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Structural properties of materials created through freeze casting
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Abstract

Upon freezing of an aqueous suspension of colloidal particles, ice platelets or dendrites with high aspect ratios are formed that engulf
or reject the particles, depending on their size and the velocity of the advancing ice front. As the particles are pushed between the growing
crystals, concentrated regions of colloidal particles are formed. Recent experiments have exploited this to create strong, porous materials
with a well-controlled microstructure. We investigate this process by means of molecular dynamics simulations, focusing on the effect of
the ice front velocity on the structure of the resulting material. We develop a model that accounts for particle engulfment or rejection by
the ice front, and study both columnar and lamellar geometries. The degree of order of the resulting solid and the thickness of the walls
surrounding the pores are shown to be determined by front velocity and initial particle concentration in the suspension.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Strong, lightweight, porous materials are desirable for a
wide range of applications, including filters, fuel cells and
biomedical implants. One method to create such materials
is freeze casting, in which an aqueous suspension of solid par-
ticles is cast into a mold and subsequently frozen. The grow-
ing ice crystals generate ice fronts that concentrate the
suspended particles in the intervening space. Upon removal
of the ice through freeze drying, a porous, solid structure
remains that can be sintered [1]. Although historically freeze
casting has mostly been known for its flexibility and low cost,
yielding materials with irregular structure [2], the use of
directional freezing [3] permits remarkable control over the
resulting pore structure. Indeed, this approach has been used
to create a variety of structures, such as silica fiber bundles
[3], tubular supports with radially aligned pores [4] and
micro-honeycombs [5]. Freeze casting primarily employs
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suspensions of ceramic particles, but recently it also has been
used to fabricate titanium foams with aligned, elongated
pores [6]. The field received renewed attention with the work
of Deville et al. [7,8], who demonstrated that complex com-
posites can be built with lamellar microstructures that
depend on the velocity of the freezing ice front and the initial
conditions of the aqueous suspension. The porous scaffold
obtained through freeze casting is backfilled with a second
phase, resulting in a nacre-like material [7,9].

Whereas various aspects of the freeze-casting process,
such as control over spacing between ice platelets [7,8]
and the interactions between an advancing ice front and
colloidal particles [10,11], have been explored previously,
little is known about the arrangement of colloidal particles
within the resulting structures. It is therefore the purpose of
the present study to investigate by means of molecular
dynamics simulations how details of the freezing process
affect the resulting solid structure. In particular, we exam-
ine the role of ice front velocity and particle concentration.
The simulations are restricted to an idealized model system,
but we believe that these simulations nevertheless provide
guidance for the creation of specific target structures.
rights reserved.
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Fig. 2. Schematic representation of the columnar geometry, looking down
the z-axis. Cylindrical dendrites of ice form parallel to the z-axis and grow
radially outward at a constant rate. As in Fig. 1, the solid particles are
pushed into the intervening regions.
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2. Model and method

We perform molecular dynamics simulations using a
custom-modified version of the LAMMPS package [12].
To reproduce both the lamellar structure resulting from
platelet-like ice crystals [7] and the honeycomb structures
observed in Refs. [3,5], we employ three-dimensional simu-
lations in a planar and a columnar geometry. In the lamel-
lar system, depicted schematically in Fig. 1, two parallel ice
fronts (lateral area 10 lm� 10 lm) are placed initially
10 lm apart. As the platelets become thicker, these ice
fronts advance towards each other (along the z-axis) at a
constant velocity until they meet. In this case, we employ
periodic boundary conditions in the x and y directions.
The columnar geometry is generated by modeling the den-
drites as rods that are arranged in a 2 � 2 hexagonal cell
(Fig. 2). The rods are aligned along the z direction, with
a nearest-neighbor spacing of 5 lm. During the simulation,
their radius increases at a constant rate from 0 to 2:5 lm.
The cell has a height of 10 lm, and to minimize finite-size
effects we replicate it periodically in all three dimensions,
creating an infinite array of infinitely long dendrites.

In both geometries, the suspended particles are modeled
as monodisperse spheres that interact through a purely
repulsive potential:

V ðrÞ ¼ kBT
r
r

� �48

; ð1Þ

where r ¼ 200 nm is the diameter of the particles, kB is
Boltzmann’s constant, and the temperature is set to
T ¼ 0 �C. The potential is cut off at r ¼ 1:2r. The power
law is chosen to create an excluded-volume interaction that
is steep enough to avoid unphysical particle overlaps at
high concentrations, while simultaneously permitting a
time step that is not too small. Its specific value does not
affect the outcome of our calculations. All simulations
Fig. 1. Schematic diagram of the lamellar geometry. The two planar ice
fronts advance at a constant rate in the direction of the arrows, which run
parallel to the z-axis. The fronts represent growing platelets that
concentrate the suspended colloidal particles in the center region. All
simulations are performed in three dimensions.
are carried out in the NVT ensemble and the temperature
is controlled by means of a Langevin thermostat. Initially,
the particles are distributed homogeneously throughout the
simulation cell and brought to thermal equilibrium. The
interaction between the particles and the ice front is repre-
sented by the van der Waals potential for a sphere and a
plane near contact [13]:

W ðhÞ ¼ �AR
6h
; ð2Þ

where R ¼ r=2 is the particle radius, A the Hamaker con-
stant and h the surface-to-surface distance between the
ice front and the particle. For alumina particles (used in
Ref. [7]) pushed by ice, A ¼ �2� 10�21 J, as calculated
using the Lifshitz theory [14]. Its negative value indicates
a repulsive interaction [15,16]. Our choice of r ¼ 200 nm
is comparable to the diameter of particles used in various
experiments [2,7,8]. In order to relate our findings to recent
experiments that employed titanium particles [6], we also
investigate systems with r ¼ 20 lm. In this case
A ¼ �7� 10�20 J [17]. For these large particles we only
consider a columnar geometry, in which the dendrites have
a nearest-neighbor spacing of 800 lm and the height of the
simulation cell equals 1600 lm.

The repulsive interaction between the advancing ice
front and the suspended particles causes the latter to be
pushed into the interlamellar or interdendritic space, pro-
vided the front velocity, vf , is less than the critical velocity,
vc. Once the front velocity exceeds this critical value,
vf > vc, particles are engulfed by the ice front [6,8,16]. Par-
ticle engulfment has a twofold effect on the porous struc-
tures that are created during freeze casting: (i) it reduces
the particle concentration in the space between the
approaching ice fronts, allowing the growth of larger ice
crystals, and hence larger pores and (ii) the particles that
are incorporated within the ice crystals can form narrow
‘‘linkers” of touching particles that, upon freeze drying,
act as interconnects within the porous material. Such link-
ers have been observed in the lamellar structures formed by
platelet-shaped ice crystals [7]. We incorporate this phe-
nomenon in the molecular dynamics simulations by setting
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Fig. 3. Volume fraction of colloids in the liquid phase, /, as a function of
the distance d each of the approaching ice fronts has traveled, for the
lamellar geometry and an initial volume fraction /i ¼ 0:15. The top axis
shows the width D of the gap between the platelets. The volume fraction
increases gradually and monotonically until a value of / � 0:65 is reached,
at which point the colloids form a solid. As the ice moves through this
solid, the volume fraction increases more slowly and the oscillations
observed are due to the ice moving through layers of particles, cf. Fig. 6.
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a distance d, such that a particle is engulfed if its surface-to-
surface distance to the ice front, h, is less than d. Once
engulfed, the particle remains stationary for the duration
of the simulation. The distance d is chosen such that the
repulsive force exerted on the particle by the ice front
equals the viscous drag force on the particle at the critical
velocity, vc. For alumina particles of diameter 200 nm
pushed by ice in water, vc ¼ 125 lm s�1 [16,6]. The drag
force F d is calculated from Stokes’ law:

F d ¼ 6pgRvc; ð3Þ
where g ¼ 1:8 cP is the viscosity of water at T ¼ 0 �C. By
setting the frictional force used in the Langevin thermostat
to correspond to the solvent viscosity, we arrive at a simu-
lation method that takes into account particle engulfment.
This method ignores the effect of gravity, the curvature of
the ice front and the influence the particles have on the
shape of the ice front. While other simulation studies have
used more detailed models of the interactions between a
particle and an advancing solidification front [10,11], these
have focused on a single colloidal particle. In contrast, our
simplified model allows us to consider realistic particle con-
centrations and front velocities while capturing the impor-
tant aspects of the engulfment process, including the
collective behavior of large numbers of particles. Our sim-
ulations involve 35000–280000 particles and took up to
1600 CPU h per run. In total, 51 runs were performed to
cover all parameter choices, requiring 4 months of CPU
time on a quad-core Intel Xeon E5472 processor.

3. Results

3.1. Evolution of colloidal volume fraction upon ice crystal

growth

We first present the results for particles with a diameter of
200 nm. To determine the effect of front velocity, we investi-
gate six different values of vf , namely 2, 20, 40, 60, 80 and
100 lm s�1. These values span the range of experimentally
achievable front velocities [7]. We also investigate the role
of colloid concentration by considering three different values
of the initial volume fraction, /i ¼ 0:15, 0.25 and 0.35. It is
worth noting that the front velocity plays a role in determin-
ing whether the ice crystals form as platelets or dendrites [8].
However, in our calculations we have treated front velocity
and geometry as independent parameters.

As the platelets or dendrites grow, the volume accessible
to the particles decreases. At the same time some of the par-
ticles become engulfed, reducing the number of free particles
in the system. Particles can be engulfed even if vf < vc if par-
ticles have a sufficiently high velocity towards the ice front or
if they are surrounded by other particles which force them
into the ice front [18]. Because of this, the volume fraction
of particles in the aqueous phase, /, changes as the ice crys-
tals grow. As an example, this is illustrated for a lamellar
geometry in Fig. 3, which shows / as a function of the dis-
tance d each of the ice fronts has traveled. We also indicate
the corresponding width of the gap between the ice fronts,
D ¼ 10 lm� 2d. Most of the particles are pushed, with only
a small fraction being engulfed, and / increases monotoni-
cally. This behavior continues until a volume fraction
/ � 0:65 is reached, i.e. close to the random close-packed
volume fraction. For /i ¼ 0:15 and vf ¼ 2 lm s�1 this occurs
at d ¼ 19:5r, or a gap width D ¼ 2:2 lm. At this point, the
colloidal particles form a solid which prevents the particles
closest to the ice front from being pushed farther. For higher
front velocities, this point occurs at larger values of d (thicker
platelets) since more particles are engulfed before a solid is
formed and a smaller gap volume is required to reach the
same volume fraction. After this, the ice front moves through
the solid, pushing the remaining particles only over short dis-
tances, typically a fraction of their diameter r, before engulf-
ing them. Interestingly, the lowest front velocity, vf ¼ 2
lm s�1, does not result in the largest final volume fraction.
This can be understood as follows. As the system approaches
solid-like densities, the pressure becomes large enough to
force the particles into the ice front. At the lowest front veloc-
ity, more time is spent in this state and consequently more
particles are engulfed. This, however, is not a large effect
and the difference in volume fraction between vf ¼ 2 lm
s�1 and vf ¼ 20 lm s�1 is less than 0.03.

The behavior for the columnar geometry (Fig. 4) is quite
similar, although there is no dependence on front velocity
until the random close-packed volume fraction is reached,
indicating that there is a lesser tendency of particle engulf-
ment in this geometry.

3.2. Structure of solid phase

Our simulations do not only provide information on the
evolution of the system as the ice crystals grow, but also
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Fig. 4. Volume fraction / of colloids in the liquid phase as a function of
the dendrite radius r, for the columnar geometry and an initial volume
fraction /i ¼ 0:15. The graph also shows the width D of the interdendritic
space, as measured along the center-to-center axis between neighboring
dendrites. The volume fraction increases gradually and monotonically
until a value of / � 0:65 is reached, at which point the colloids form a
solid. As the ice moves through the solid, / increases more slowly.

Fig. 5. Final configuration of particles which remain after sublimation for
vf ¼ 2 lm s�1 (top), vf ¼ 40 lm s�1 (middle), and vf ¼ 100 lm s�1 (bot-
tom) for an initial volume fraction /i ¼ 0:35 in the lamellar geometry. The
particles are depicted as points for clarity. Lower front velocities lead to
thicker walls since fewer particles are engulfed, and higher front velocities
result in rougher surfaces. For vf ¼ 2 lm s�1, layers are clearly visible.
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permit investigation of the resulting solid colloidal phase.
Once the colloids have been compressed into a dense state,
the ice front continues to invade this phase, engulfing the
colloids. Colloidal rearrangements may still occur at this
stage, depending on front velocity. For the lamellar geom-
etry, the freezing process is complete when neighboring ice
fronts meet, i.e. at d ¼ 5 lmð25rÞ. For the columnar geom-
etry, this point (i.e. d ¼ 12:5r ¼ 2:5 lm) marks the end of
isotropic radial growth of the dendrites; the ice will con-
tinue to invade the interstitial voids, but we do not observe
any further displacement of the colloids. In the experimen-
tal system, the ice is subsequently removed through subli-
mation and loose particles (i.e. those that are
disconnected from the solid structure) have to be disre-
garded. In our simulations, we determine which particles
remain by means of a cluster-finding algorithm that identi-
fies groups of connected particles. For this purpose we
define two particles as connected if their surfaces are sepa-
rated by less than 10 nm. Fig. 5 shows the final configura-
tions of the particles which would remain after the ice is
removed for /i ¼ 0:35 and a range of front velocities. As
mentioned, higher front velocities lead to thinner colloidal
configurations since more particles are engulfed before a
solid is formed. In Ref. [7], some of the engulfed particles
were found to form bridges that link neighboring colloidal
domains, thus mimicking the inorganic bridges that are
found in nacre (cf. also Ref. [9]). Although we did not
observe such bridges in our simulations, we found that
higher front velocities result in rougher surfaces, since the
particles have less time to rearrange as they are being
pushed. This effect is more pronounced for higher initial
volume fractions. The ability to manipulate the surface
roughness is desirable, as it can be exploited to influence
the bonding between the colloidal phase and the second
phase that is backfilled into the pores left by the sublimated
ice.

Our results for the columnar geometry corroborate the
role played by particle engulfment in determining the thick-
ness and surface structure of the colloidal phase. Indeed,
since virtually no engulfment is observed in this case (cf.
Fig. 4), we observe hardly any difference in wall thickness
and surface roughness for different front velocities.

Inspection of the configurations depicted in Fig. 5 sug-
gests that, for low front velocities, the particles form layers
that are aligned parallel to the ice front. This observation is
confirmed in Fig. 6, which shows the density profile in the
direction perpendicular to the ice front, qðzÞ, for an initial
volume fraction /i ¼ 0:25 and three different front veloci-
ties. The density profile not only emphasizes the depen-
dence on front velocity, but also shows more pronounced
layering near the edges (surfaces) of the dense phase. This
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the surface layer of the resulting solid structure).
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arises because the colloids in the outer layers have been
pushed over larger distances prior to being engulfed,
allowing the system to arrange into a more regular struc-
ture. The question then arises if regular colloidal arrange-
ments can be observed within a layer, at least for the
outer layers at the lowest front velocities. To determine
this, we probe the two-dimensional pair correlation func-
tion g2dðrÞ within a slab that contains the layer closest to
the surface. As can be seen in Fig. 7, there is no long-range
order, even when well-defined layers are formed, and the
peaks are indicative of a liquid-like arrangement. The front
velocity has little effect on the structure within a layer; even
though the nearest-neighbor peak is highest for vf ¼ 2 lm
s�1, the behavior at larger distances is independent of vf .
We find qualitatively similar results for other layers, and
for different initial volume fractions.

In analogy with these observations, we find for the colum-
nar geometry that low front velocities result in the formation
of cylindrical shells around the dendrites. This is quantified
by means of the radial distribution function of the particles
around the dendrites, gd;pðrÞ, as shown in Fig. 8 for
/i ¼ 0:15. Interestingly, although Fig. 4 shows that virtual
no particle engulfment takes place in this geometry and
hence the evolution of the colloidal volume fraction is prac-
tically independent of front velocity, we find that the struc-
ture within the compressed phase varies strongly with front
velocity. For vf ¼ 100 lm s�1, a layered structure no longer
develops. The intra-layer structure is characterized by means
of the two-dimensional pair correlation function calculated
within a cylindrical shell containing the first particle layer
(corresponding to the leftmost peak in Fig. 8). As with the
lamellar geometry, we observe clear peaks, but there is no
long-range order (see inset of Fig. 7).
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Fig. 6. Density profile qðzÞ of the final configuration of the particles for
the lamellar geometry and /i ¼ 0:25. Different front velocities are offset
for clarity with vf ¼ 2 lm s�1 (top), vf ¼ 60 lm s�1 (middle), and
vf ¼ 100 lm s�1 (bottom). For vf ¼ 2 lm s�1 there are well-defined layers
that are not seen for the higher front velocities. Note that for these higher
velocities qðzÞ does not decay to zero outside the center region because of
particle engulfment.
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Fig. 8. Radial distribution function gd;pðrÞ of the particles around the
dendrites, for the columnar geometry with an initial volume fraction
/i ¼ 0:15. Different front velocities are offset for clarity, with
vf ¼ 2 lm s�1 (top), vf ¼ 60 lm s�1 (middle), and vf ¼ 100 lm s�1

(bottom). The peaks in gd;pðrÞ correspond to layers of particles forming
concentric cylindrical shells around the dendrites. Lower front velocities
result in well-defined layers not observed for the highest front velocity,
vf ¼ 100 lm s�1.
3.3. Role of particle size

For both lamellar and columnar geometries, we con-
clude that layers form for lower front velocities because
the particles have enough time to rearrange as they aggre-
gate in front of the advancing ice. This can be confirmed by
comparing the diffusive behavior of the particles to the
front velocity. Using the drag force computed in Eq. (3),
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we obtain a diffusion coefficient D ¼ 1:11� 10�12 m2 s�1.
Accordingly, a particle will diffuse over a distance equal
to its own diameter in 6� 10�3 s, whereas it takes a front
velocity of 33 lm s�1 to push the particle over the same
distance in the same time. This is indeed consistent with
the observation that we see well-ordered layers for
vf ¼ 2 lm s�1 but not for vf ¼ 100 lm s�1. Although we
do not observe a sharp transition from order to disorder,
the diffusion coefficient can be used to estimate how slowly
the ice front must advance to obtain a layered structure.
For example, for much larger particles with r ¼ 20 lm
(comparable to the coarse titanium powder employed in
Ref. [6]), the diffusion coefficient is 100 times smaller at
D ¼ 1:11� 10�14 m2 s�1. In this case it takes 6000 s for a
particle to diffuse over its diameter and an ice front advanc-
ing at 3:3� 10�3 lm s�1 would push the particle over the
same distance in that time. Because of this slow diffusion
rate, particles are unable to rearrange as they are pushed
at typical front velocities, and long-range order cannot be
achieved. To demonstrate this, we simulate these larger
particles in a columnar geometry with a nearest-neighbor
spacing between dendrites of 800 lm and measure the
radial distribution function gd;pðrÞ in the final configura-
tion, as shown in Fig. 9 for vf ¼ 1 lm s�1 and /i ¼ 0:15.
There are no well-defined layers and the structure resem-
bles what is observed for r ¼ 200 nm at vf ¼ 100 lm s�1

(Fig. 8).
The second effect that arises when larger particles are

employed is the decrease in critical front velocity, vc. For
200 nm particles, the front velocities we employ are always
less than vc and thus in all cases only a small fraction of the
particles are engulfed before a solid is formed (cf. Figs. 3
and 4). However, for r ¼ 20 lm different behavior is
observed. The critical front velocity for this system is
37 lm s�1 [6] and thus the range of front velocities that
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Fig. 9. Radial distribution function gd;pðrÞ of large particles (diameter
r ¼ 20 lm, initial volume fraction /i ¼ 0:15) around dendrites in a
columnar geometry with a nearest-neighbor separation of 800 lm. In this
counterpart of Fig. 8 (which pertains to particles with a 100 times smaller
diameter), no layers are formed around the dendrites, even at the lowest
front velocity of 1 lm s�1.
results in pushing of particles is diminished. Also, within
that range, we find that the front velocity has a larger effect
on the final volume fraction of the system. This is illus-
trated in Fig. 10, which is the counterpart of Fig. 4,
showing the instantaneous volume fraction of particles
for different values of vf at a fixed initial volume fraction
of /i ¼ 0:15. If the front velocity exceeds 30 lm s�1, parti-
cles are never pushed and thus remain homogeneously dis-
tributed. Front velocities of 10 and 20 lm s�1 do result in
particles being pushed over long distances and the volume
fraction in the interdendritic regions increases; however,
many particles are still engulfed and the final volume frac-
tions are not high enough for a solid to form. Only at the
lowest front velocity of 1 lm s�1 are a sufficient number of
particles pushed to form a solid. From this, we see that for
large particle sizes the front velocity only affects the frac-
tion of particles that are engulfed, not the structure of
the resulting solid phase.

4. Conclusions

Cryochemical methods hold significant promise for the
manufacturing of nano- and microscale materials. Moti-
vated by the recent experimental demonstration that freeze
casting can be employed to fabricate composite materials
with a well-controlled microstructure, we have investigated
the effects of ice front velocity, ice crystal shape (lamellar
and dendritic), particle concentration, and particle size on
the properties of systems undergoing freeze casting. Since
our molecular dynamics simulations focus on large-scale
structural properties and involve several 100000 particles,
we have employed a simplified model of the engulfment
process.

For submicron particles, we find that lower front veloc-
ities enable particles to rearrange while they are pushed by
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the ice front, resulting in a solid phase that is ordered in the
direction of the crystal growth. In addition, the front veloc-
ity affects the fraction of particles that is engulfed by the
advancing ice front, which in turn controls the thickness
of the solid phases that are formed between the ice crystals.
For large particles (diameter 20 lm), the front velocity has
a much greater effect on the number of particles that are
engulfed, even well below the critical front velocity, and
low ice front velocities are required to create a solid phase.
Furthermore, the diffusivity of these large particles is too
small to permit the formation of ordered structures as the
ice front advances.

To our knowledge this is the first attempt to employ
molecular dynamics simulations for the investigation of a
system undergoing freeze casting. Although our approach
involves a number of simplifications, such as the assump-
tion of monodisperse particles, the neglect of gravitational
effects and the stochastic modeling of the engulfment pro-
cess, we believe that it may foster insight into the effect
of various process variables on the resulting ‘‘green body”

and serve as a starting point for further simulations. For
example, our method could be extended to determine if
the freezing of suspensions containing a mixture of colloi-
dal particles of different sizes (such as a binary mixture)
can be used to enhance materials properties. Furthermore,
the structures obtained in our simulations could be used as
input for sintering calculations.
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