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When materials freeze, they often undergo damage due to ice growth. Although this
damage is commonly ascribed to the volumetric expansion of water upon freezing,
it is usually driven by the flow of water toward growing ice crystals that feeds their
growth. The freezing of this additional water can cause a large buildup of stress. Here,
we demonstrate a technique for characterizing this stress buildup with unprecedented
spatial resolution. We create a stable ice—water interface in a controlled temperature
gradient and measure the deformation of the confining boundary. Analysis of the
deformation field reveals stresses applied to the boundary with O (micrometers) spatial
resolution. Globally, stresses increase steadily over time as liquid water is transported
to more deeply undercooled regions. Locally, stresses increase until ice growth is stalled
by the confining stresses. Importantly, we find a strong localization of stresses, which
significantly increases the likelihood of damage caused by the presence of ice, even in
apparently benign freezing situations. Ultimately, the limiting stress that the ice exerts
is proportional to the local undercooling, in accordance with the Clapeyron equation,
which describes the equilibrium between a stressed solid and its melt. Our results are
closely connected to the condensation pressure during liquid-liquid phase separation
and the crystallization pressure for growing crystals. Thus, they are highly relevant in
fields ranging from cryopreservation and frost heave to food science, rock weathering,
and art conservation.
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We all know that when water freezes, its volume increases by about 9%. While this explains
how a filled water bottle cracks in a freezer, it does not explain the huge deformations
underlying freezing damage to roads (i.e., frost heave), food, or biological tissue (1). These
more dramatic effects typically occur in a temperature gradient and are associated with a
flux of liquid water into regions below freezing called cryosuction.

Ice grows due to cryosuction via the transport of water along undercooled liquid films
that surround the ice. These films can exist at boundaries between ice and its confining
material. There, interfacial forces combine to give a repulsive interaction between the ice
and the surrounding substrate, which results in a nanoscopic, intervening layer of liquid
water between the two materials (Fig. 1) (2-8). Bulk water can also exist in small pores of
frozen porous materials or at corners of ice crystals. In that case, the ice—water interface
becomes highly curved, and the surface tension of this interface results in a local reduction
of the freezing temperature—described by the Gibbs—Thomson equation (9—11).

Flow in this premelted liquid can be driven by either temperature gradients or gradients
of stress in the ice. A complete description is given by nonequilibrium thermodynamics
(12, 13). However, we can capture the essential features of the flow by considering
the implications of thermodynamic equilibrium between ice and the undercooled water
immediately adjacent to it. This local equilibrium is expressed by the Clapeyron equation:
T,—-T

Tm
Here, p is the ice density, T}, is the bulk freezing temperature at atmospheric pressure,
¢ is the latent heat of melting, and o%¢¢ is the normal stress exerted by the ice on
the substrate. P; is the hydrodynamic pressure of the liquid, defined as the pressure of
a bulk reservoir of water that would be in thermodynamic equilibrium with the liquid
directly adjacent to the ice. To avoid confusion, we note that P; differs from the local
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pressure in the liquid, P'lf (the latter is also commonly used in the freezing literature, and

Plf = P; + 11, where II is the local disjoining pressure in the premelted liquid layer).
Liquid flow arises due to gradients in P; (1). Thus, we see that that flow can be caused
either by gradients in ¢’ or by temperature gradients. Note that Eq. 1 makes several
underlying assumptions, such as ignoring density differences between ice and water (1, 9,
14). These assumptions are detailed in ST Appendix.

A specific example demonstrating how flow in premelted films causes stresses to
build up is shown in Fig. 1. Here, ice is formed in a static temperature gradient, V7.
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Significance

Ice almost always causes damage
when soft, wet materials freeze.
This poses a tremendous,
unsolved challenge across a huge
variety of scientific disciplines.
This damage is not typically
caused by freezing water
expanding but by the process of
cryosuction—which continues
after ice's initial growth. Here, we
characterize how stresses build
up in this process with
unprecedented microscale
resolution. Our technique shows
how stresses are extremely
localized and with great damage
potential. Stresses globally
increase while locally stalling at a
value that is set by the local
undercooling. Beyond freezing,
our work allows us to measure
local disjoining pressures with
micrometer-scale resolution and
has strong ties with the science of
confined crystal growth, such as
in salt weathering.
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Fig. 1.
causes ice accretion and stress buildup near the bulk ice-water interface.

Assuming that the ice is initially stress free, Eq. 1 implies that
VP, ~ VT, causing a flow into and along the premelted layer.
As the water moves to colder temperatures, it freezes onto the ice,
leading to growth of ice as shown in Fig. 1B. This growth deforms
the confining boundary and creates stresses that can ultimately
damage it.

These theoretical concepts form the basis of cryosuction theory
(9, 15-18) and frost heaving (12-14, 19-22). However, they have
almost exclusively been tested via macroscale experiments, which
measure spatially averaged stresses and ice segregation in porous
materials without microscale resolution or without temperature
gradients (10, 23-30).

Here, we directly measure the evolving stresses exerted by
individual ice crystals in a steady temperature gradient with
unprecedented spatial resolution. We grow ice into a soft-walled
chamber (31) and monitor the wall deformations, allowing us to
measure evolving ice stresses. Locally, stresses increase until they
stall at a fixed value. Globally, stresses continuously accumulate
over increasingly large areas of the ice—substrate interface.
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Fig. 2.

Schematic showing how stresses build up due to cryosuction in a temperature gradient. (A) Initially, both ice and substrate are stress free. (B) Cryosuction

Our experimental freezing setup, an extension of ref. 32, is
shown schematically in Fig. 24. The freezing cell consists of
two glass coverslips with a 600-pm spacing, where the bottom
coverslip is coated with a thin layer of silicone (33, 34). The
layer thickness, h, is adjusted in the range of 88 to 105 pm, and
Young’s modulus, E = 22 to 295 kPa (characterized following
ref. 35). To visualize deformations, 200-nm-diameter fluorescent
tracer particles are attached to the silicone gel surface, following
the protocol in ref. 36, with an average spacing of 10 pm. The
freezing cell is mounted on the bottom of two aluminum blocks
whose temperature is fixed with a precision of + 0.05 °C, allowing
us to impose a steady temperature gradient across the cell. With
this setup, the ice—water interface position fluctuates by less than
5 pm in experiments lasting up to 6 h. The exact value of VT
is measured by placing a thermistor in the cell and measuring
its distance to the ice—water interface. A 2-mm gap between
the blocks lets us image ice growth with bright-field, polarized
light, and confocal microscopy (37, 38). SI Appendix has further
details.
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Imaging substrate deformations in a freezing cell. (A) A schematic of the experimental setup showing the angle 6 between the c axis of the ice crystal

and the z axis. (B) Pseudocolored confocal microscopy image showing a side view of the ice-water interface and the growing indentation into the soft elastic
layer below it. The color in the water comes from fluorescent nanoparticles, which are expelled by the growing ice. (C) A typical surface profile underneath an
ice crystal. The profile is uniform along the ice-water interface, allowing us to collapse the data along it.
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Fig. 3. The time evolution of surface displacements and stresses near an ice-water interface at x = 0 (with £ =22 kPa, VT = 0.4 K/mm, and thickness of
88 um) for (A) substrate displacements uy (dashed curves) and u;, (continuous curves). (B) The corresponding traction and normal stresses o (dashed curves)
and opp (continuous curves). Lower (darker) curves are at later times. (C) Evolution of o, over time at the x positions marked in B.

To perform the experiment, we fill a cell with deionized water
that has been allowed to equilibrate with the room atmosphere
[i.e., it contains a small amount of dissolved air (39)]. We also
add a minimal amount of fluorescent 100-nm-diameter particles
to visualize the ice—water interface (Fig. 2B). The cell is cooled to
—0.5 °C on one side, and ice is nucleated by touching the cell
briefly with a liquid nitrogen—soaked cotton swab. The tempera-
ture is slowly reduced (at 0.1 K/min) to grow ice to the edge of
the intended imaging region. Then, after 15 min of equilibration
time, we start taking confocal stacks and bright-field images. The
experiment starts (¢t = 0) at the point when we apply one last
small cooling step, advancing the ice into an initially stress-free
region. In this way, we are able to capture the very beginning of
the stress buildup. The process creates large individual crystals, so
that our entire imaging region consists of a single ice crystal (40,
41). We measure its orientation by looking at the crystal color
between crossed polarizers (42—45) (SI Appendix). This allows us
to measure the angle, 6, between the ¢ axis of the ice crystal and
the z axis with about 10° accuracy. If the ice exerts stresses on the
surrounding cell, we see this as deformations of the silicone layer.
We quantify this by measuring the positions of the individual
tracer particles with a confocal microscope and tracking their dis-
placements with a resolution of 0.06 pm in the z and y directions
and 0.1 pm in the 2z direction, with z, y, z defined in Fig. 2B.

Since the cell is open to atmospheric pressure at both ends,
there is no pressure buildup due to water expanding as it freezes.
However, stresses still build up next to the ice—water interface due
to cryosuction. This can be seen in the raw microscopy data in Fig.
2C, where there is a clear indentation in the soft elastic layer next
to the ice—water interface. For single crystals, this deformation is
always very uniform along the ice—water interface, as shown in
Fig. 2C, and thus, we average it along the axis of the ice—water—
substrate contact line to give two-dimensional representations of
the substrate indentations, as shown in Figs. 2B, 3, and 4.

A typical example of the evolution of substrate deformations
under the ice is shown in Fig. 34. This shows measured horizontal
and vertical displacements of the surface (1, and u,, respectively)
at selected time points. At each time point, these are plotted
relative to the position of the ice—water contact line on the
substrate. At time 0, the final cooling step is applied to advance
the ice. The ice takes ~10 min to stabilize at its final position,
and there is a small amount of substrate deformation during
this time. However, after this, we see much larger deformations
appear with a continuously growing dimple emerging behind the
ice front. Simultaneously, the substrate bulges up on the liquid
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side of the contact line due to its incompressibility. Initially, the
dimple grows quickly but later, slows down significantly (note the
growing time intervals). As the indentation grows, its position
of maximum indentation also moves to colder temperatures,
resulting in a significant volume of ice pushing down into the
underlying substrate.

For further insight, we calculate the stresses exerted by the ice
with traction force microscopy (TFM) (36, 46). This involves
solving a linear-elastic problem to calculate the in- and out-of-
plane traction stresses exerted on the silicone surface (0, and
022, respectively) from u, and u, (47). In brief, point values of
Uy and u, are interpolated onto a grid and smoothed to reduce
measurement noise. These fields are Fourier transformed and mul-
tiplied by a wavelength-dependent kernel function, Q(E, v, k),
where v and h are the substrate’s Poisson ratio and thickness,
respectively. We obtain traction stresses by inverse Fourier trans-
forming and subtracting a uniform value from ¢, to ensure that
the average traction stresses on the water side of the interface
are zero. This last one is necessary to give absolute values of o,
when using incompressible substrates but not when calculating
Oz (47). Finally, we rotate these stresses to get 0y, and oy, the
normal and shear stresses relative to the local substrate surface,
respectively. 0, = Oy, to excellent approximation, but there is a
small quantitative difference between 0,1 and 0. Further details
are given in ST Appendix.

The TFM results show that the stresses build up near the
contact line, similarly to the substrate deformations (Fig. 3B).
However, unlike the indentation, both sets of stresses under the
water-filled part of the cell are flat and close to zero. This makes
sense because the cell is open to the atmosphere, and there is no
pressure in the liquid phase. Furthermore, the tangential traction
stresses are approximately an order of magnitude smaller than the
normal stresses, and the measured horizontal deformations u,, are
predominantly caused by the normal stresses. This fits with the
schematic picture in Fig. 1 of a lubricated interface between the
silicone and the ice.

While the global maximum stress steadily increases, the stress
at each position appears to eventually saturate. In Fig. 3C, we plot
Onn vs. time at fixed positions behind the ice—water interface.
We see that the stresses close to the ice—water interface plateau,
suggesting the presence of a local maximum pressure that the ice
can exert on its surroundings. The farther away from the interface,
the longer it takes for the stress to stall. At the farthest point from
the interface shown (pink curve in Fig. 3C), the stress buildup
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Fig. 4. The effect of £and VT on ice growth and stress buildup. (A) Substrate displacements uy (dashed curves) and u, (continuous curves) for four experiments
with different applied temperature gradients and substrate stiffnesses as indicated. The ice-water interface is at x = 0. (B) The corresponding stresses op
(dashed curves) and on, (continuous curves). The shaded areas denote experimental uncertainties. C shows the same stresses as a function of the local
temperature. The dashed line shows the expected stalling stress from Eq. 1. In all panels, soft, elastic-layer thicknesses are 88, 105, 105, and 88 pm, while
crystal orientations are § = 30° £ 10°,82° + 8°, 82° + 8°, and 82° + 8° for green, red, purple, and blue curves, respectively. The blue curves correspond to

the data in Fig. 3.

slows but does not plateau over the course of the experiment. For
points close to the interface, there appears to be a small but steady
increase in the plateau region. We believe that this is caused by a
small drift of the ice—water interface position over the course of
the experiment (S Appendix).

We see similar results when we vary V1" and E. Fig. 44 shows
the indentation at the same time point for three experiments
with similar substrate thickness. Increasing stiffness results in
smaller indentations (compare green and purple curves), while
increasing the temperature gradient results in a faster ice buildup
(compare red and purple curves). Fig. 4B shows the calculated
stresses corresponding to the data in Fig. 44. As before, there are
always negligible shear stresses, and the normal stresses locally stall
near the ice~water interface (S Appendix). Interestingly, while the
size of the indentation is very sensitive to substrate stiffness, the
stresses are much less so. Here, the stresses near the ice—water
interface are very comparable for the two experiments with the
same temperature gradient, despite a factor of six in stiffness. On
the other hand, increasing the temperature gradient by a factor
of two seems to approximately double ¢,y near the ice—water
interface. These results hint at a stall pressure that mainly depends
on local temperature.

A local temperature-dependent stall pressure fits remarkably
well with the predictions of Eq. 1, setting 02¢ = 7,,,. Stall should
occur when flow from the bulk water into the premelted layer
ceases: when P; = 0. This corresponds to a predicted stall stress
of 0735, = —pam T4
be derived from nonequilibrium thermodynamics (13)]. In Fig.
4C, we plot the measured stresses as a function of T, along with
the theoretical prediction (dashed line). We see that the measured
stall stresses collapse onto a single line that matches the theory to
within error bars. This collapse seems to not be affected by ice-
crystal orientation. However, it is likely that the stalling dynamics
will depend upon 6, as different ice facets have very different
premelted-layer thicknesses (6, 48, 49). It is also intriguing that
the theory works so well, as it validates the series of assumptions
it is based upon (see SI Appendix).

While the details of the final local stall pressure only depend
on VT, the global growth dynamics are more complex. Fig. 44
shows that displacements build up fastest in higher temperature
gradients and on softer substrates. By contrast, Fig. 4B shows
that stresses appear to build up fastest in steeper temperature

[note that a very similar result can also
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gradients but on stiffer substrates. The distinction between these
is important, as it is the stresses that dictate when damage is likely
to occur. Ultimately, assuming that ice buildup is fed by flow
in premelted films, the dynamics are controlled by the interplay
between the hydrodynamic pressure gradients that drive flow
and the changes in film thickness that lead to reduced liquid
mobility at colder temperatures. This has been modeled for the
case of a simple spring-like substrate (9, 17), and our results are in
qualitative agreement with that work.

Although it is beyond the scope of this paper, we note that
there are two further factors that may alter the dynamics of
stress buildup. First, ice growth may not only be fed by flow in
premelted films. Silicone is known to be permeable to water, even
though water barely swells it (50). Thus, ice could also grow by
transport through the bulk of the substrate. Second, premelted
film thicknesses are expected to be O(micrometers) thick near the
ice—water interface (i.e., much larger than the nanometric films
that are caused by interfacial forces alone). This is because the
surface energy of the ice—water interface, v, rounds out the corner
of the ice crystal at the three-phase contact line. This rounding
causes an effective divergence in the thickness of the premelted

film over a distance L. = v/7 Ty /pqm G from the contact line

(51). In our experiments, L, ~ 10 um, which is comparable with
the length scale over which we see the greatest stress buildups.
Thus, it could be that capillarity plays an important role in
controlling ice-growth dynamics via the enhanced liquid mobility
in this region.

In conclusion, we have characterized how stresses build up
around an ice crystal in a steady temperature gradient. Our
technique allows us to measure local stresses with O(micrometers)
spatial resolution. Near the ice—water front, ice grows by cryosuc-
tion, causing normal stresses of O(kPa) to build up within a few
minutes. At the same time, ice exerts much smaller shear stresses
on its surroundings, presumably because of the lubricating effect
of premelted layers between the ice and substrate. Ultimately, the
normal stresses reach a stall value of about 1 MPa/K, which is in
remarkably good agreement with the long-standing predictions
of the Clapeyron equation. This gives strong support to this
equation’s widespread use as a foundation of freezing theory and
in other systems where premelting is important, including glacier
movements (52), and alloys and metals at high temperatures
(53, 54). Our results show how stress buildup is highly localized,
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explaining the large propensity for damage during freezing. This
is important for processes like food storage and cryopreservation.
We anticipate that our technique can be used to gain insights into
the role of additives, like antifreeze proteins and cryopreservants,
in protecting against damage. Our work is also closely related to
the condensation pressure in liquid-liquid phase separation (55)
and to the crystallization pressure observed when crystals form
in confinement (56-58), which controls processes ranging from
weathering (59) to vein formation in rocks (60). In these cases,
pressures caused by supersaturation result in a stress buildup, and
our technique offers a simple way to study this.

There is clearly still work to be done to understand the
cryosuction process. Here, it takes a relatively long time to build
up micrometer-sized deformations with accompanying stresses of
O(10 kPa). However, in practice, materials can fail even after one
short freezing cycle and with smaller temperature gradients. This
indicates that faster transport mechanisms are likely present than
the premelted film flows that dominate here. One potential mech-
anism is the flow of supercooled water through porous substrates,
like hydrogels or biological tissue. Alternatively, water normally
contains significant amounts of solutes, and this is known to
strongly influence both bulk freezing (61), and premelted-layer
characteristics (62). We hope to address this question in future
work.

Materials and Methods

To create the experimental cell, we glued together two glass microscope slides,
one of which was coated in a layer of silicone elastomer. The silicone consisted of
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either Sylgard 184 (Dow Corning) or a mixture of HMS-301 and DMS-V31 with
Karstedt's catalyst [Gelest (33)]. The silicone was spin coated onto the glass to
give a layer thickness between 85 and 105 pm. After the silicone was cured, the
cell was assembled with spacers to give an interior volume that had approximate
dimensions of 3 x 1.5 x 0.6 mm. To visualize the glass-silicone interface and
the upper surface of the silicone, we attached fluorescent nanoparticles to these
interfaces (200-nm carboxylate-modified Fluospheres; Thermo Fisher Scientific)
following previous protocols (47).

To image the cell, we filled it with deionized water, attached it to our freezing
apparatus with thermal paste, and grew ice by cooling down one side of the cell.
The whole freezing apparatus fits on a piezo stage of a confocal microscope (Nikon
Ti-2 with a CSU-W1 spinning disk confocal attachment from 3i). We imaged the
fluorescent nanoparticles in the sample at regular intervals by taking confocal
image stacks with a Nikon 20x air objective (numerical aperture 0.45). This ob-
jective was temperature stabilized with a heating collar (TC-HLS-025; Bioscience
Tools) to minimize temperature fluctuations in the cell. We processed the images
following ref. 47 to obtain the three-dimensional locations of all the fluorescent
nanoparticles and the displacements of these nanoparticles between time points.

Further details are given in S/ Appendix. This includes a detailed schematic of
the freezing apparatus, the protocol for growing large crystals of ice in the cell,
and a description of the technique for estimating the orientation of ice crystals.
SI Appendix also describes how we measure temperature gradients in the cell and
the precise calculation details involved in TFM. Finally, we provide a derivation of
Eq. 1.

Data Availability. All study data are included in the article and/or S/ Appendix.
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