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Freeze-thaw cycles can be regularly observed in nature in water and are essential in
industry and science. Objects present in the medium will interact with either an advancing
solidification front during freezing or a retracting solidification front, i.e., an advancing
melting front, during thawing. It is well known that objects show complex behaviors
when interacting with the advancing solidification front, but the extent to which they are
displaced during the retraction of the solid-liquid interface is less well understood. To
study potential hysteresis effects during freeze-thaw cycles, we exploit experimental model
systems of oil-in-water emulsions and polystyrene (PS) particle suspensions, in which
a water-ice solidification front advances and retracts over an individual immiscible (and
deformable) oil droplet or over a solid PS particle. We record several interesting hysteresis
effects, resulting in nonzero relative displacements of the objects between freezing and
thawing. PS particles tend to migrate further and further away from their initial position,
whereas oil droplets tend to return to their starting positions during thawing. We rationalize
our experimental findings by comparing them to our prior theoretical model of Meijer
et al. [Phys. Rev. Fluids 10, 034002 (2025)], yielding a qualitatively good agreement.
Additionally, we look into the reversibility of how the droplet deforms and reshapes
throughout one freeze-thaw cycle, which will turn out to be remarkably robust.

DOI: 10.1103/hwkb-nnww

I. INTRODUCTION

Liquids exposed to thermal gradients can freeze, forming a solid-liquid interface (solidification
front) that will propagate in the direction of the applied thermal gradient. If seeded with solid
particles, droplets, or bubbles, these objects will interact with the advancing solidification front.
They can either be pushed away by the front, remaining submerged in the liquid, or can (eventually)
pass through the interface and become trapped in the solid [1-12]. Immersed objects that are soft
and deformable are additionally subjected to stresses during the encapsulation process, leading to
their deformation [13,14], or even sudden topological transitions [15]. In the case of gas bubbles,
mass transfer adds an additional layer of complexity, resulting in a variety in the shapes and sizes
of the bubbles captured in ice [16-22].

Understanding these interactions and being able to manipulate them in a controlled manner
is of great interest for many industrial applications [23], ranging from templating directionally
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porous materials [24,25], to proper cryopreservation procedures for food [26] and biological tis-
sues [27-29]. As a result, much attention has been given to studying these systems in detail under
various freezing conditions. While many freezing procedures aim to store and preserve samples for
extended periods of time, thawing, however, is often inevitable. How the thawing process affects
the arrangement of submerged particles, and how this differs from the freezing process, remains an
open question.

In this paper, we therefore aim to illuminate how different types of hystereses can occur during
a single freeze-thaw cycle in oil-in-water emulsions and polystyrene (PS) particle suspensions.
This is achieved through well-controlled, unidirectional freezing and thawing experiments on
submillimeter, single-particle systems. We report our experimental methods in Sec. II, Sec. III
reports our observations, Sec. IV addresses the reversibility, and in Sec. V we compare our results
to predictions of our prior theoretical model of [1]. We end with suggesting a possible extension of
the model in order to rationalize some of our experimental findings, as well as a conclusion and an
outlook (Sec. VI).

II. EXPERIMENTAL METHODS

In order to study the fundamentals of the interaction between a particle and an advancing and
retracting solidification front, we make use of horizontal, unidirectional freezing and thawing.
Details of the experimental setup and procedures are provided in earlier work [1]. In short, we
expose a 200-um-thick Hele-Shaw cell (Ibidi, u-Slide I Luer) to a fixed thermal gradient. The
Hele-Shaw cell is filled with our working liquids, i.e., either an oil-in-water emulsion or a PS
particle suspension, where the bulk phase consists of Milli-Q water. For the former we use 5
¢St silicone oil (Sigma-Aldrich, Germany) and a small amount (0.01 vol % after dilution [1]) of
surfactant TWEEN-80 (Sigma-Aldrich, Germany) to stabilize the emulsion. The emulsions are
prepared in a way that yields polydisperse droplet sizes. For the latter, PS particles of two different
sizes (R & 20 ym and R ~ 70 um) are employed (Microbead Dynoseeds TS40 and TS140). Since
we are interested in the interaction between a freezing and thawing front with an individual and
isolated spherical object, we ensure that the emulsions and suspensions are sufficiently dilute.

A fixed thermal gradient over the Hele-Shaw cell, which rests on two copper blocks spaced
roughly 3 mm apart, is achieved by cooling down one side to (—15 =+ 0.2) °C. The other side is
kept at a constant temperature of (18 &= 0.2) °C, resulting in a thermal gradient in the order of G ~
1 x 10* Km™'. The temperatures on both sides are constantly monitored using thermocouples. The
entire system is placed inside a humidity control box to prevent fog and frost formation that would
obscure the view.

Once a stable thermal gradient is reached, we trigger solidification on the cold side, leading to
the formation of a planar solid-liquid interface, parallel to the temperature gradient, that will enter
our field of view and will eventually reach a stable equilibrium position. To study the interaction
of particles with an advancing solidification front, we then move the Hele-Shaw cell over the
copper blocks towards the cold side at a constant velocity V using a high-precision linear actuator
(Physik Instrumente, M-230.25). The position of the planar front remains fixed in space throughout
the experiments, while the ice keeps on growing. The approach velocity of the object towards
the solidification front can then be controlled with an uncertainty of around 5% for velocities of
the order of V 2 0.1 um s, and of around 2% for V ~ 1 um s~'. We note that when viewed from
the frame of reference of the Hele-Shaw cell, this is equivalent to a solidification front sweeping
through the emulsion or suspension at the same velocity V. Once the solidification front has swept
over the particles we initiate the thawing process. For this, V is slowly decreased to zero. Once the
position of the front is equilibrated again, a retracting, planar solidification front is then achieved
by moving the Hele-Shaw cell in the opposite direction, i.e., towards the warm side, at a constant
velocity V. The rate at which the front advances or retracts can be altered independently, and it does
not have to be the same. This protocol allows us to study a freeze-thaw cycle on the same particle
with the same or varying freezing and thawing rates.

054001-2



HYSTERESIS IN THE FREEZE-THAW CYCLE OF ...

Water Ice V=1pm/s
~‘ ‘*\
1 1
h(t) . 0- -
—
[— t=-237s t=-119s t=0is t=357s
(b)
=0.7 um/s % r'=a/b
O O : &' o 1 &
A ’ \~ ‘l -
— t=-365s t=-229s t=0s t=271s t=663s
()
=0.4 pm/s
O ;
L]
S ’
— t=-445s t=-285s t=0s
(e)
1000 R=20pm
: & PS particle
. ¢ @ Oil droplet
)
~ 500 + s )
- ®

500 0 500 0 2 4 0 200 400 600

FIG. 1. Interactions during freezing. (a)—(c) Interaction between a silicone oil droplet of size R &~ 105 um
with a water-ice solidification front advancing at different velocities V, i.e., (a) V ~ 1 ums™', (b) V ~
0.7 yms~!, and (c) V ~ 0.4 ums~! (see Supplemental Material Movies 1-3 [30]). Images are taken in the
frame of reference of the moving front. Depending on the rate of approach, the droplet (a) does barely interact
with the front and is rapidly engulfed into the ice, (b) interacts with the front for a certain amount of time fiy
before being engulfed, or (c) is repelled by the ice indefinitely. During the encapsulation into the ice the droplet
deforms [13,14]. The red contours indicate the position where the droplet would have been if the particle-front
interaction would have been absent, assuming linear drop or particle motion. Time ¢ = 0 is defined as the
moment in time the center of the particle would have reached the undeformed front. Scale bars are 100 um.
(d) Particle-front distance h(¢) as a function of time for the three representative cases, i.e., (a) fast engulfment,
(b) intermediate rejection, and (c) indefinite rejection. (e) Particle-front interaction time #, as a function of
advancing velocity V for both oil droplets and polystyrene (PS) particles with R &~ 20 um. As V approaches
a certain critical value V. (dotted lines) the interaction time rapidly increases [1]. (f) Aspect ratio I'() as a
function of time quantifying the deformation dynamics during encapsulation of the droplet corresponding to
(b). The inset shows the final extent of the deformation I',, averaged over at least three droplets, as a function
of V for oil droplets with R &~ 50 um [13,14].

Finally, snapshots are taken from above at regular intervals in the region between the two copper
plates where the solidification front is located. A Nikon D850 camera with a long working distance
lens is used for this purpose. The sample is illuminated with cold-LED backlighting to avoid
localized heating.

III. EXPERIMENTAL RESULTS ON FREEZING AND THAWING

We will now present a detailed discussion of our experimental results. We will quantify the
interaction of the droplet or particle with the solidification front through the experimentally most
accessible variable, namely, the particle-front distance A(t) [see the first panel in Fig. 1(a)]. It is
defined as the instantaneous distance of the center of the particle and the midplane of the undeformed
front.
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A. Freezing

During the freezing process the object approaches the planar solidification front at a constant
velocity V (or vice versa). As has been well established in prior studies, three distinct regimes can be
observed for both oil droplets and solid particles, depending on their rate of approach [1,8,10,11,13].
If the approach occurs rapidly, well above a certain critical value V., the object barely interacts with
the solidification front and is quickly incorporated into the ice [see Figs. 1(a) and 1(d) for the case of
a slightly confined oil droplet of size R &~ 105 um]. Oppositely, if V < V. the object is indefinitely
repelled by the front and will never get trapped [see Figs. 1(b) and 1(d)], eventually leading to the
creation of pure ice. Lastly, at values slightly above V., the object interacts with the solidification
front for a certain amount of time #;,; before suddenly entering the ice [see Figs. 1(c) and 1(d)].
The precise definition of #, for the case shown in Fig. 1(b) is depicted in Fig. 1(d) and taken form
the experimentally measured profile of /(¢). During this interaction the droplet is displaced over a
distance [;, in the direction of motion of the front. The time the particle spends at the solid-liquid
interface, and the extent of the experienced displacement, thus depends on V' [see Fig. 1(e)], but also
on the size of the particle, the strength of the applied thermal gradient, as well as other (chemical)
properties of the particle-liquid-solid system, which all dictate the precise value of V. [8,10,11].
When performing freezing experiments for oil droplets and PS particles both with R ~ 20 um, we
find Vigit.ot = 0.4 um s~ and Vaitps & 1.8 um s, respectively [see Fig. 1(e)]. For larger sizes,
these values might shift upwards [14] but they will remain significantly different for both types of
systems.

We turn our focus to the representative case depicted in Fig. 1(b) of the oil droplet that interacts
with the front. One other remarkable observation is that already before the droplet makes contact
with the front, its mere presence can cause the initially planar front to bend [see second panel in
Fig. 1(b)]. It has been established that this feature arises due to the thermal conductivity mismatch
between the particle and the surrounding melt causing the isotherms around the particle (and
hence the solid-liquid interface) to bend [3,12,31]. For the two systems studied here the thermal
conductivity mismatch between that of the particle (k,) and that of the surrounding liquid (k;)
are k,/k; =0.05 and k,/k; = 0.2 for the PS particles and oil droplets in water, respectively.
Surprisingly, this deflection can be altered and even reversed when introducing thermocapillary
(i.e., thermal Marangoni) flows at the free surface of the droplet, triggered by the applied thermal
gradient [31]. Once the particle-front interaction has taken place the droplet enters the ice. During its
encapsulation the droplet is subjected to mechanical stresses, causing it to compress in the direction
parallel to the front and to elongate in the perpendicular direction, eventually assuming a pointy,
tearlike shape that persists throughout the duration of the experiments, which can take up to several
hours [14]. To quantify the deformation dynamics we introduce an aspect ratio I'(¢) [see last panel
in Fig. 1(b)]. The evolution for this case is depicted in Fig. 1(f), where the droplet starts off spherical
(' = 1), before deforming through two distinct regimes towards a final value I'o,. By performing
consecutive freeze-thaw cycles on the same droplet with R = 50 um at increasing freezing and
thawing velocities, we find that the final extent of the droplet deformation ', does depend on V,
where a faster approach leads to less deformation [see the inset of Fig. 1(f)]. For these cases we have
also analyzed their temporal evolution and find that the characteristic kink in the curve corresponds
to the moment in time that 2 = 0 [14], i.e., the center of the particle overlaps with the midplane
of the undeformed front. In addition, we find that the different profiles of I'(¢) at different freezing
velocities V' collapse after normalization (see Supplemental Material Sec. II [30]). Needless to say,
the solid particles are rigid enough to remain spherical and do not deform during encapsulation.

B. Thawing

Now we shift towards the main findings of our paper and reverse the process. We ensure that our
sample moves in the opposite direction, causing the ice to slowly melt and the solid-liquid interface
to retract in a controllable fashion. Similar to rapid freezing, rapid thawing does not allow for the
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FIG. 2. Interactions during thawing. (a)—(c) Interaction between a PS particle of size (a) R ~ 20 um and
(b) R & 70 um, and a (c) silicone oil droplet of size R ~ 105 um with a water-ice solidification front retracting
at different velocities V, ie., (a) V~ -89 ums™', (b) V~ —0.1 ums™', and (c) V ~ —0.8 ums~' (see
Supplemental Material Movies 4-6 [30]). Images are taken in the frame of reference of the moving front.
Depending on the rate of retraction and the type of particle, the object (a) barely interacts with the front and
is rapidly expelled by the ice, (b) experiences an additional push by the retracting front, leading to a sudden
displacement in the direction opposite of the motion of the front, or (c) is being held back by the front for a
certain amount of time. We note that for (b) and (c) it is the type of object that dictates the type of interaction
during thawing, rather than its size (see Supplemental Material Sec. III [30]). During the extraction out of
the ice the droplet regains its spherical shape. The red contours indicate the position where the droplet would
have been if the particle-front interaction would have been absent. Time ¢ = O is defined as the moment in
time the center of the particle would have reached the undeformed front. The denoted scale bars are 100 um.
(d) Particle-front distance /(¢) as a function of time for the three representative cases, i.e., (a) fast extraction
without interaction, (b) sudden additional displacement opposite the direction of motion of the front for the PS
particle, and (c) retardation of the motion away from the front for the oil droplet. (e) Particle-front interaction
length J;,, as a function of time for the (b) PS particle and (c) oil droplet, highlighting the difference in particle
displacement during thawing. (f) Aspect ratio I'(¢) as a function of time, quantifying the reformation dynamics
during extraction of the droplet corresponding to (c).

particle or droplet to interact with the retracting front and no further displacement is experienced by
the object as it reenters the melt [see Figs. 2(a) and 2(d) for a PS particle with R &~ 20 um].
Slowing down the thawing process, however, leads to the observation of interesting interactions.
Whereas for freezing, a critical velocity exists below which encapsulation into the ice does not
occur, there is no such limitation for thawing. Independent on how slow the retraction might
be, the object will always end up in the melt. Alternatively, in the case of PS particles with
R ~ 70 um, and for a sufficiently slow retracting solidification front (here V ~ —0.1 ums~!), the
particle remarkably experiences an additional push by the retracting front, leading to a sudden
displacement in the opposite direction of the motion of the front [see Figs. 2(b) and 2(d)]. This
particular feature becomes more apparent when looking into the particle displacement [, during
thawing [see the red data in Fig. 2(e)], where a sudden positive displacement is clearly visible. We
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FIG. 3. Reversibility of the freeze-thaw cycle for oil droplets. (a) Particle-front distance /() as a function
of time for freezing [blue; see Figs. 1(b) and 1(d)] and thawing [red; see Figs. 2(c) and 2(d)]. The time for the
thawing curve (red) has been inverted and then shifted with #;, to let both curves overlap to highlight the effect
of hysteresis for this particular case. (b) Deformation [blue; see Fig. 1(f)] and reformation [red; see Fig. 2(f)]
dynamics of an oil droplet with R = 105 um during one freeze-thaw cycle, with V & 0.7 um s~' for freezing
and V &~ 0.8 um s~! for thawing. The thawing time has again been inverted and shifted to ensure that the start
of the deformation and the end of the reformation match.

find that such additional displacement becomes smaller when the rate of retraction is increased (see
Supplemental Material Sec. III [30]).

Lastly, for the case of the oil droplet, yet another different observation can be made. For retracting
velocities with values close to V,,;; the motion of the droplet away from the retracting front seems
to be retarded as the droplet enters the melt [see Figs. 2(c) and 2(d)]. In other words, the droplet
slows down, even after the droplet has exited the ice, and is held back by the retracting front for
a specific period of time, before finally moving away again at constant velocity V (see Fig. 2(d)
and Supplemental Material Movie 6 [30]). The extent of the displacement of the droplet in the
direction of the moving front can be quantified once more using /. The data points shown in
blue in Fig. 2(e) clearly show the significance of this displacement. We find that the smaller oil
droplet with R = 70 um is less susceptible to the retracting front and that the extent of the droplet
displacement quickly diminishes at faster thawing rates (see Supplemental Material Sec. III [30]).

As the deformed droplet reenters the melt it will regain its spherical shape. In the same fashion
as above, we determine the instantaneous aspect ratio I'(t) of the droplet in order to quantify the
reformation dynamics. Figure 2(f) depicts a typical curve corresponding to Fig. 2(c), where the
droplet regains its spherical shape (I' = 1), with an apparently similar but reversed dynamics as
during freezing.

IV. REVERSIBILITY

To highlight discrepancies and similarities in the dynamic response of the droplet during one
freeze-thaw cycle we overlap the experimentally obtained results for both the evolution of the
particle-front distance h(t), as well as the deformation parameter I'(z). We choose the most rep-
resentative case corresponding to Figs. 1(b) and 2(c) for the freezing and thawing process of the
same droplet, respectively. Here, the rates of freezing and thawing are comparable and above V.
More precisely, V 2 0.7 ums~! for freezing and V 2~ 0.8 ums~! for thawing. To ensure overlap
between the freezing and thawing curves of the particle-front distance A(t), the thawing curve [see
Fig. 2(d)] has been inverted in time and shifted with #,,. The obtained result is shown in Fig. 3(a).
The figure reveals the difference in the droplet’s response to both processes and the occurrence of
hysteresis. How this affects the overall displacement of the droplet is discussed in the following
section.

For the evolution of the droplet deformation we again invert and shift time for the thawing curve
[see Fig. 2(f)] to ensure overlap with that of freezing [see Fig. 3(b)]. Remarkably, we find that
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FIG. 4. Overall particle displacement during one freeze-thaw cycle. (a) Particle-front interaction length /iy
of the PS particle during both freezing (blue; not previously shown) and thawing [red; see Figs. 2(b) and 2(e)]
as a function of time. The thawing time has been shifted for the curve to become continuous. The inset shows
the theoretical prediction of the slightly adjusted model of Ref. [1] including volume expansion during phase
change. (b) Particle-front interaction length /;,, of the oil droplet during both freezing [blue; see Figs. 1(b) and
1(d)] and thawing [red; see Figs. 2(c) and 2(e)] as a function of time. The thawing time has been shifted for the
curve to become continuous. The inset shows again the theoretical prediction. (c) Sketch of a spherical particle
interacting with an advancing solidification front [1], indicating (among others) the particle-front distance h(z),
the distance between the particle’s surface and the deformed front d(x), and its radius R. The inset shows the
quasistationary force balance, arising from disjoining pressure F; and viscous lubrication F, to determine
the particle velocity u(t).

this process is perfectly reversible, where the dynamics during deformation and reformation seem
identical [also see Supplemental Material Sec. II [30]).

V. OVERALL PARTICLE DISPLACEMENT DURING ONE FREEZE-THAW CYCLE

As shown above, the particles and droplets can experience nontrivial displacements when
undergoing a freeze-thaw cycle. In this section, we briefly revisit the main experimental findings
to rationalize these observations through the current theoretical understandings.

A. Experimental observations

The most convenient way to depict the overall particle displacement during one freeze-thaw
cycle is through the earlier introduced particle-front interaction length /.. To recall, this parameter
is defined as the displacement the particle experiences as it interacts with the front for a certain
amount of time, #,; [see Figs. 1 and 2(d) for their respective definitions], and specifically reads

fi = / " uth(dr. (1
0

Here, u(t) is the particle velocity and the variation in the particle-front distance A(¢) is then given
by

an =V 2

— =u(t)-—V.

dr
If u(t) =V, the particle-front distance A(t) would remain constant. Figure 4 shows the evolution
of this parameter as a function of time during both freezing (blue) and thawing (red) for an
(a) PS particle and (b) oil droplet. Whereas the PS particle is pushed further away from its
initial position, even when the front retracts, the oil droplets tend to return to its initial position,
hence experiencing barely any overall displacement. It should be emphasized that the extent of
the experienced displacements during both freezing and thawing is extremely sensitive to var-
ious environmental conditions, such as the value of V and its intrinsic fluctuations, and hence
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might vary significantly from case to case. Nonetheless, the obvious difference in the dynamic
response of the PS particle as compared to that of the the oil droplet remains apparent. A possi-
ble reasoning is provided below, after having introduced the current standards of the theoretical
modeling.

B. Theoretical modeling

Theoretical models of the interaction between a spherical object and an advancing solidification
front have been developed over the years [3,6-8,10,11] and are able to capture the relevant physics in
order to at least qualitatively match experimental observations during freezing. The question raised
here is: what is the performance of these models when, after having modeled the initial part of the
interactions, we let the front retract at a certain set velocity?

To answer this question we will first briefly review the basics of the theoretical model. A
corresponding sketch including the definitions of the relevant quantities is shown in Fig. 4(c). For
details on the precise underlying physics and the numerical implementation, we refer the reader
to Ref. [1]. In summary, the aim of the model is to predict the velocity of the particle u(¢) as the
solidification front approaches with velocity V. The variation in the particle-front distance is then
given by Eq. (2) and the overall experienced displacement /i, follows after integrating the particle
velocity in time following Eq. (1).

As the distance d(x) between the surface of the particle and the deformed solid-liquid interface
becomes smaller, intermolecular interactions between the particle, liquid, and solid lead to the
presence of a Van der Waals disjoining pressure at the base of the particle. As a consequence of
this local increase in pressure, a thin liquid film, known as a premelted film [32], continuously
separates the object from the solid, even during encapsulation. It is assumed that these repulsive
interactions are the main cause of the particle being pushed by the moving front. The repelling
force Fr; on the object can be obtained by integrating the disjoining pressure IT = A/[67d (x)’]
over the particle’s surface, with A the Hamaker constant. Opposing this force is a viscous friction
force, F\;s, as the object moves through the melt, and the premelted liquid film at the particle’s base
must be replenished or drained. Due to the assumed and justified quasistationarity [1] the particle
velocity can then be obtained by a balance of these forces Frj + Fis = 0. For the latter, one also
needs to know the precise shape of the solid-liquid interface, which at large distances is dictated
by the earlier mentioned mismatch in the thermal conductivities between the particle and the melt,
deflecting the interface towards or away from the object. At the base of the object, a typical distance
d* ~ R[A/(6mR?0y)]'/3 persists that is set by a balance between disjoining pressure and Laplace
pressure [1], i.e., A/ (6wd*®) ~ 04/R, where oy is the surface energy of the solidification front.
The force balance also gives rise to a typical velocity scale W = A/(uR?), with 1 the viscosity of
the melt. Now, by numerically solving the system of equations [1] one can model the interaction
between a spherical object and an advancing solidification front, hence modeling the freezing
process until the particle begins to be engulfed. For the consecutive thawing process, we flip the
sign of V and let the front retract.

In an effort to explain our experimental observations using the theoretical model, we include
secondary effects not accounted for in the main model but introduced previously [1,8]. We include
the effect of the volume change of water during phase change. This gives rise to an extra force Fy
on the object, that originates from alterations to the fluid flow at the base of the particle during
its interaction with the moving front, leading to changes in the particle velocity. Typically, Fy,
V(p1 — ps)/p1 and changes with the sign of the velocity, as well as the extent of the change in density
between the solid (p;) and the liquid (p;). Incorporating this force into the model (see Ref. [1]
for details) we obtain a slightly adjusted model that allows for comparison to the experimental
results.

For the PS particle interacting with the solidification front, the inset of Fig. 4(a) shows the
typical interaction we observe, represented by the theoretically determined /;;,,/R. Unsurprisingly,
the freezing stage (blue data) is qualitatively nicely recovered and agrees with the experimental
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observation. Remarkably, when letting the front retract (red data), the model is actually able to
predict the additional push in the opposite direction of its motion, already observed experimentally.
Just as the particle has exited the ice, the particle-front distance has become very small and the
repelling force Fr; becomes significant again. It therefore seems that the current model is capable
of making valuable predictions on the displacement of PS particles in a strongly repulsive system,
characterized by a large critical velocity [see Fig. 1(e)]. It should be noted that the model assumes
that the particle and the front are sufficiently close together that the lubrication approximation in
the thin liquid film remains valid. As this gap increases in size, during the retraction of the front,
this assumption will not hold any longer. The model thus only provides valuable insights during the
early stages of the front retraction and is currently not able to make predictions for the later stages
of the thawing process. Extending the theoretical framework to take this into account is beyond the
scope of this paper.

This leaves us with the less repulsive oil-in-water emulsion, i.e., a system with a low critical
velocity [see Fig. 1(e)]. Here, we obtain a type of interaction that is depicted in the inset of
Fig. 4(b). Now, we do see a displacement of the object towards its initial position over the
course of the thawing process (red data), similar to what is observed experimentally. In the case
of droplets, a second potential candidate to cause this phenomena could be thermocapillary (i.e.,
thermal Marangoni) forces due to flows at the free interface of the droplet, potentially leading to its
migration [1,8]. However, since we do not observe any migration of the droplet as it is surrounded
by the melt for over an extended period of time, we still assume it to be negligible.

VI. CONCLUSION AND OUTLOOK

To summarize, we have performed unidirectional freezing and thawing experiments on idealized
model systems of oil-in-water emulsions and PS particle suspensions. The aim of the experiments
was to study the interaction between an isolated spherical object with an advancing or retracting
solidification front, and how the overall particle displacement is affected when exposed to a single
freeze-thaw cycle. For the case of the deformable oil droplets, we were also interested in the
reversibility of the deformation dynamics during encapsulation into the ice as compared to its
extraction during thawing.

We experimentally observed and delved into several distinct phenomena, ranging from no
overall displacement of the objects for rapid freezing and thawing, an extended displacement away
from its initial position throughout the entire freeze-thaw cycle for PS particles, and a return
towards its initial position during thawing for oil droplets. The latter two phenomena indicate a
clear emergence of hysteresis in the overall displacement during a single freeze-thaw cycle. We
rationalize the particle response by qualitatively comparing our experiments with our theoretical
model of Ref. [1], including a minor adjustment to account for volume changes during phase change,
yielding a good agreement between the predictions of the model and the experimentally observed
dynamics of the PS particles, for both the advancing front, for which the model was made, but
remarkably also for the retracting front. Additionally, the adjusted model also yields qualitatively
promising results to rationalize the observed behavior of the oil droplets during thawing. Finally,
for the deformation dynamics of the droplets we find that, remarkably, this process is consistently
reversible.

Although our experiments focus on the dynamics of single particles, exposed to only a single
freeze-thaw cycle, we are confident that our current results already highlight the complexities of
this process that need further investigations to be fully understood. Our findings might inspire an
extension of the theoretical framework to be applicable to extended thawing also. Lastly, and espe-
cially in the context of less dilute emulsions or suspensions, where interactions between the particles
are inevitable, similar experiments as discussed here provide excellent research perspectives. These
experiments could bridge the gap from idealized systems to those that are even more complex and
realistic.
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