweep tests where the upper

limit of the amplitude was increased in each successive step.

For instance, in Fig. 9, the first amplitude sweep ranged from

0.01% to 0.1% strain, the second from 0.01% to 1% strain,

etc. It is clear that the modulus vs strain data remain reproduc-

ible at least up to 1% strain, a strain at which the modulus has

reduced to less than half its low strain value. This confirms that

significant modulus softening can occur reversibly, i.e., prior to

irreversible decrease in modulus (see also [44] for further com-

ments on this issue for a colloidal gel).

Figure 10 summarizes various strains that characterize the

LAOS rheology: The limit of linearity (ccritical) at which the

G0 reduces 10% from the value at the lowest strain accessible,

the strain cpeak at which the G00 shows a maximum, and the

strain cf luid at which the G0 and G00 cross. Two of these strain

FIG. 7. Optical microscope showing ternary mixture (PIB/PEO/silica ¼
96.52/0.48/3) spreads on a petri dish: (a) after 0.1/s shearing for 10 min; (b)

after 10/s shearing for 10 min. The insets show the same sample with lower

magnification.
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measures increase gradually with PEO content, whereas cpeak

decreases slightly. We note that cf luid disappears at low PEO

content since there is no crossover (G0 < G00 throughout the

amplitude range). Furthermore, the sample with . ¼ 0:004

shows a weak peak in G00 and hence the corresponding value

of cpeak is less reliable. At least one other article also mentions

that the limit of linear viscoelasticity in LAOS experiments is

only about 0.1%, although their crossover strains were larger

[45]. Finally, above we also quantified two other measures of

yielding: The strain at which irreversible changes in the linear

viscoelastic modulus appear, and c1, the recoverable strain.

Both these are on the order of 1%, and both increase slightly

with wetting fluid content.

IV. DISCUSSION

Our microstructural picture of the suspensions in this

study is of aggregates of particles held together by capillary

forces, with the aggregates themselves percolating to form a

network. In an ideal pendular network, all capillary interac-

tions are strictly pairwise, i.e., each meniscus bridges exactly

two particles, and there is no coalescence of menisci. The

actual aggregates are not strictly pendular (indeed with poly-

disperse systems, multiple particles sharing a meniscus is

highly likely). Nevertheless, as a first approximation, we will

consider the mechanics of pendular networks for the ideal-

ized case of pendular menisci, monodisperse particles, and

monodisperse menisci. With these assumptions, a “volume

balance” readily yields [11]

Vmeniscus ¼
8

3z
pRp

3 /PEO

/p

; (2)

where the value of z is the coordination number representing

the average number of menisci per particle (z ¼ 4 will be

adopted below), and Rp is radius of the particles. One can

therefore use Eq. (2) to estimate the mean meniscus volume

from the composition of the ternary mixture. This meniscus

induces an attractive force, F, between the particles. The

meniscus force has a maximum magnitude of 2pRpa (where

a is the interfacial tension) when the particles are in contact,

Vmeniscus is small, and the meniscus fluid fully wets the

particles. Thus, one may define a nondimensional force:

F� ¼ F=ð2pRpaÞ. Its dependence on interparticle separation

is given by [30]

FIG. 8. (a) Creep-recovery test results for ternary mixture (PIB/PEO/silica

¼ 76.8/3.2/20) at two stresses both below its yield stress. (b) Ultimate recov-

ery strain ðc1Þ versus strain applied during creep ðcÞ.

FIG. 9. LAOS results of ternary mixture (PIB/PEO/silica ¼ 76.8/3.2/20) with

sequentially increasing upper strain limit. Only storage modulus is shown.

FIG. 10. Summary of various measures of yield strains: cf luid (blue dia-

mond), ccricitical (red square) and cpeak (green triangle). Solid line with a

slope of 1/3 represents Eq. (5), but shifted down by a factor of 10.
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F� ¼ cosh

1þ 2:1
S�ffiffiffiffiffiffi
V�
p
� �

þ 10:0
S�ffiffiffiffiffiffi
V�
p
� �2

for V� < 10�5 (3)

or

ln F� ¼ f1 � f2 exp f3 ln
S�ffiffiffiffiffiffi
V�
p þ f4 ln

S�ffiffiffiffiffiffi
V�
p

� �2
 !

for 10�5 < V� < 0:1; (4)

where the fjs are dimensionless variables which depend on V�

and liquid-solid contact angle h [30]. For the sample

compositions examined here, V� exceeds 10�5 and hence

only Eq. (4) is needed. In both these above expressions, S�

¼ S=Rp is a nondimensional halfseparation (i.e., 2S is the sep-

aration between the particle surfaces), and V� ¼ Vmeniscus=
Rp

3 is a nondimensional meniscus volume [which can be esti-

mated from Eq. (2)]. Note that F� approaches 1 at small sepa-

rations in Eq. (3). Beyond a certain separation, the meniscus

ruptures, and the force jumps to zero. Previous results [46]

show that the dimensionless half-separation for rupture is

S�c ¼
1

2
V�ð Þ

1
3 ¼ 1

2

8

3z
p

/PEO

/p

 !1
3

; (5)

where the latter equality is obtained from substituting from

Eq. (2). The forces calculated from Eq. (4) [with Eq. (5)

serving as the cut-off distance for meniscus rupture] are plot-

ted in Fig. 11 for a variety of sample compositions. Several

comments can be made based on this idealized model.

First, it is immediately tempting to ascribe rheological

changes to breaking of the pendular menisci connecting the

particles. For example, it is reasonable to expect that as the

pendular network is sheared starting from quiescent condi-

tions, irreversible changes appear when the particle separa-

tion exceeds that given by Eq. (5). This immediately

suggests that if the deformation is affine, the breakdown

strain should be roughly equal to S�c , and hence must scale as

.
1
3. Figure 10 shows that this scaling is approximately correct

for all three measures of breakdown strain, although admit-

tedly, the number of data points is small. We emphasize that

this prediction presumes that z is independent of wetting

fluid loading—an assumption that is guaranteed to break

down at high . values as menisci coalescence begins.

Second, the actual value of S�c predicted from Eq. (5) is

far higher than estimated using any of the measures of break-

down. Specifically, the solid line in Fig. 10 is not a fit; it is

Eq. (5) shifted down by a factor of 10. This overprediction

remains regardless of what value of z is adopted, or even

whether z is independent of . or not (note that z is a coordi-

nation number and hence only values between 2 and 12 are

physically realistic, and hence z cannot be too far from 4).

This may indicate that breakdown of the network involves

processes other than (or in addition to) meniscus breakdown.

One candidate for other processes is simply the rearrange-

ment of particles within the cages defined by their nearest

neighbors. Indeed, past research on attractive suspensions

suggests that such particle rearrangement can induce perma-

nent structural and rheological changes that are in addition to

those attributable to interparticle attractions [47,48]. Another

possibility is that breakdown may still involve meniscus rup-

ture, but not homogeneously; instead, localized deformation

may cause rupture of relatively few meniscus bonds which

experience far higher strain than the average [49].

Third, a key experimental observation is the rate depen-

dence of the modulus which we have attributed to structural

breakdown (i.e. rupture of menisci) at high rates. It is useful

to define a particle-scale capillary number

Cap ¼
viscous force

interparticle adhesion
¼

g _cR2
p

2pRpa
¼ g _cRp

2pa
; (6)

where g is the viscosity. The denominator is simply highest

capillary force possible from Eq. (3). Thus, we expect that

when Cap is on the order of 1, almost all interparticle capil-

lary bonds are broken and the morphology consists of dis-

crete particles wetted by the PEO, possibly coexisting with

PEO drops that are no bigger than the particles. For Cap 	 1

on the other hand, large meniscus-bound structures can

survive. Previously [50], we have reported the interfacial

tension, a ¼ 0:082 N=m, between PEO and PIB. The present

polymers have somewhat different molecular weights, but

in any case, a on the order of 0:01 N=m can be expected.

Then with Rp ¼ 1 lm and g ¼ 10 Pa s, we expect Cap to

become on the order of 1 when _c is on the order of 6000 s�1,

a rate far exceeding the highest rate applied in our experi-

ments. This simple dimensional analysis suggests that it is

extremely unlikely that the shearing in our experiments is

capable of breaking down the microstructure to the level of

discrete particles. Thus, all the structural breakdown reported

here is likely the rupture of menisci connecting multiparticle

clusters, and small pendular clusters likely survive to the

highest accessible rates.

Fourth, although we have previously drawn an analogy

between such noncolloidal pendular suspensions and attractive

colloidal suspensions [12], Fig. 11 illustrates some noteworthy

FIG. 11. Nondimensional capillary attractive force as a function of nondi-

mensional half-separation distance between two particles for various . values.
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features specific to the pendular suspensions. For instance, in

Fig. 11, the pairwise attraction extends to roughly 20% of the

particle radius, whereas 5% of particle radius is more typical in

attractive colloidal suspensions and gels (indeed some gels can

be regarded as sticky hard spheres with negligible range of

attraction [51–55]). Moreover, the pendular attraction is hyster-

etic: While an interparticle separation of �20% of the particle

diameter is needed to break the meniscus, the particles must be

brought nearly into contact to restore the attraction. This may be

one reason why a strain on the order of 1 induces modest break-

down of the sample (as judged by the slight modulus decrease in

Fig. 6), which may be restored at higher strain. Indeed, at low

particle loading, such hysteresis may become increasingly

important: Reforming a meniscus requires the particles to collide

with each other, and thus, we anticipate that once broken down

after high-rate shearing, long shearing at lower rates may be

needed to restore capillary menisci between particles. Finally,

the interparticle repulsion, which corresponds to contact

between the particle surfaces, is extremely short range. Thus, for

all practical purposes, the force-displacement curve for the par-

ticles has a positive slope at all separations (i.e., greatest attrac-

tive force is at zero separation). This suggests that a chain of

pendular menisci cannot deform homogeneously; instead, local-

ized deformation and rupture of menisci is expected, analogous

to pulling on a chain of magnets. Certainly, a three-dimensional

network can deform in more complex ways than a single chain,

but nevertheless, nonaffine deformation may appear even at low

strains. In fact, we have conducted one preliminary experiment,

albeit using the fluids and particles of Fig. S5 [39]. This experi-

ment is described supplementary Fig. S6 [39] shows that even at

300% strain, there is little or no deformation evident on the scale

of single particles. Instead, breakdown involves rotational

motion of roughly rigid segments of the pendular network.

Results from Bossler and Koos (personal communication) sup-

port localized rupture as well.

Finally, a key result of this paper is that the rheology

depends on the shearing conditions prior to the measurements.

This immediately points to the difficulty of quantifying rheolog-

ical properties as a function of composition. For instance, in a

previous article, we examined pendular suspensions along a

specific path in the ternary composition diagram where wetting

fluid was 16% of the particle loading. Along that path, we

reported that the low-frequency plateau modulus as well as

yield stress followed power laws, G0p � /4:9
p and ry � /3:3

p . In

light of the results of this paper, if the shear history of the sus-

pensions were changed, those power laws exponents may

change or indeed the behavior may not remain power law at all.

V. SUMMARY AND CONCLUSIONS

In summary, this article makes two chief contributions.

The first, an operational issue, is to develop a new method of

preparing pendular networks. The key merit of this method is

to mix the particles and the drops together under conditions

under which the drops are frozen. Thus, the drop size distribu-

tion, contact angle, the stress under which drops collide with

particles and wet them, etc., can all be kept consistent across a

wide range of sample compositions. Obviously, this is only

possible when the drop fluid can be frozen by crystallization

or vitrification. The second is to elucidate fundamentals of

pendular network rheology. In this context, the chief observa-

tions of this article are (1) pendular networks undergo a signif-

icant loss of modulus upon shearing at high rates, likely due

to rupture of pendular menisci joining the particles, (2) at least

for the compositions examined, the changes in rheology can

be reversed, i.e., sufficiently long shearing can reset flow-

induced rheological changes, (3) pendular networks can show

elastic recoil strains on the order of 1%, and yield at larger

strains, and (4) they also undergo significant reversible

decrease of modulus prior to yield.

Overall, the observations are consistent with the physical

picture that a pendular network yields by rupture of the

menisci joining particles. Nevertheless, the yield strains are

far smaller than may be expected by simple considerations

of how much two particles need to separate before the menis-

cus between them breaks. We speculate that this is because

yielding and flow involve rupture of a relatively few menisci

connecting large particle aggregates.
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