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Freezing of dispersions is omnipresent in science and technology. While the passing of a freezing front
over a solid particle is reasonably understood, this is not so for soft particles. Here, using an oil-in-water
emulsion as a model system, we show that when engulfed into a growing ice front, a soft particle severely
deforms. This deformation strongly depends on the engulfment velocity V, even forming pointy-tip shapes
for low values of V. We find such singular deformations are mediated by interfacial flows in nanometric
thin liquid films separating the nonsolidifying dispersed droplets and the solidifying bulk. We model the
fluid flow in these intervening thin films using a lubrication approximation and then relate it to the
deformation sustained by the dispersed droplet.
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Solidification of a liquid seeded with insoluble particles
is pertinent to numerous natural and industrial processes,
including metal processing [1–4], cryopreservation of
biological cells and tissues [5–7], food engineering (ice
cream making) [8–10], and swelling of wet ground (frost
heaving) in colder regions [11–13]. The key feature of the
solidification in such complex systems is the interaction
between dispersed particles and a growing crystal (or
polycrystalline structure; for short, we will use “crystal”
in this Letter). When a growing crystal encounters a foreign
particle suspended in a melt, the moving solidification front
(a solid-liquid interface) either deforms around the particle
to trap it within the crystal or rejects it [14–16]. The type of
behavior that prevails at a given solidification velocity,
therefore, has important implications for the microstructure
of the newly formed solidified material. The interaction
between a dispersed particle and the moving solidification
front is dictated by an interplay among van der Waals
interactions, thermal conductivity differences between the
particle and the melt, solid-liquid interfacial energy, and the
density change caused by the liquid-solid phase transition
[17–25]. In case of a droplet or a bubble suspended in the
melt, this local dynamics is amplified by thermocapillary
effects [15,26,27].
In this Letter, we report a surprising and highly interest-

ing solidification behavior that emerges when a liquid
seeded with droplets of another immiscible liquid (emul-
sion) solidifies. We demonstrate that the dispersed non-
solidifying droplet sustains varying degree of deformations,
which strongly depend on the engulfment velocity V,
remarkably even forming a pointy tearlike shape for
extremely slow engulfment. We find such deformation to

be mediated by interfacial flows in the intervening thin
liquid films that separate the dispersed droplet and the
solidifying bulk. These findings are extremely relevant for
exerting better control over cryopreservation procedures of
food emulsions and bio-specimens, where mechanical
deformations of the dispersed medium dictate the freeze-
thaw stability of the solidified material. More specifically,
our findings quantitatively explain why—perhaps counter-
intuitively—faster freezing is less intrusive for the shape of
the frozen soft structures.
We investigate the interaction between an advancing

water-ice freezing front and silicone oil droplets in a
horizontal Hele-Shaw cell of thickness 200 μm, filled with
an oil-in-water emulsion. The emulsion is prepared using a
microfluidic setup, as explained in Ref. [28]. To ensure
the stability of the emulsion, a surfactant TWEEN80
(Sigma-Aldrich, Germany) is added to the water (0.5 vol
% initially). Since surfactants are known to affect the
freezing of complex liquids [16,29,30], the prepared
emulsion sample is further diluted to achieve low surfactant
concentration (0.01 vol%). As a consequence, any such
solutal effects are irrelevant for our experiments. In each
experiment, the Hele-Shaw cell is translated at constant
velocity V through a fixed temperature gradient G ¼ ∇T
using a linear actuator (Physik Instrumente, M-230.25)
such that the position of the moving solidification front
remains fixed in the lab frame of reference. The temper-
ature gradient G ∼ 10 Kcm−1 is applied over the entire
length of the Hele-Shaw cell by placing it over a copper
block with cold and warm ends, maintained at fixed
temperatures using Peltier elements. Here, we report
experiments for different advancing velocities that ensure
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engulfment [24], which were achieved by changing the
thermal gradient G; for more details we refer to the
Supplemental Material [31]. The engulfment process of
a droplet into growing ice is recorded in top view through a
camera connected to a long working distance lens
(Thorlabs, MVL12X12Z), and diffused back lighting. A
schematic of the experimental setup is given in Fig. 1.
The sequence of images in Fig. 2 depicts typical

deformations experienced by an oil droplet of radius
R ∼ 90 μm while being engulfed in the solidifying
bulk at a constant advancing velocity V (Supplemental
Movie 1). During the engulfment process, the initially
planar solidification interface, approaching the droplet at
a constant velocity V ∼ 0.4 μms−1, deforms locally to
envelop the droplet. Interestingly, this causes the droplet
to squeeze laterally and stretch longitudinally at the
opposite free end. This deformation of the droplet is
characterized by its instantaneous aspect ratio ΓðtÞ,
defined as the ratio of maximum longitudinal and lateral
dimensions. Deformation curves shown in Fig. 3(a) high-
light scenarios when a droplet is engulfed into the
solidifying bulk at different engulfment velocities. In
all cases, the droplet starts to deform soon after the
advancing solidification front makes contact with it at
t ¼ t0, and steadily stretches to its equilibrium state
characterized by aspect ratio Γ∞ when completely
engulfed. Remarkably, the extent of deformation sus-
tained by the droplet shows a crucial dependence on
the advancing velocity V of the solidification front and

hence on the applied temperature gradient G. Note that a
simple scaling analysis that balances the rate of heat
released during solidification (ρLV) with its conduction
through the solidified bulk (ksG) dictates V ∝ G; here, ρ
and L are the density and the latent heat of water, ks is
the thermal conductivity of ice. At lower engulfment
velocities (low G), the droplet severely stretches longitu-
dinally into a tearlike shape, whereas, at increased engulf-
ment velocities (high G), the droplet retains its initial
spherical shape. The decreasing trend of Γ∞ with advanc-
ing velocity V of the solidification front is shown in
Fig. 3(b) for two kinematic viscosities. The latter does not
seem to significantly influence the observed behavior. It is
important to highlight that during an experiment, which
typically lasts ∼4 h, the deformed droplet retains its
pointy shape once encapsulated into the solidified bulk.
The physical mechanism that causes the deformation of a

droplet during the encapsulation process is intimately
connected to the phenomenon known as interfacial pre-
melting [32–34]. It is known that at constant pressure, the
melting of a bulk solid occurs at a fixed temperature Tm.
However, as the solid-liquid interface deforms around the
droplet, the local melting temperature of the surrounding
solidifying phase reduces below Tm by an amount propor-
tional to the local curvature of the particle (1=R), and the
surface energy of the solidification front σsl. This reduction
in local melting temperature at the expense of interfacial
energy is referred to as the Gibbs-Thomson effect [35].
Moreover, when the distance between the advancing
solidification front and the droplet reduces to extremely
lowvalues, less than amicrometer, van derWaals interactions
become significant, giving rise to a disjoining pressure Π
[36], which causes a further local reduction of the melting
temperature. Therefore, the overall reduction in the local
melting temperature due to the geometrical shape of the
droplet and intermolecular interactions is given by [37]

ΔTm ¼ Tm

�
σsl

ρsLR
þ
�
λ

H

�
η
�
; ð1Þ

where ρs is the density of the solid, L is the latent heat,H is
the distance between the droplet interface and the front, λ is
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FIG. 2. (a)–(d) Top-view snapshots capturing the engulfment of a 5 cSt silicone oil droplet submerged in water by an advancing
solidification front (V ¼ 0.4 μms−1), i.e., ice, first approaching and then passing over the droplet (Supplemental Movie 1). At t ¼ 0 the
drop makes first contact with the front. The applied temperature gradient G is about 10 Kcm−1. The droplet remains deformed in the
solidified bulk after engulfment throughout the entire experiment (typically ∼4 h).

FIG. 1. Schematic of the experimental setup. The red arrow
indicates the direction of sliding of the Hele-Shaw cell over the
copper block.
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the disjoining pressure length scale, and the exponent η
depends on the type of intermolecular forces that dominate;
for nonretarded van der Waals interactions, η ¼ 3 [37]. Note
that electrostatic contributions are not taken into account.
Crucially, due to the reduction in melting temperature of the
bulk in the vicinity of the droplet, a thin liquid film of
thickness HðXÞ persists in the gap between the droplet and
the solidifying bulk. Direct imaging of such thin films is
challenging because of their small dimensions. However, our
experimental setup allows us to observe such thin films
as the solidification front passes over the droplet; see
Supplemental Material [31]. Here, we hypothesize that it
is the spatial pressure variation within this thin film that
mediates the overall shape change of the droplet during its
engulfment into the solidifying bulk. In the following, we
present amodel that connects the fluid flow in the enveloping
thin film around the droplet to its deformation.
We model the fluid flow in thin intervening liquid films

using lubrication theory. The main assumption of our
analysis is that the flow during the engulfment process is
predominantly in the direction of motion of the solidification
front. Accordingly, as illustrated in Fig. 4(b), we treat the
intervening thin film as a one-dimensional slab geometry,
bounded between the oil-water interface and the growing ice.
Fluidmotionwithin the film is mainly driven by a gradient in
disjoining pressure due to the variation with film thickness

(Π ∼H−3) [38], and Marangoni stresses at the droplet
interface due to the externally applied thermal gradient G;
see the schematic in Fig. 4(b). By making use of the slender
geometry of the system, and by applying no-slip and slip
boundary conditions at thewater-ice and oil-water interfaces
asUjðZ¼HÞ ¼ 0 and μ∂ZUjZ¼0 − μ0∂ZU0jZ¼0 ¼ ∂Xσ, respec-
tively, where ∂ZU0 ¼ −∂Xσ=ðμþ μ0Þ [26], the net horizontal
flux qðXÞ is given by

μqðXÞ ¼ 1

2

dσ
dT

�
1 −

μ0

μþ μ0

�
GHðXÞ2 − 1

3
∂XpHðXÞ3: ð2Þ

Primed quantities refer to the oil phase and unprimed to the
water phase. σ is the interfacial tension of the oil-water
interface, μ the dynamic viscosity, and p ¼ −σ∂2XH −
A=6πH3 is the pressure in the thin film in lubrication
approximation. Note that the disjoining pressure is also
related to the applied thermal gradient as A=6πH3 ¼
−ρsLGX=Tm [34] with A the Hamaker constant.
Consequently, the local mass conservation (∂thþ ∂xq¼ 0)
in nondimensional form can be expressed as

∂thþ ∂x

�
1

3Ca
h3∂3xhþ 1

3BrPr
h3 −

Ma
Pr

h2
�
¼ 0: ð3Þ

Note that in the above equation lowercase quantities are
nondimensionalized. The droplet radius R is used to non-
dimensionalize lengths, and the velocity scale is chosen as
ν=R.Ca ¼ μν=σR is the capillary number andPr ¼ ν=κ the
Prandtl number; ν ¼ μ=ρ and κ are kinematic viscosity and
thermal diffusivity of water, respectively. The other two
dimensionless parameters of the problem are the Brinkman
number Br and the Marangoni number Ma, defined as

Br ¼ μκTm

ρsLGR3
; Ma ¼ −ðdσ=dTÞGR2

2μκ

�
1 −

μ0

μþ μ0

�
:

ð4Þ
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FIG. 3. (a) Aspect ratio ΓðtÞ as a function of time t for
advancing velocities V ¼ ðblue filled circleÞ 0.2 μms−1 ðpink
filled circleÞ 0.4 μms−1ðyellowfilled circleÞ 0.6 μms−1. The
solidification front makes first contact with the droplet at t ¼ t0.
The inset shows the universality of the engulfment process, where
ξ ¼ ðΓðtÞ − 1Þ=ðΓ∞ − 1Þ and t̄ ¼ ðt − t0ÞV=R. (b) Final aspect
ratio Γ∞ of the deformed droplet in the solidified bulk as a
function of the solidification front advancing velocity V for two
kinematic viscosities ν ¼ ðorange filled squareÞ5 cSt and
(blue filled diamond) 50 cSt.
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FIG. 4. (a) Experimental image capturing the engulfment of an
oil drop (Supplemental Movie 2). (b) The schematics visualizes
the competition between the disjoining pressure Π and Maran-
goni effects that mediate the flow profile within the liquid film
with varying HðXÞ. Depending on the profile of the thin film, the
pressure in the film pfilm varies, which determines the local
curvature of the oil-water interface and eventually the overall
shape of the drop.
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They indicate the strength of the fluid flow driven by
intermolecular pressure and of the thermal Marangoni force,
respectively. The former expresses the (inverse) ratio of the
timescale for diffusive thermal transport (tκ ∼ R2=κ) to the
timescale for convective thermal transport (tu ∼ μTm=
ρsLGR) that is driven by the gradient in intermolecular
pressure. The latter provides an estimate for the (inverse)
ratio of the timescale for convective thermal transport
(tMa ∼ −μ=ðdσ=dTÞG) driven by the thermal Marangoni
force and again the timescale for diffusive transport.
Although it is difficult to predict a priori whether intermo-
lecular interactions dominate over thermalMarangoni effects
or viceversa, by changing the applied thermal gradientG and
thus the engulfment velocity V ∝ G we can control the
relative strength of these two effects and thus the final shape
of the droplet.
Since typical timescales associated with the droplet

engulfment in our experiments are extremely slow, much
larger than the viscous timescale tv ∼ μR=σ, the overall
process can be treated as quasisteady. Therefore, the
unsteady term ∂th in Eq. (3) can be omitted (∂th ¼ 0) to
determine the steady state of the film thickness as

hðxÞ ¼ h0
R

þ
�
L
R

�
3 Ca
6Pr

ζðxÞ
�
3MaR
H0

−
1

Br

�

þ 1

2

p∞R
σ

��
L
R

�
2

− x2
�
; ð5Þ

with ζðxÞ ¼ ½ðxR=LÞ3 − 3ðxR=LÞ2 þ 2�. For this result, we
have used the boundary conditions ∂2xhjx¼L=R ¼ −p∞R=σ,
∂xhjx¼0 ¼ 0, and hjx¼L=R ¼ H0=R, where H0 is a typical
film thickness, L is the length of a stretched droplet, and p∞
a reference ambient pressure. Notably, this result is in
agreement with our experimental observations that, pro-
moted by Marangoni flow, thicker liquid films envelop the
droplet at higher engulfment velocities. As the thermal
gradient G increases (and thus V) the flow toward the
colder side is enhanced, leading to the thickening of the
liquid film and hence altering the pressure profile within,
causing the drop to deform less, whereas intermolecular

interactions are responsible for its thinning at lower
velocities. Further, using the relationship between pressure
and film thickness, the lubrication pressure within the thin
film is estimated to be

Δplub ¼
σ

R2

Ca
Pr

�
3MaR
H0

−
1

Br

�
ðL − XÞ þ ρsLG

Tm
X; ð6Þ

where Δplub ¼ pfilm − p∞. It is apparent from the above
expression that the lubrication pressure within the interven-
ing thin liquid film, irrespective of the velocity of droplet
engulfment, varies linearly along the droplet interface. It also
suggests that dynamic Marangoni effects are dominant over
intermolecular interactions if 3MaBrR=H0 < 1.
To relate the linearly varying pressure in the enveloping

thin films with the deformed shape of an engulfed droplet,
we use the analogy of a pendant droplet, whose shape is
strikingly similar to that of an engulfed droplet. As described
in Ref. [39], the canonical interfacial shape of a pendant
droplet can be expressed in a nondimensional form as

d2θ
ds2

¼ − sin θ; ð7Þ

where θ is the angle measured through the liquid from the
vertical to the tangent, s is the curve-linear coordinate
along the interface, and dθ=ds is the local curvature of the
interface. Equation (7) simply represents the balance
between surface tension and hydrostatic pressure along
the interface of a pendant droplet. Interestingly, the same
functional form is also recovered for a droplet enveloped
by a thin film in which the pressure varies linearly.We refer
to Supplemental Material [31] for a detailed derivation.
Accordingly, solving Eq. (7) for given total energy E ¼
1=2ðdθ=dsÞ2 − cos θ yields the deformed shape of the
engulfed droplet. This is equivalent to solving a pendulum
equation with total energy E, which turns out to be the only
parameter of our model. Note that the values of the energy
parameter E are chosen so as to exactly match the aspect
ratio of the deformed engulfed droplets. Figure 5 shows an
excellent match between the experimentally measured

 = 0.615  = 0.83  = 0.99

100 μm
V = 0.2μm/s

= 1.56 = 1.40 = 1.29
s/mμ6.0 = Vs/mμ4.0 = V

FIG. 5. Experimental snapshots of three deformed 5 cSt silicone oil droplets that were engulfed at different velocities V ¼ 0.2 μms−1,
0.4 μms−1, and 0.6 μms−1. The applied temperature gradientG is about 10 Kcm−1 and the corresponding final aspect ratios Γ∞ of their
final shapes are also indicated. The lines overlayed in red are the shapes generated by the pendant drop model [39] with corresponding
values of the deformation parameter E.
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deformed droplet shapes and our model predictions for
E ¼ 0.615, 0.83, and 0.99, respectively.
In summary, in this Letter, we reported that a soft particle

when engulfed into a growing crystal sustains mechanical
deformations. These deformations are found to strongly
depend on the engulfment velocity and to be mediated
by pressure variations in the unfrozen thin liquid films
intercalating between the particle and the encapsulating
crystal. In case of droplets or bubbles, the presence of a free
interface evokes thermal Marangoni forces, which critically
change the local dynamics. We demonstrated that the
strength of the flow driven by Marangoni stresses dictates
the thickness of the intervening liquid film, which in turn
controls the deformation of the engulfed particle.
Our work quantitatively demonstrates why faster freez-

ing (i.e., larger engulfment velocity V) has a much weaker
impact on the soft particle’s shape than slow freezing, and
what parameters control this process. These findings are
extremely relevant for exerting better control over cryo-
preservation procedures of food emulsions and biospeci-
mens, where mechanical deformations of the dispersed
medium are important to the freeze-thaw stability of the
solidified material.
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