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Thixotropy in viscoplastic drop impact on thin films
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We use high-speed imaging to study the effect of thixotropic aging in drop impact of
yield-stress fluids on precoated substrates. Our results reveal that drop splashing is sup-
pressed for “aged” compared to “unaged” samples, indicating that thixotropic breakdown
timescales during impact are long enough to affect the dynamics. We propose and test
several hypotheses for modifying the dimensionless group [B. C. Blackwell et al., Phys.
Fluids 27, 043101 (2015), S. Sen et al., J. Fluid Mech. 891, A27 (2020)] to account for
thixotropic aging. The main challenge is that the steady flow properties (Herschel-Bulkley
model parameters) used in the current dimensionless group cannot be defined or measured
for thixotropically aged samples because any deformation inherently rejuvenates and
breaks down the microstructure. We find the most suitable hypothesis is to only increase
the yield stress (σy, plastic component) based on the storage modulus of aged samples,
while keeping the viscous parameters (K or η∞) constant. The work reveals fundamental
insight into rarely studied short-timescale flow conditions with thixotropic effects. These
results are important for applications such as fire suppression or spray coating that involve
complex fluids of varying degrees of thixotropic aging.

DOI: 10.1103/PhysRevFluids.6.043301

I. INTRODUCTION

Yield-stress fluids flow only for a sufficiently large applied stress, and are otherwise pre-
dominantly solid [1–5]. This non-Newtonian behavior enables diverse applications, including fire
suppression, jet and spray printing, painting, coatings, and direct-write three-dimensional (3D)
printing [6–10]. Such applications have motivated research in areas of drop, jet, and spray impacts
of these complex fluids. Extensive literature exists for such tests with Newtonian fluids [11–17], but
studies for non-Newtonian fluids are fewer, especially yield-stress fluids (also known as viscoplastic
fluids) whose drop impact behavior is starkly different [6,18–22]. Moreover, no studies have ever
considered thixotropic aging effects, as we do here.

Researchers have previously studied the impact of various shear-thinning and yield-stress fluid
drops on dry surfaces [6,23,24] and proposed scaling laws predicting different outcomes of the
impacts (stick, spread and retraction, post-impact drop shape). The yield-stress fluids tested were
mainly aqueous suspensions of clays such as Kaolin and Bentonite and soft glasses such as
Carbopol. More weakly shear-thinning fluids (those without an apparent yield stress) tested were
formulations of xanthan gum in water [23]. Some of these scaling laws have also been verified
experimentally for Carbopol [19], including water-entry problems [25].

Experiments studying yield-stress fluid drop impacts on films, relevant to spray coating and
sequential drop impact, have only recently been reported [6,20–23,26,27]. Blackwell et al. [20]
tested drops of aqueous suspensions of polymeric microgel particles (Carbopol 940) impacting
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FIG. 1. Experimental setup (figure reused with permission from [27]). (a) Structure of Laponite clay
particles, with disklike particles stacked in suspension (image adapted from [37], reused with permission).
(b) The yield stress of Laponite helps it retain its shape against gravity and this becomes more prominent as the
concentration increases from 3.5 to 4.5 wt.%. (c) Schematic of drop impact setup. The geometric parameters,
drop diameter D, coating thickness t , dropping height h, are labeled. The components are 1: variable height
trolley, 2: drop-maker with fluid, 3: discharged drop, 4: fluid coating on substrate, 5: high-speed camera. (d) The
schematic of the drop maker and the side view of how the spherical shape is formed. (e) 3D model of the device
in starting, intermediate, and final positions (left to right).

horizontal substrates coated with the same material and proposed an empirical nondimensional
scaling law for predicting stick-splash regimes taking into account the most dominant forces
(inertial and dissipative flow effects). Yield-stress fluids can stick and stay localized at the point
of impact, but the high momentum of the impacting drop can result in the formation of an
ejection sheet, which can break and spatter away from the surface. Some, none, or all of these
phenomena may be observed depending on the fluid properties and dynamic conditions. One thus
needs an understanding of what influences the stick, splash, or spatter behavior of yield-stress fluid
drops impacting coatings. These results are crucial for applications such as spray coating and fire
suppression where fluids are deposited in layers, and droplets interact with layers of films that have
been sitting quiescently from an earlier deposition.

Although short (<1 s) thixotropic timescales are often neglected because they are difficult to
experimentally measure, such short timescales are relevant for droplet impact events, especially with
very small droplets and at high impact velocities. Drop impacts under such conditions can have char-
acteristic strain rates of O(1000) s−1, or corresponding timescales of O(1) ms. As a result, even very
short thixotropic timescales become relevant and can influence drop impact behavior. Prior ideas
and experiments with Carbopol were thus extended to drops and films of a yield-stress fluid with a
completely different microstructure: Laponite RD, a clay suspension in water, by the authors [27].
These two fluids, although possessing a yield stress, are vastly different in microstructure: Carbopol
is a soft, jammed glassy system, and Laponite is a clay made of an attractive particulate network. The
biggest difference is that Carbopol is not measurably thixotropic with recovery timescales less than
1 s [20,28], while Laponite is known to show significant thixotropic behavior and aging [29–32],
and drop impact scenarios with thixotropic effects have never been studied before. Earlier studies
on Laponite were limited to unaged or fresh samples to avoid the complicating effects of thixotropic
aging, and it was shown that the dimensionless scaling worked well for these two distinct yield-stress
systems [27]. We address the thixotropic aspect of these fluids in this work.

Thixotropy refers to time-dependent structure breakdown when subjected to a fixed shear rate,
and subsequent time-dependent buildup at rest [33,34]. Laponite is thixotropic because the existence
of a particulate network inside the solvent renders a structure to its suspension [schematically shown
in Fig. 1(a)]. Increasing shear rate can break this structure down over time, and consequently the vis-
cosity of the material decreases. The structure can build up again upon cessation of shear or stepping
down to a lower shear rate. The buildup of structure with time is often referred to as aging, while
the breakdown of structure is called rejuvenation. Many viscoplastic systems exhibit thixotropy,
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TABLE I. Range of experimental (geometric and material) parameters explored. The ranges of the quanti-
ties σy, K , and η∞ (steady-state flow) are determined by the range of weight fractions of Laponite tested.

Fluid parameter Min Max Test parameter Min Max

σy (Pa) 39 67 V (m s−1) 2 6
K (Pa s0.5) 0.04 0.95 D (mm) 10 20
η∞ (Pa s) 0.02 0.03 t (mm) 0.25 3.18

especially those of a colloidal nature (like most clays, including Laponite). Dimensionless groups
used in drop impact studies, in particular with colloidal systems, must be modified to account for
this phenomenon, especially since such thixotropic aging can render established scaling relations
invalid.

Hence, in this work, we aim to experimentally quantify the drop impact behavior of Laponite
suspensions as a function of aging time, using the setup shown in Fig. 1. We expect that aging
time is important, but also thixotropic breakdown time, because the timescales associated with the
drop impact events [O(10) ms] are either comparable to or shorter than the breakdown timescales
of aged Laponite [O(100) ms, see Sec. 3, Supplemental Material [35]]. The influence of breakdown
timescales is discussed in more detail in Sec. III.

In addition to reporting a thorough experimental data set, we study and extend a proposed dimen-
sionless group [20,27] for predicting stick-or-splash regimes of viscoplastic fluids with appreciable
thixotropy. This dimensionless group is a comparison between inertial forces and total dissipative
flow forces, which includes both yield stress and viscous rate-dependent effects, expressed as [36]

IF
(D

t

)
≡ ρV 2

σy + K (V/t )n + η∞V/t

(D

t

)
, (1)

where the shear yield stress σy, consistency index K , flow index n, and the infinite-shear viscosity
η∞, are model parameters from the generalized Herschel-Bulkley viscoplastic model for steady
flow. D is the drop diameter prior to impact, t is the film thickness, ρ is the fluid density, and V is
the velocity of impact. The group IF is a ratio of stresses, while IF(D/t ) is a ratio of forces, based
on the hypotheses of the different characteristic length scales involved [20]. Detailed explanation of
this scaling is provided in our earlier works [20,27]. We test the efficacy of this group in multiple
ways, namely, (i) if it is capable of separating impact behavior into distinct regimes, (ii) if this gives
a constant critical value for a splash transition for Laponite, (iii) if this critical value is the same for
all concentrations of the fluid, and, most importantly, (iv) whether thixotropic aging influences this
critical value. We find that these criteria fail, unless Eq. (1) is modified to account for thixotropic
aging. We propose and test multiple hypotheses for modifying Eq. (1). We find that the most credible
is to increase the effective value of σy based on the aged linear elastic modulus G′, but keep viscous
parameters K and η∞ fixed at “rejuvenated” values. With this, the modified Eq. (1) gives very similar
critical values for both aged and unaged samples.

II. MATERIALS AND METHODS

A. Drop impact setup

Figure 1 outlines the experimental setup. It is the same arrangement used in [27], which can be
referred to for exact details. Briefly, spherical drops of different diameters formed with the help of a
special “drop-maker” device were impacted onto films of various thicknesses at varying velocities.
The tests were repeated with different Laponite concentrations and both states of thixotropic aging
(unaged and aged). The experimental conditions and steady-shear rheological fit parameters [for use
in Eq. (1)] are listed in Table I. A pair of samples of each concentration, one aged (τage = 600 s) and
the other unaged, were tested for each experimental condition. For each combination of parameters

043301-3



SEN, MORALES, AND EWOLDT

(a) (b)

FIG. 2. Rheological characterization of Laponite. (a) Steady-state flow curves with fits to the generalized
HB model [Eq. (2)], giving the parameters σy, K , and η∞. (b) Thixotropic stress recovery (aging at rest) of the
storage modulus G′. All samples were presheared at 100 s−1 for 100 s, after which a small oscillatory strain of
amplitude 1% at a frequency of 100 rad s−1 was applied, and the elastic modulus was monitored with time.
The inset in (a) shows the stress breakdown during a startup test for aged samples at each concentration, at
the highest rate of γ̇f = 100 s−1 (for the complete data, see Sec. 3, Supplemental Material [35]). Adapted from
[27] with permission, except the inset data which is from the current work.

and sample aging state, duplicate tests were done to assess repeatability, which amounted to 2,016
impact tests. After each test, for the unaged samples, the coating was removed and replaced with a
freshly stirred sample, identical to the one loaded on the drop maker, and the tests conducted within
a 10-second window. To test the aged counterpart, tests were conducted after freshly preparing the
film and aging both the drop and film for τage = 10 min.

B. Materials and rheological characterization

Laponite [Figs. 1(a) and 1(b)] is a crystalline powder of colloidal disks composed of lithium
sodium magnesium silicate (Na+

0.7[Si8Mg5.5Li0.3O20(OH)4]−0.7), and forms a soft gel when dis-
persed in an aqueous medium. The platelet-shaped particles are approximately 25 nm in diameter
and 0.92 nm thick [38]. The faces of the disks are negatively charged, and depending on the pH of the
solution, the sides can hold partial positive charge [39]. Due to this, attractive forces exist between
the disks and they come together to form a stacked house of cards structure [37–39] [Fig. 1(a)]. The
suspensions used in the experiments were prepared following the protocol outlined in [27]. Samples
tested within 10 s of stirring were deemed as “unaged” (minimal thixotropic restructuring), while
those tested after 10 min were called “aged” [33,34].

Rheological characterization of Laponite samples in simple shear (steady shear as well as
thixotropic breakdown and recovery) was done on rotational rheometers with parallel plate ge-
ometries, as previously described in [27,40]. Data for each are shown in Fig. 2. Since a suspension
of Laponite in water is noticeably thixotropic [Fig. 2(b)], we carefully conduct drop impact tests
before the structure recovers or ages significantly to truly test “unaged” samples, and hence neglect
the effect of thixotropic aging. We expect aging to play a major role in drop impact dynamics by
changing the material properties, and this is studied by testing samples that have been allowed to
sit for 10 min. This aging time was chosen because it allows for significant structural recovery,
but is short enough for our large number of experiments to be conducted within a feasible time
frame. Thixotropic effects can wreck scaling relations, as acknowledged by [6]. In Fig. 2(b), the
recovery of the structure of Laponite is indicated by monitoring the growth of the linear viscoelastic
storage modulus G′(ω; τage) (at a fixed frequency, ω = 10 rad s−1, and oscillation strain amplitude,
γ0 = 1%), over time of aging τage. The aging time τage is measured from the point of cessation of a
preshear applied to the samples at γ̇ = 100 s−1 for 100 s.

043301-4



THIXOTROPY IN VISCOPLASTIC DROP IMPACT …

Thixotropic breakdown data were obtained in startup of steady shear tests, where the samples
were allowed to rest for a set period of time (∼10 s for unaged, as a control case, and ∼600 s
for aged), which was followed by a step increase in shear rate to a larger value γ̇f . The inset
in Fig. 2(a) shows the stress during a startup test for aged samples at each concentration, with
γ̇f = 100 s−1. Within ∼100 ms (relevant to drop impact duration), significant breakdown occurs.
Breakdown continues, though more slowly, even beyond 10 s. Stress recovery tests in step shear
were also performed, where samples were sheared at a high rate before stepping down to a much
lower shear rate. The complete data for these tests are shown in the Supplemental Material [35]
(Secs. 3 and 4, respectively).

Steady-state rheological data, as in Fig. 2(a), were fit to the generalized Herschel-Bulkley (HB)
viscoplastic model [36], which is given in one-dimensional steady shear as

σ = σy + K γ̇ n + η∞γ̇ , (2)

where σ is the shear stress. The model parameters σy, K , n, and η∞ are the yield stress, consistency
index, flow index, and the infinite-shear viscosity, respectively. We enforce n = 0.5 for all cases
when fitting the model to data. This assumption is in agreement with the literature on soft-particle
glasses and particulate gels where this Herschel-Bulkley scaling exponent n is found to be close to
0.5 [41].

III. RESULTS

A. Drop impacts and phenomenology

Figure 3 shows representative impact results from among the 1,008 different conditions tested,
shown via the single frames from the videos at key instances of time. It shows a comparison between
three different velocities while the other parameters (concentration c, drop diameter D, and coating
thickness t) were held constant (we show several additional representative results for the effect of
varying each of the four parameters in the Supplemental Material [35]). The time τ = 0 is taken at
the instant of impact, so the first tile in each row is shown in negative time relative to the impact
frame; time evolves from left to right. As we move from an impact velocity of 2.4 to 3.0 to 3.6 m s−1,
the impact event involves more splash and ejection of fluid away from the impact site; this can be
detected by either looking at the height of the top of the ejection sheet crown from its base, or at
the diameter of the impact crater formed in the coating itself. Also, for each set of two horizontal
panels, we compare impact events between unaged and aged samples for the same experimental
parameters. We see that the behavior is more “stick” than “splash” for the aged, and this is evidence
of the fact that samples get stiffer or more viscous as they age.

The type of impact and ejection event is classified as one of five different regimes as shown in
Fig. 4, following prior convention in [20,27]. The first two types, called a splash and a broken sheet,
are classified as “splash” type behaviors, and the last three, called intact sheet, crater, and lump, are
the “stick” type behaviors. Very little variation is observed between duplicates in terms of the type
of resulting impact. For the very few cases where there is a variation, which always occurred near
the boundary between two impact types, we designated it to be of the more “splash” type of the two.
Since there might have been some variability in the time within which the test was conducted, and
the Laponite could have aged more than its intended aging state as a result, it is safe to assume the
impact would have been more “splash” than “stick” if the sample had not aged more than intended.

Using this classification, we can determine the impact types for each event in Fig. 3. In 3(a), for
the unaged sample, we observe an ejection sheet in the frame at +26 ms, which then collapses, but
remains intact. This is an intact sheet. For the aged sample, we observe a much smaller ejection
sheet, which retracts quickly, only leaving a depression at the impact site. This we call a crater. In
Fig. 3(b), for the unaged sample, the ejection sheet is again formed at +26 ms, but this breaks up
in the subsequent frame at +54 ms, which then collapses, and hence this is a broken sheet. For
the aged sample, the ejection sheet does not break up, and we get an intact sheet. In Fig. 3(c), for
the unaged sample, a large ejection sheet is formed compared to the two lower velocities, and this
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FIG. 3. Effect of aging at varying impact velocities. Drops of D = 15 mm, 3.5 wt.% Laponite impacting a
t = 2.88-mm-thick coating layer of correspondingly same materials at (a) V = 2.4, (b) 3.0, and (c) 3.6 m s−1.
For the same experimental conditions, aged samples splash less, i.e., less material spatters away from the
impact site. Videos for these drop impact test cases can be found in the Supplemental Material [35].

keeps expanding until eventually rupturing into many fragments, as seen in the frame at +76 ms.
This is called a “splash.” The ejection sheet only breaks into a few fragments for the aged sample,
and is only a broken sheet. Note that we observe the so-called “prompt” splash in almost all impact
events. What we choose to broadly call a “splash” type behavior is typically referred to as a “late”
splash in the literature [12]. So we look for a delayed rupture of the ejecta sheet, which happens
well beyond the prompt splash that happens immediately upon impact. Also note that the stickier
the event, the faster it reaches completion in that the kinetic energy is dissipated faster. So, as we
move from Fig. 3(a) to 3(c), the event completion is delayed further. For Fig. 3(c), the ruptured sheet
has not even collapsed completely in the final frame shown.

As the samples age, there is less splash and the increase in dissipative flow stress is evident. The
thixotropic breakdown time (τthixo,−) must be considered to interpret the results, in comparison to
the time duration of the drop impact event (τexpt). Three regimes are possible.
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FIG. 4. Various impact events observed during experiments, following [27]. The first two types, splash and
broken sheet, are labeled as “splash” behaviors, while the last three types, intact sheet, crater, and lump, are
called the “stick” type behaviors. The impact event types shown here are used as references for judging the type
of impact, and the legends used here are consistent with those used in the regime maps that follow. Adapted
from [27] with permission.

Regime 1 is for very fast breakdown, τthixo,− � τexpt, for which aged properties should not
matter in the splash dynamics. Quick and full breakdown would suggest that steady flow (unaged)
properties would dominate the splash event. Although the initial yield stress may still be higher for
aged samples, this would be negligible in the limit τthixo,− � τexpt and sufficient impact stress, and
there would be no need to modify the dimensionless group.

Regime 2 is where τthixo,− � τexpt, and partial breakdown of the structures would take place
before the impact event reaches completion, and this is the most challenging situation to address.
Depending on how τthixo,− and τexp exactly compare, the effective properties would be in-between
the aged and unaged properties at rest. In such a scenario, there may be no simple way to implement
effective flow properties into the dimensionless group of Eq. (1).

Regime 3 is the final possibility, where τthixo,− � τexpt. Almost the entire effect of the stiffer,
thixotropically aged structures is felt via large dissipative forces during the impact event. The
difference between aged and unaged samples would be very distinct, and it may be reasonable
to define effective flow properties for aged samples during the comparatively short impact event.

In our experiments, the timescales associated with the drop impact, O(10) ms, as seen from
the time stamps in Fig. 3, are either shorter than or comparable to the breakdown timescales of
Laponite, O(100) ms, evident from startup of shear data for aged samples shown in Fig. 2(a) at
the highest rate of γ̇f (for the complete data, see Sec. 3 of the Supplemental Material [35]). This
suggests τthixo,− � τexpt, and we are in regime 3. The structural breakdown upon impact is thus slow
compared to the impact timescales, and drop impact should not fully rejuvenate the samples. This
may not be the case for other thixotropic fluids if the breakdown timescales become much shorter
than drop impact timescales, the case of regimes 1 and 2 above. Faster breakdown might also occur
at larger shear rates or stresses. We note that the conditions in Fig. 2(a) are at lower stresses (at most
300 Pa) compared to drop impact stresses which we estimate as 2000 Pa < 1

2ρV 2 < 18 000 Pa.
Whether this increased dissipation is part of the plastic (rate-independent) or viscous (rate-

dependent) rheological response is not yet clear. Projecting the large number of experimental
observations onto the dimensionless group of Eq. (1) will lead toward an answer. We show that
it is primarily of plastic nature in Sec. IV.

B. Dimensionless numbers and impact regimes

We use the classification scheme (Fig. 4) to assign a category to each of the observed impacts,
allowing us to make regime maps. The symbols shown in Fig. 4 beneath each impact type are
used to code the impact regime maps, with each point corresponding to a specific experimental
configuration which is represented by the y and x coordinates (which correspond to the specific
values of experimental parameters V , D, t , and c). The five-dimensional space is projected onto
a two-dimensional plot using a dimensionless grouping. The proposed dimensionless number
from [20] takes into account the competing effects of inertial and dissipative flow forces from
shear properties, while ignoring other effects due to extensibility, chemical structure, morphology
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(a) (b) (c)

FIG. 5. Unaged Laponite regime maps. The steady-state properties used are listed in Table I. Adapted from
[27] with permission. Data for all regime maps in the paper are available in the online Supplementary Material
[35].

differences, and surface tension. The values of the Bond number [Bo ∼ O(100), comparing gravity
with surface tension], the Weber number [We ∼ O(1000), comparing inertia with surface tension]
and the capillary number [Ca ∼ O(100), comparing viscous forces with surface tension] are very
large (�1) for our test conditions, so surface tension can be neglected compared to viscous and
inertial effects. We will test if the group in Eq. (1) (i) is capable of distinguishing impact regimes,
(ii) provides a constant critical value of IF(D/t ) ≈ C, (iii) gives comparable critical C values across
different concentrations, and most importantly, (iv) how the critical C values compare between aged
and unaged samples. With reference to Eq. (1), we hypothesize a critical value of this ratio C,
above which inertial forces dominate and below which dissipative flow forces govern the behavior.
Thixotropy does not explicitly appear since σy, K , and η∞ are obtained from steady flow data, i.e.,
fully rejuvenated (unaged) conditions. Consequently, we test the hypothesis that a constant C defines
the regime boundary between stick and splash impact types, i.e., a more “splash” type impact occurs
if

IF

(
D

t

)
� C. (3)

A detailed explanation of the rationale behind this dimensionless group, including the limitations
and caveats, can be found in [20,27]. Additionally, even though we use the same group in Eq. (1) for
both aged and unaged samples, it is not yet clear how the dimensionless group should be modified
to incorporate thixotropic effects. This will be addressed in Sec. IV, where we show that additional
modifications need to be made.

C. Regime maps for Laponite

The results of the drop impact tests have been grouped by concentration (c) of Laponite, in two
clusters: unaged and aged samples, and shown in Figs. 5 and 6. For all the concentrations of unaged

(a) (b) (c)

FIG. 6. Aged Laponite regime maps. The steady-state properties used to plot these are the same as those
for the unaged, as listed in Table I.
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Laponite, we see that the different impact types are effectively separated via this nondimension-
alization. There is very little overlap between different symbols representing the different impact
event types and demonstrates that this group is able to capture the leading-order physics, and also
supports the claim to classify the impact events in the manner that we have done here. We also
see that a boundary exists between the “splashy” and “sticky” regimes, which is chosen to be that
between broken sheet and intact sheet. This boundary is of almost zero slope, suggesting a constant
critical value of IF(D/t ) = C for a transition from stick to splash. The value of C is determined,
following our previously described method [27], by fitting a line with zero slope to the set of data
points for the broken sheet with the lowest values of IF(D/t ), and those for the intact sheet with
the highest values of IF(D/t ). This fits the regime boundary between these two impact types, and
uncertainty on the value of C is from the confidence intervals of the fit. Changing any one or a
combination of the four parameters may make an event transition from stick to splash, provided the
critical value of C is crossed during the change. For example, if film thickness t is increasing during
spray coating, the value of IF(D/t ) will decrease and the impact type can change from splash to
stick.

The success of IF(D/t ) = C is strengthened by our finding of a similar value of C across different
concentrations of unaged Laponite, C ≈ 131 on average [27]. The variation is nonmonotonic with
Laponite concentration and the uncertainty ranges overlap for each formulation. The mean values
of C for each concentration are within 10% of each other.

The group is only partially effective for the aged samples, as per the criteria mentioned in Sec. I.
The boundary is still a line of more or less constant slope. The impact types are also separated quite
well. But, the values of C are more disparate across all three concentrations when compared to the
differences in unaged samples; the difference in mean values is as high as 20%. More importantly,
they do not overlap even within the fit uncertainty values. Additionally, for a given concentration,
the C values do not compare well between aged and unaged samples. So, criteria (iii) and (iv) are not
satisfied by using steady shear flow properties for plotting maps for the aged. This is not surprising.
From Fig. 3, it is clear that as a sample ages, its properties change in such a way that the motion-
retarding flow forces get stronger, thus resulting in more “stick” type outcomes. So, if one could
estimate the flow properties of aged samples and use these to plot impact regime maps, perhaps
all the criteria might be satisfied. Using this as a motivation, we proceed to indirectly estimate the
flow properties of aged samples, i.e., updating the denominator of IF. These indirect measures can
be used to define updated dimensionless groups. If these are a sufficiently accurate reflection of
aged flow properties, they must satisfy all the four criteria outlined in Sec. I for the validity of the
dimensionless group.

IV. ESTIMATING PROPERTIES OF THIXOTROPICALLY AGED LAPONITE

A. Rationale

Here, we propose and test possible hypotheses for modifying the effective rheological fluid prop-
erties (σy, K , and η∞) to account for thixotropic aging, where σy is the plastic (rate-independent) and
K and η∞ are the viscous (rate-dependent) components of the dissipative flow stress. Each of these
properties is well defined for unaged (rejuvenated) samples, and the values are obtained from steady
shear curves. We postulate that the effective properties of the aged samples modify the denominator
of the dimensionless group, generally expressed as

IF

(
D

t

)
∼ inertial forces (ρ,V, D)

dissipative flow forces (σy, K, η∞,V, t ; τage)
, (4)

where the flow forces are now also a function of the aging time τage. At small values of τage, the
sample is relatively unaged, and using steady shear flow properties is justified; this is evident from
the fact that the regime maps satisfy criteria (i)–(iii) at the end of Sec. I. To plot maps corresponding
to aged samples, one approach is to simply allow σy, K , and η∞ to each be a function of τage.
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Assuming the dissipative flow stresses retain their form, the dimensionless group can be rewritten
as

IF
(D

t

)
≡ ρV 2D

[σy(τage) + K (τage)(V/t )0.5 + η∞(τage)V/t]t
, (5)

where σy, K , and η∞ are functions of τage. Other suitable forms of expressing the rheological
properties accounting for aging might exist, but we hypothesize that the original expression used
for unaged samples is retained. One would naturally assume that, due to aging, either one or more
of these properties increase with τage, and that would explain why the fluids become “stickier.” This
rationale is substantiated by the fact that the critical C obtained for aged samples is greater than
those for the unaged since instead of using the aged values of the flow properties, we are using
the smaller, unaged properties to plot the maps in Fig. 6. Using the more accurate aged properties
should increase the dissipative contribution in the denominator in Eq. (5), and the regime boundaries
should move lower, closer to those for the unaged samples. In the same spirit, we can assume that
each of σy, K , and η∞ possibly change (typically increase) due to aging. Let us define a ratio ϕψ ,
which is the ratio of aged to unaged values of a fluid property ψ , such that

ϕψ ≡ ψaged

ψunaged
≡ ψ̂

ψ
, (6)

where aged properties are denoted with a hat (ψ̂ ), while unaged properties without any (ψ ), e.g.,
for steady flow properties. This form does not assume whether the properties increase or decrease
by aging. The aged yield stress, consistency index, and infinite shear viscosity can accordingly be
written as

σ̂y = ϕσyσy, (7a)

K̂ = ϕK K, (7b)

η̂∞ = ϕη∞η∞, (7c)

respectively. The dimensionless group can now be modified to include the effect of aging as

IF
(D

t

)
≡ ρV 2D[

ϕσyσy + ϕK K (V/t )0.5 + ϕη∞η∞V/t
]
t
. (8)

The challenge lies in determining the factors ϕσy , ϕK , and ϕη∞ .
The relative importance of plastic (rate-independent) (σy) versus viscous (rate-dependent)

[K (V/t )0.5 + η∞V/t] contributions is captured by the Bingham number [42], defined as

Bn ∼ plastic stress

viscous flow stress
≡ σy

K (V/t )0.5 + η∞V/t
. (9)

One can also use the Plastic number Pl = Bn
1+Bn , which compares the plastic stress to the total shear

stress [42,43]. We prefer using Bn because this gives a more direct comparison between the two.
From Fig. 7, we see that the Bingham number is typically smaller than 1, and ranges between 0.3
and 0.6 for the regime boundary chosen to obtain C. So, any change to the viscous terms may affect
the value of IF(D/t ) more than changes in the yield stress, but the changes from modifying either
parameter may be significant. So we must look for methods that change (or increase, in our case)
the values of σy, K , and η∞ to estimate the flow properties of aged samples, and shift the regime
maps significantly. Rheological properties obtained from steady flow data cannot be defined for aged
materials. So, we look for indirect methods of estimating these properties, obtaining expressions for
ϕσy , ϕK , and ϕη∞ .
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(a) (b) (c)

FIG. 7. Plots of Bingham number Bn, defined based on the scale of shear rate for each drop impact event,
γ̇ ∼ V/t , vs IF(D/t ) for each concentration of (aged) Laponite, plotted using steady-state shear properties.
This helps us gauge the dominant component of the flow stress term [i.e., the denominator of IF(D/t )]. We see
that for most cases, especially for the regime boundary of interest, the ratio of yield stress to viscous stress is
always 0.1–1, with the nominal values of Bn ≈ 0.3 ∼ 0.6.

B. Hypothesis: Change only the yield stress based on aging storage modulus

We tested multiple hypotheses for finding the effective σy, K , and η∞ for aged samples, and
found the strongest evidence for changing only the plastic component σy (and not the viscous K or
η∞ components) and basing this increase in σy on the observed G′(τage) [Fig. 2(b)]. We call this
“hypothesis 1,” to distinguish from the others. This is embodied by the shift factor

ϕσy = ϕG′ϕγy ≈ ϕG′ , (10a)

ϕK = ϕη∞ = 1. (10b)

Other hypotheses, such as changing each of σy, K , and η∞ (hypothesis 2), or using static yield
stresses obtained from startup of steady shear tests (hypothesis 3), are explained and tested in the
Supplemental Material [35] (Secs. 2 and 3).

Equation (10a) maps σy to linear elastic G′, which for our samples is a weak function of the
oscillation frequency ω, as has been reported in the literature for gels and colloidal suspensions.
Equation (10b) assumes that K and η∞ remain unchanged in spite of aging. But, one might expect
all flow properties to increase with structure buildup, whether plastic or rate dependent. Changing
only σy while keeping K and η∞ unchanged may seem counterintuitive, but the rationale for this
hypothesis is that σy may break down sufficiently slowly [following the argument presented in
Sec. III A, Fig. 2(a), inset] to dominate dissipative effects in aged samples, while high-rate effects
associated with K and η∞ break down faster than drop impact timescales. Structure breakdown is
also a very complicated phenomenon, and increasing only σy, as a lumped property for all dissipative
effects may capture the dominant effect of yielding to initiate flow, since the effective Bingham
number Bn may be larger when considering static rather than dynamic yield stress. Either way, we
find that the effect of aging is sufficiently encapsulated within an increased σy, and any possible
increase in K or η∞ due to aging is not significant for the drop impact results here.

Yield-stress fluids are often modeled as elastic solids for applied stresses below the yield value
[44–46], such that σ ≈ G′γ . Here, σ is the shear stress, G′ is the linear viscoelastic storage modulus,
and γ is the shear strain in the sample. Assuming this relation to be valid until the material yields,
one can write

σy(τage) ≈ G′(ω; τage)γy, (11)

where γy is the yield strain, or any critical strain measure [45,46]. The linear storage modulus has
weak frequency dependence (see Sec. 5 in the Supplemental Material [35]). We use a frequency of
ω = 10 rad s−1 for a large amplitude oscillatory shear (LAOS) amplitude sweep test to measure the
linear G′ and the nonlinear yield strain γy. We estimate γy from the crossover of G′ and G′′, though
other methods could be used [47]. Such data for Laponite is shown in Fig. 8.
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(a) (b)

FIG. 8. (a) Yield strain γy of both unaged (©) and aged (
�

) Laponite from oscillatory strain amplitude
sweeps at a constant frequency (ω = 10 rad s−1, the raw data with parallel plate correction [48–50]). (b)
Inferred aging of yield stress σy ≈ G′γy, using the value γy ≈ 25% with G′(τage ) data in Fig. 2(b) [25,44].
The values of aged σy obtained for each concentration at an aging time of τage ≈ 600 s are 60, 87, and 99 Pa
for 3.5, 4.0, and 4.5 wt.%, respectively.

Now that we have an expression for the yield stress as a function of aging time, we can write

σ̂y ≈ Ĝ′γ̂y = (ϕG′ϕγy )G′γy = ϕσy G′γy, (12)

where ϕσy remains to be determined through ϕG′ and ϕγy . One way of obtaining ϕG′ is to monitor
the storage modulus at a fixed frequency and amplitude (in the linear regime) with aging time, as
in Fig. 2(b). These samples were presheared at 100 s−1 for 100 s, after which a small oscillatory
strain of amplitude γ0 = 1% at a frequency of ω = 10 rad s−1 was immediately applied, and the
elastic modulus was monitored with time. As we can see, G′ increases with time, and is an indicator
of aging in the sample [46]. We can pick out the values of G′ at two locations of interest: one at
short aging times, corresponding to the unaged sample, and one at longer aging times, for the aged
state. In our specific case, the unaged and aged states were chosen to be those at τage = 10 and 600 s
respectively, corresponding to drop impact test conditions. So, we have

ϕG′ = G′(ω; τage ≈ 600 s)

G′(ω; τage ≈ 10 s)
. (13)

To calculate ϕγy , the yield strain is obtained from LAOS tests, data shown in Fig. 8. Viscoelastic
moduli (G′, G′′) data for the three concentrations have a crossover point. Conventionally, this is
called the “absolute yield strain.” One can also use the value of γ0 for which G′′ has a maxima,
and this is called the “dynamic yield strain.” Coincidentally, these two quantities for the samples
used, both aged and unaged, were almost the same, γy ≈ 25%. This is consistent with results in the
literature; yielding seems to occur at an approximately constant yield strain for colloidal dispersions
[44,51]. This gives

ϕγy = γ̂y

γy
≈ 1. (14)

Using these results, we can now write

ϕσy ≡ ϕG′ϕγy ≈ ϕG′ , (15)

where ϕG′ is determined using Eq. (13) and the aging data shown in Fig. 2(b) [or, equivalently,
Fig. 8(b), since γy ≈ 25% for all samples]. Using these results, the expression for the dimensionless
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(a) (b) (c)

FIG. 9. Hypothesis 1 from Table II: regime maps for aged Laponite using G′(τage ) to update only σy

[Eq. (16)]. The dimensionless group IF(D/t ) retains the same form, but with increased σy (and unchanged
K , η∞).

group in Eq. (8) can be modified as

IF
(D

t

)
≡ ρV 2D

[ϕG′σy + K (V/t )0.5 + η∞V/t]t
. (16)

We use this modified dimensionless group to replot the regime maps for aged samples, shown in
Fig. 9. We now see that in addition to (i) good separation between the regimes and (ii) giving a
constant C for stick-splash transition, the values of C are (iii) comparable between the different
concentrations of aged Laponite, and (iv) these values are similar to those for the unaged samples
within experimental uncertainties. The values of C for the samples were 145, 119, 130 for the
unaged, compared to 136, 111, 123 [previously 182, 150, and 155 before the shift using Eqs. (10a)
and (10b)] for the aged, for 3.5, 4.0, and 4.5 wt.% respectively. It is encouraging that such a simple
modification works.

C. Other possible hypotheses

The hypothesis presented in the previous section was found to be the most credible among several
possible approaches to account for thixotropic aging. All hypotheses considered are summarized in
Table II, and detailed in the Supplemental Material [35]. We describe them briefly here.

Hypothesis “0” is the control case, where the same steady-state properties are used for both
unaged and aged samples. Thus, ϕσy = 1, ϕK = 1, ϕη∞ = 1 in Eq. (8), and its shortcomings have
been discussed earlier, also clear from Fig. 6. This result might be expected, as evident from the
video stills in Fig. 3. But its failure does give insight about breakdown timescales, indicating that
these must be sufficiently longer than drop impact timescales as discussed in Sec. III A.

Next, hypothesis 1 is where ϕσy = ϕG′ , and ϕK = ϕη∞ = 1 in Eq. (8), already explained in detail
in Sec. IV B, and results shown in Fig. 9. It is found to be the most credible, satisfying each of the
four criteria.

Hypothesis 2 is a more natural and obvious hypothesis, to increase each of σy, K and η∞ by the
same factor ϕG′ (discussed in detail in the Supplemental Material, Sec. 2 [35]). This follows the most
common structure-parameters models in thixotropy which predict that all flow properties should
increase with structure growth [34,52]. That is, ϕσy = ϕK = ϕη∞ ≡ ϕG′ in Eq. (8). But our results
suggest otherwise. The overlap (blurring of boundaries) between different impact regimes increased,
which is quantified by the increase in uncertainty for C (Fig. S4 [35]). Although the regime boundary
is of an approximately zero slope, giving a constant value of C, the values are different for different
Laponite concentrations, and outside the uncertainty. They also do not compare well with the unaged
C values, even within the uncertainties.

Finally, hypothesis 3 changes each of σy, K , and η∞ with aging, but now the aged properties use
peak stresses during startup of shear tests [e.g., Fig. 2(a), inset] since this transient test may map
more closely the short timescales of the drop impact event [50]. The peak stresses are used as a
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TABLE II. Comparison of the performance of each hypothesis for predicting properties of aged samples,
validated against the four criteria laid out at the end of Sec. IV. The “zeroth” hypothesis is the control case:
using the same steady shear properties for both unaged and aged samples, shown in Fig. 6. For each hypothesis,
the “+” and “−” symbols denote if the criteria are satisfied or not, respectively. ‘

Validity criteria

Details of each hypothesis i ii iii iv

0. ϕσy = 1 + + − −
ϕK = 1

ϕη∞ = 1
1. ϕσy = ϕG′ϕγy + + + +

ϕK = 1
ϕη∞ = 1

2. ϕσy = ϕG′ϕγy + + − −
ϕK = ϕG′ϕγy

ϕη∞ = ϕG′ϕγy

3. σpeak = 
 + κγ̇ 0.5 + H γ̇ − + + +
σ̂y = 


K̂ = κ , η̂∞ = H

measure of a rate-dependent static yield stress and a rate-dependent K and η∞. The peak stress for
each test is plotted versus the corresponding rate, and the plot is assumed to represent a flow curve,
to which Eq. (2) is fitted. The fit parameters now give the aged σy, K , and η∞ (renamed 
, κ , and
H , respectively, shown in Table II). As a sample ages and structures build up, the overshoot stresses
should also increase because the sample gets stiffer and more viscous. So this technique reflects
the state of aging of a sample, including rate dependence. This method works well in all aspects
except the most important one: the separation between regimes is lost, with very significant overlap,
as seen from the uncertainties on C which are comparable to the mean C values. So, this is not the
most suitable method (Figs. S7, S8, S9 [35]).

V. CONCLUSIONS

We report the study of thixotropic effects in viscoplastic drop impact, generating a large system-
atic data set covering 1,008 different impact conditions across a range of concentration with aqueous
Laponite suspensions. We focused on classification of the type of impact and whether material is
retained (sticks) or is ejected away (splashes) at the impact site. Aged materials have less splash,
all else being equal. This reveals that thixotropic breakdown timescales are long enough to affect
the dynamics. All impact conditions are collapsed into a dimensionless group IF(D/t ), originally
proposed in [20,27]. The critical value demarcating the boundary between “stick” and “splash” types
is larger for aged compared to unaged samples when the same steady shear properties are used for
both states of aging.

We propose and test hypotheses for including thixotropic aging in the Herschel-Bulkley param-
eters of the dimensionless group IF(D/t ). The hypothesis with the strongest evidence is to increase
the dynamic yield stress σy proportional to the aged linear elastic modulus G′, while the parameters
for rate-dependent effects K and η∞ remain unchanged in spite of aging. This is surprising, as one
might instead expect all flow parameters to increase with structure buildup as proposed in some
theoretical thixotropy models [34,52]. But droplet impact timescales are short [O(10) ms], and σy

may break down sufficiently slowly [following the argument presented in Sec. III A, Fig. 2(a),
inset] to dominate dissipative effects in aged samples compared to K and η∞. Our observations
imply the dominance of the plastic component of the total dissipative stress during impact. This
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hypothesis of increasing only σy satisfies all four criteria for testing efficacy of a dimension-
less group, unlike other hypotheses which were found to be less supported, as summarized in
Table II.

Effects including surface tension and extensional rheology properties are neglected for these
test conditions. These seem to be valid assumptions for the fluids and conditions considered in our
work here. The scaling law might fail if we test fluids with significant extensibility (which can
be significant and even desirable for certain yield-stress fluids [53,54]), or probe scenarios where
surface tension effects become comparable with viscous and inertial stresses, e.g., at much smaller
drop sizes which are difficult to produce in our setup (and may need to be studied as spray rather than
isolated individual drops). Extreme values of the normalized coating thickness (t/D) may also make
the situation more complicated, necessitating the use of additional dimensionless groups instead of
the single one of Eq. (1).

Future studies may consider subsequent breakup of ejected fluid, which likely involves compe-
tition with surface tension. This is not considered in IF. Such analyses typically involve Weber or
Ohnesorge numbers, which include effects of surface tension, inertia, and Newtonian viscosity. Our
prior work [20,27] has shown that the common Weber and Ohnesorge number scalings for drop
impact are insufficient for the types of regime maps we consider here. To consider further breakup
during splash, one may need to modify relevant dimensionless groups to include total dissipative
stresses, as we have done with IF.

Our study focused on different thixotropic aging of samples, but thixotropic breakdown
timescales were also considered to interpret the results. Dimensionless timescales clarify the range
of conditions. During aging, the dimensionless thixotropic recovery time T+ ranges from very
small (T+ � 1, unaged) to order one [T+ ∼ O(1), aged], defined as T+ ≡ τexpt

τthixo,+
, with experimental

time τexpt = τage and characteristic thixotropic recovery time τthixo,+. This comes from Fig. 2(b)
which shows that samples continue to recover/age significantly at 600 s and the process is not yet
approaching a steady state. In contrast, during the short time droplet impact [τexpt ∼ O(10) ms],
recovery has no chance to occur (T+ � 1). Breakdown is more nuanced, with characteristic
breakdown timescale τthixo,− ∼ O(100) ms [Fig. 2(a), inset], and therefore T− ∼ O(0.1), where
T− ≡ τexpt

τthixo,−
. Having T− < 1 indicates that structure is not fully broken down by the impact. This is

why aged properties can play a significant role, and why these viscoplastic fluids can still “stick”
at the impact location with a finite yield stress even after being subjected to large deformation
rates. Fluids with more fragile particulate networks may be different, if they have faster breakdown
timescale τthixo,− compared to droplet impact. In that case, aging effects are quickly removed and
negligible, and structure breakdown might make it difficult for the fluid coating to be retained.
These are important considerations in applications such as spray coating on vertical surfaces, which
involve problems of draining of coating, where the subsequent thixotropic recovery (τthixo,+) is
important for long-timescale coating retention.

The group tested here, in Eq. (1) for unaged and Eq. (8) for aged, provides fundamental insight
and will be useful in predicting splash behavior for thixotropic yield-stress fluids in a variety of
applications from spray coating to fire suppression [8,55–57]. We have also observed this qualitative
aging effect in more complex flow scenarios for drop impact into porous structures (meshes) [58];
the effect is perhaps even more dramatic and relevant to fire suppression and coating complex
substrates.
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