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Heat transfer is the foundation of freezing colloidal suspensions and a key factor for the interface movement. However,
how the thermal conductivity of particles affects freezing microstructural evolution remains unknown. Here in this work,
a mathematical model is built up to investigate thermal interactions among a growing particle layer, pulling speeds, and
the freezing interface under a thermal gradient. Experiments are conducted to confirm the tendency predictions of the
model. With the increase of pulling speeds, the drifting distance of the freezing interface increases and the time to finish
drifting decreases. When the thermal conductivity of particles (kp) is smaller than that of the surrounding (ky ), the freezing
interface tends to go forward to the warm side. Contrarily, the freezing interface tends to go back to the cold side when
the thermal conductivity of particles is larger than that of the surrounding (& = kp /kw > 1). It originates from the shape
of the local freezing interface: convex (o < 1) or concave (o > 1). These morphological changes in the local interface
modify the premelting drag force Ft. When o < 1, F; decreases and the freezing morphology tends to be the frozen fringe.
When o > 1, Fy increases and the freezing morphologies tend to be ice spears. These understandings of how the thermal
conductivity of particles affect microstructural evolution may optimize the production of freeze-casting materials and their

structural-functional properties.

Keywords: solidification, colloidal suspensions, heat transfer, microstructural evolution

PACS: 81.30.Fb, 82.70.Dd, 02.60.Cb, 47.20.Hw

1. Introduction

Solidification of colloidal suspensions is ubiquitous in
nature and engineering.!'=) It involves frost heaving, cryo-
surgery, freeze casting, and the relevant applications such as
in new energy materials and bio-inspired materials.[5-8] The
key processing in freezing colloidal suspensions is solidifica-
tion which requires the removal of heat, first to cool the fluid
to its freezing temperature, then to effect the transformation
itself.>~!l Thus heat transfer is the foundation of colloidal
solidification and a key factor for the interface movement.!'?!

So far, the heat transfer in colloidal suspensions that has
been investigated by the researchers is restricted in the field
of phase change materials and thermal energy storage.!!3-13]
They found that some kinds of nanoparticles can enhance
the thermal conductivities of phase change materials.!'®! They
also investigated the effect of diffusivity of particles on the
interface instability.!">!7] However, submicron- or micron-
sized particles with a limited diffusion are usually used in
experiments. '8! The Brownian motion or the diffusivity does
not suffice to characterize the submicron particles.!'” The
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main characteristic is that a concentrated particle layer ap-
pears in front of the freezing interface when particles are re-
jected by the growing interface and accumulate in the front
during planar growth.!*°) The concentrated particle layer will
grow as more particles are attached. Usually, the thermal
conductivity of particles is different from that of liquid and
solid crystalline.”?!! In dilute suspensions, researchers in-
vestigated how thermal conductivity of a single particle af-
fects local interfacial morphology and behaviors of engulfed
particles.[?>>3] However, how the heat transfer of the growing
particle layer in concentrated suspensions affects the interface
movement and freezing microstructural evolution remains un-
known.

Some other characteristics in the heat transfer of colloidal
solidification include a discontinuity in the enthalpy function
always occurring at equilibrium temperature Ty, between the
two-phase existence lines.!! This enthalpy jump will cause the
release of latent heat at the solidifying interface, disturbing the
thermal conduction in a thermal gradient. On the other hand, if

a pulling speed is attached, more heat will be transferred from
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the warm part to the cold part, inducing an isotherm shift com-
pared with scenario at the liquidus isotherm positions at rest
and during pulling.!?*! This shift of isotherms can be seen as
the “instrumental recoil,” which is due to the evolution of ther-
mal exchanges induced by pulling.!?! Therefore, it is impor-
tant to evaluate the effects of a growing particle layer, pulling
speed, and latent heat on the heat transfer and the interface
movement of colloidal solidification.

In the following, we build up a mathematical model to in-
vestigate the effects of a growing particle layer, pulling speed,
and latent heat on the interface movement under a thermal gra-
dient. The effects of pulling speed and thermal conductivity of
the particle on the interface shift can be proposed. Some exper-
iments are conducted to confirm the tendency prediction of the
model. Finally, we investigate the effect of thermal conductiv-
ity of the particle on the interfacial force and microstructure
evolution.

2. Modeling and experiments
2.1. Mathematical model

Directional thermal conduction-dominated solidification
of colloidal suspensions in a semi-infinite domain was con-
sidered in order to compare with the experimental results. As
illustrated in Fig. 1, the initial condition for the entire domain
is a linear thermal gradient with two fixed temperatures at the
edges of the system. In the heating zone, the temperature is
denoted as 7y at x = L, while the temperature is denoted as
Tp at x = 0 in the cooling zone. We solve a one-dimensional,
two-phase, three-region Stefan problem in a finite slab.

ice particle layer suspensions

(a)

Fig. 1. (a) Schematic diagram of planar growth in colloidal solidification,
with blue solid line denoting ice interface and blue dashed line represent-
ing the edge of the particle layer. (b) Experimental observation of freez-
ing polystyrene microsphere suspensions, showing that eew particles are en-
gulfed at grain boundaries of ice and premelting layers between glass surfaces
and ice.

The entire domain is initially kept at a linear temperature
gradient from Ty to Ty through length L, where 77, is higher
than the freezing point i, on the right boundary (x = L), and
Tp is lower than T, on the left boundary (x = 0). A planar so-
lidification interface starts from the left cold boundary. As so-
lidification proceeds, particles are rejected in the front, form-
ing a concentrated particle layer due to the differences in in-
terface energy among ice, water, and particles. The ice/water
interface (xr) and the edge of the particle layer (x,) can be

separated into three regions, i.e., the solid crystalline and sus-
pensions, and the concentrated particle layer in between. The
freezing interface moves toward the positive x direction.

If a pulling speed V is attached to the sample cell, the lin-
ear thermal gradient will be changed and the heat transfer will
be

2

%—f =or 8877; + V%7 @))
where T is temperature, ¢ is time, and a7 is the thermal dif-
fusivity. In the transient initial stage before the phase trans-
formation occurs, both solid and liquid move along with the
sample. However, the interface speed of freezing front will
quickly increase to keep up with the pulling speed. Therefore,
we use the pulling speed V in the initial stage to simplify the
calculation. We obtain non-dimensional lengths for the three

different regions

C=ff;ﬁ=x_xf; n=>_20 ®)

- b)
X Xp — X¢ L—xp

where { is the non-dimensional length for the region of ice, 3
for the particle layer and 1) for the suspensions, x is the real
position, x; is the position of ice interface and x, the edge of
the particle layer.

For the region of ice (0 < { < 1), the thermal diffusion
equation is

or 1 dx; , OT 1 9°T V T

7**'7'C'7:(Xi‘*’7+*'7;

dr xp dt a¢ x2 982 x 9§

where ¢ is the thermal diffusivity of ice, and it is obtained

3

from
Coi-Pi’

where C,; is the specific heat capacity of ice, and p; is the

o (3a)

density of ice.
Boundary condition is

T="Tle—os T="Tnl¢=1 (3b)
The initial condition is
- X
T:m+mf%yéf‘. Ge)
L =0

With the release of latent heat, Stefan condition at the
freezing interface x; is

de kc 8T
(o) ()

ki oT
B xf'(<9€ CI)’ @

where L, is the latent heat of fusion, k. is the effective ther-

mal conductivity of the concentrated particle layer,?%26! f;,
kw and k;, are the thermal conductivities of ice, water, and par-
ticles, respectively, and v = dx¢/dt +V is the growth speed of
the freezing interface.
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For the region of the particle layer (0 < 8 < 1), the ther-
mal diffusion equation is

o _ e I P
ot (xp—xp)2 BT xp—x¢
dxp dxg\ 9T
- )2 5
8 ( dr  dt ) ap’ )
where o is the thermal diffusivity of the particle layer
k
o= ———) (52)
Cp,c *Pc
7kp+2kw+2(kp—kw)¢pk (5b)

okt 2k — (kp —kw)@p

pc:(l_¢p)'pw+¢p'Ppa (5¢)

(1=9p) -Pw-Gow + 8 -Pp-Cpp
(1=0p) - pw+ ¢ Pp

where k. is the thermal conductivity of the particle layer from

Cpe= ; (5d)

Maxwell model,?” p. is the density of the particle layer, and

Cp.c is the mixed thermal capacity of the particle layer.*)

The boundary condition can be
T = Twlp=o, (5e)
T =Tu+G-(xp—xt)|g=1, (50)
where G is the thermal gradient.

The initial condition can be

X

T =T T — Tt . 5
o+ (Ti=To) 7| (5g)
At the edge of the particle layer, the mass conservation of
particles is
dx, dx
P _ %0 N el v B (6)
dr & — o dt

For the region of suspensions (0 < 11 < 1), the thermal
diffusion equation is

T
or T Tar o

1 0%T Vv aT

dx, 9T

= Oy ———  —— JE 7
Y (L) 8n2+L_xp an’ @
where o, is the thermal diffusivity of water.

The boundary condition is

T =T.lp=1. (7a)
The initial condition is
A(L—
T:To+(TL—To)~w L)
1=l

From the above non-dimensional equations, we analyze
the heat transfer at two interfaces and in three regions. In
the following, we calculate the interface movement varying
with time. Implicit Euler method is adopted in the calculation.
Therefore, the numerical calculation is absolutely stable and

has a second-order accuracy. *%!

2.2. Computational parameters

The above parameters are cited from Refs. [29,30]. Note
that the initial thickness of the particle layer is set to be 10 pum,
because in experiment it is very hard to make no particles in
front of the freezing interface at the initial time.!'!l After nu-
cleation and fast growth of ice, many particles are engulfed
into ice. Then the whole system relaxes and forms a planar
interface, and particles will migrate to the liquid and form an
initial particle layer due to effects of thermal regelation3!! at
the initial time. The initial thickness of the particle layer also
avoids the singularity at = 0 in numerical calculations.

Symbols Meaning Value

L (mm) length of the whole calculation system 5

T (K) melting point 273.15

¢pi (KJ/(kg-K)) thermal capacity (ice) 2.1

cpw (kJ/(kg'K))  thermal capacity (water) 4.2

cop (I(kg'K)) thermal capac%ty (polystyrene) 1.3
thermal capacity (Al,03) 0.75

ki (W/(m-K)) thermal conductivity (ice) 2.5

kyw (W/(m-K)) thermal conductivity (water) 0.56

ky (W/(m-K) thermal conducn:w:ty (polystyrene) 0.11
thermal conductivity (Al,O3) 20

pi (g/m?) density of ice 0.9

Pw (g/m?) density of water 1

P (& /m?) dens?ty of polystyrene 1.05
density of Al,O3 3.97

[0 volume fraction of close-packed particles 0.64

L, (J/kg) latent heat 3.34 x 10°

x? (mm) initial position of the freezing interface 2.5

xg (mm) initial position of the edge of the particle layer ~ 2.51

2.3. Experiments

In experiments, ¢¢-alumina powder (Wanjing New Ma-
terial, Hangzhou, China, > 99.95% purity) with an average
diameter of 50 nm (manufacturer’s data) and a density of
3.97 g-cm™> was used to prepare suspensions. Alumina pow-
der was washed by deionized water and dispersed by adding
a little HCI and applying ultrasonic pulsation (Branson Soni-
fier 250) at 30 kHz for 10 min until the pH of the suspen-

5.[11201 polystyrene-microsphere (PS) suspensions

sions was
were bought from the company Bangs Lab, USA. The aver-
age diameter of PS is 100 nm (manufacturer’s data). No sed-
imentation was in PS suspensions because the density of PS
particles (1.03 g-cm™3) matches with water (I g-cm™3) very
well.'8] Sedimentation in alumina suspensions could be ig-
nored because the thickness of the cell was only 50 pm. The
real sizes of particles were analyzed by transmission electron
microscope (TEM, Themis Z, FEI) as indicated in Fig. 2. The
real diameter of PS particles is 93 nm, similar to the manufac-
turer’s data 100 nm. The uniform shapes of PS show their uni-
form sizes. The real diameter of alumina particles is 135 nm,
much larger than the manufacturer’s data 50 nm, but close to

PS diameter 93 nm.

028103-3



Chin. Phys. B Vol. 30, No. 2 (2021) 028103

ev v W e T

(a)

50

40

30

Count

20

10

Diameter (nm)

75 80 85 90 95 100 105 110

80

100 120 140 160 180 200
Diameter (nm)

Fig. 2. TEM characterization and size distribution, where real size of PS particles is 93 nm [(a) and (b)] and that of alumina particles is 135 nm [(c) and (d)].

The prepared suspensions were added into rectangu-
lar glass capillary sample cells with a size of 100 mm
(length) x 1 mm (width) x0.05 mm (thickness) before freez-
ing. Single cells were independently placed in a freezing setup
to reveal the effect of the difference in thermal conductivity
among particles, liquid water and ice on the measurements of
interfacial positions. The Bridgman freezing setup and exper-
imental procedure have been described in Ref. [24]. In the
setup, the thermal gradient was produced by two heating and
cooling zones which were separated by a gap. Sample trans-
lation across the thermal gradient was provided by a servo-
drives motor. Observation was achieved through an optical mi-
croscope stage equipped with a charge-coupled device (CCD)
camera. During directional freezing, different pulling speeds
were given in the relevant figure captions. The thermal gra-
dient was kept at G = 723 K/m. The images were recorded
via a CCD camera with 2580x 1944 sensitive elements on a
time-lapse video recorder and further analyzed by the software
image processing (Image Pro plus 6.0 and Photoshop). In all
images presented, segregated ice was bright and particles were
dark.

3. Results and discussion

Here we use MATLAB (version R2017a) to obtain nu-
merical solutions of the above equations. Effects of pulling
speeds and the thermal conductivity difference between parti-
cles and liquid on the interface movement of ice are investi-

gated.

3.1. Effects of pulling speed

Particles are rejected by the freezing interface at a low
growth speed. The particle layer grows with time in front of
the freezing interface. Freezing of PS suspensions is simu-
lated under different pulling speeds. The thermal gradient is
kept at G = 800 K/m and the initial volume fraction of parti-
cles ¢o = 0.2. Freezing interface movement is influenced by
both external pulling and spontaneous phase transformation
which have two opposite directions. In the initial stage, ex-
ternal pulling speed is stronger than the speed of phase trans-
formation. Therefore, the freezing interface moves back to
the cold side, which is consistent with external pulling. Af-
ter the initial stage, the phase transformation keeps pace with
the external pulling. Therefore, the position of the freezing in-
terface remains unchanged in the steady-state growth (Fig. 3).
The position gap between the initial and the steady-state is
named drifting distance and the time to reach the steady-state
position is termed drifting time. In Fig. 3(b), the drifting dis-
tance increases with the enhancement of pulling speeds, while
the drifting time decreases with the increase of pulling speed.
Note that the position change caused by pulling speed does
not mean the temperature change of the freezing interface, be-
cause the position change originates from thermal lag and the

temperature of the freezing interface remains unchanged.
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Fig. 3. (a) Computational modeling for freezing interface movement
when PS particles are rejected by growing interface, and (b) calculated
relation between drifting distance/drifting time and pulling speed, with
thermal gradient G = 800 K/m and volume fraction of particles ¢p = 0.2
under different pulling speeds.

3.2. Effects of particle thermal conductivities

On the other hand, the movement of the freezing interface
is influenced by thermal conductivities of the particle layer.
Generally, thermal conductivities of particles can be divided
into two types: (i) lager than the conductivity of initial sus-
pension such as alumina (& = kp/ky > 1) and (ii) less than
the conductivity of initial suspension such as PS (o < 1). In
Fig. 4, simulated temperature distribution of freezing suspen-
sions with ¢ = 2.0, ¢ = 1.0, and o = 0.2 are presented. The
ice region extends from position zero to the first kink point
which is freezing interface. The particle layer is from the first
kink point to the second kink point. The second kink point
is the edge of the particle layer. The last part in the curve is
the region of initial suspensions. The thickness of the particle
layer grows with time increasing according to Eq. (6), which
can also affect the microstructural evolution in later time. Here
we focus on the effect of particle thermal conductivity on inter-
facial motion in the initial stage and the later microstructural
evolution will be discussed in Section 5. The pulling speed
V = 8 um/s, thermal gradient G = 800 K/m, volume frac-
tion of particles ¢y = 0.2, and the growth time 100 s are used.
When the particle thermal conductivity is greater than that of
initial suspension (& > 1), the freezing interface will retreat to
the cold side while the freezing interface will go to the warm
side if or < 1. These results are consistent with those of single
particles. In single particle model, the local freezing interface
becomes convex near to warm side when « < 1, while it will
become concave back to cold side when ¢ > 1. The thermal
conductivity of the two-dimensional single particle model is

similar to that of the present model. The nearest point of the
freezing interface under a particle is considered in the present
model, which is the most important in the two-dimensional
single particle model. Other points are determined by the lo-
cal curvature and the thickness of the premelted film.3?) The
nearest point goes forward, corresponding to the convex shape
in single particle model, and the nearest point goes back, be-
coming a concave shape, which were confirmed by Shang-
guan ef al. (1992),?%) Stefanescu er al. (1998),?3] Rempel
et al. (2001),12! Kao et al. (2009),133! and Saint-Michel et al.
(2017).1211 Note that the position change caused by thermal
conduction of particle does not mean the temperature change
of the freezing interface as indicated in Fig. 4.

276.01

274.51

273.01

Temperature (K)

271.5F

2 . 1 1 1 1 1 1
70.0 0 1 2 3 4 5
Position (mm)

Fig. 4. Temperature distributions versus position in simulations, with
pulling speed V = 8 pum/s, thermal gradient G = 800 K/m, initial volume
fraction of particles ¢y = 0.2, and growth time 100 s.

4. Experimental confirmation

The freezing of alumina suspensions with mean particle
diameter 135 nm were in-situ observed. The thermal gradi-
ent was G = 723 K/m and initial volume fraction of particles
¢o = 3.63%. The movement of the freezing interface under
pulling speed V = 3.5 um/s, 8.2 um/s, and 16.0 pum/s, are
shown in Fig. 5. There are two premelting regions around
the solid ice, i.e., the grain boundaries of ice and the pre-
melting layers between the glass surface and ice. These two
regions are easy to engulf nanoparticles due to their quasi-
liquid properties.'3*! Therefore, a few particles were engulfed
in the grain boundaries of ice at the growth speed. And the
premelting layers are close to the upper and lower surfaces of
the glass engulfed some nanoparticles uniformly. Meanwhile,
due to the inhomogeneity of suspensions in the local region in
Figs. 5(d)-5(f), their particle layers (the darker shadow near
the phase interface) are narrower than those in Figs. 5(a)-5(c)
and 5(g)-5(i) in the initial stage. After the initial stage, the
suspensions become uniform as indicated in Fig. Al (in Ap-
pendix A). The final microstructures (Fig. Al) and the char-
acteristic length of particle banding and ice banding will be
strongly affected by pulling speed. The length of particle
banding and ice banding will decrease with pulling speed in-

creasing.
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Fig. 5. Movement of freezing interface under different pulling speeds: (a) V =3.5 um/s,r =0s; (b) V = 3.5 pm/s, r =32 's; (c) V = 3.5 pm/s,
t=52s;(d)V=82um/fs,t=0s;(e) V=82umss,t=32s; () V=82um/s,t =52s; (g V=160 um/s,t =0s; (h) V=16.0 pm/s,
t =32s; (i) V =16.0 pm/s, r = 50 s. In each panel, the left is cold side and the right is heat side. Pulling velocity directs from right to left.

The freezing interface retreats to cold side under all
pulling speeds. The position—time curves are quantified in
Fig. 6. The experimental error bars are shown in Fig. A2 in
Appendix A. The drifting distance increases with the pulling
speed increasing in Fig. 6(b), while the drifting time decreases
with pulling speed increasing. These experimental results con-
firm the tendency predictions in Fig. 2. The quantitative com-
parison of position—time curve between the calculation and
experiment is presented in Fig. A2 showing that the drifting
distances and drifting times in experiments are less than those
in simulations. The reason for the discrepancy is likely to be
due to the fact that the lateral thermal conduction between the
sample cell and ambient temperature in experiment is not con-
sidered in the simulation. The ambient temperature is much
higher than that of the sample cell and the lateral thermal con-
duction between them will reduce the drifting distances and
drifting time in experiment.

oF = (a)
Ei;
;!iii!iiii
2 —200} 3 L TITTTT )
=3 1 %
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£ —400} x LA FI I TTTTY
B LY ¥
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—600F
——8.2 p,m/s éiléiéléiliii
—800F +—16.0 pm/s
0 40 80 120 160
Time (s)
—~ 1500 u y
é . (b)
o 1200F
O
=} n
S 900+
122}
3 - :
o 600
£ imulati
% s00l A N 51mul§t10n
& R A experiments
00 4 8 12 16
V (upm/s)

Fig. 6. (a) Measured position—time curves of freezing interface under
different pulling speeds, and (b) comparison of drifting distance be-
tween simulation and measurement.
Effects of particle thermal conductivities on the interface
movement are also confirmed in Fig. 7. Freezing alumina sus-

pensions and PS suspensions compared with freezing pure wa-
ter are shown in Figs. 7(a) and 7(b), respectively. The freez-
ing interface moves to warm side in PS suspensions, while
the freezing interface of alumina suspensions retreats to the
cold side compared with the interface of freezing pure water.
These experimental results confirm the tendency predictions
in Fig. 4.

Al,O3

s0um  Pure water

pure water

+ 133 pm

PS

Fig. 7. Position of the freezing interface with two different particle layers:
(a) Al, O3 particles, with initial volume fraction of particles ¢o = 1.31% and
particle diameter 50 nm, and (b) PS particles, with initial volume fraction of
particles ¢o = 10% and particle diameter 100 nm. Pulling speed V = 1 um/s
and thermal gradient G = 723 K/m.

These interface drifts in Fig. 7 can be explained by mi-
crostructures of the local freezing interface contacting single
particles as shown in Fig. 8.

When the thermal conductivity of particle is greater than
that of the surrounding environment (@ > 1), the local freezing

(22331 Therefore, the freezing

interface will become concave.
interface of alumina suspension retreats to the cold side. How-
ever, the local freezing interface will become convex when
the thermal conductivity of particle is lower than that of the
surrounding environment (o < 1).[>233] In this situation, the
freezing interface moves to the warm side in PS suspension.
The local interfacial shape can be observed by cyro-TEM
when the particle size is less than 100 nm.33! And a far-field
optical microscope can be used when the particle size is larger
than 100 nm. 0! In addition, the effect of particle size on the
thermal conductivity can be ignored in the present work, the
effective thermal conductivity,3”! where k;, is the bulk ther-
mal conductivity of the solid particle, As usually 10 nm, is the
heat carrier mean free path in solid particle, and d is the di-
ameter of the particles. In the present work, d is in a range
of 100 nm-130 nm, much larger than A. Therefore, the size
effect of particles can be ignored.
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(a) a<l

O

0B0Q.
O0B00

Fig. 8. Schematics of local freezing interface contacting different particles:
(a) PS particles with convex shape (o < 1), where the tip of convex shape is
lowered due to premelting dynamics between particles and ice, and (b) Al,O3
particles with concave shape (o > 1).

5. Modified phase diagram by particle thermal
conductivity

The changes in the local interface shapes (Fig. 8) will
affect local premlting film flow which determines force bal-
ance and finally microstructural evolution in freezing suspen-
sions. The thickness of premelting layers d will decrease
when the local interface is concave according to the follow-

ing equation: 23]

d“(l/RP_]/Rﬁv (8)

where R;, is the radius of particle. Ry is the local radius of the
freezing interface underneath the particle, Ry > 0 for a > 1, re-
sulting in a decreased d. The decreased d will lead to a greater
drag force F; caused by the film flow.!':>!l However, a convex
local interface (R; < 0 for & < 1) leads to a smaller drag force
caused by the film flow. Therefore, the drag force caused by
the film flow, F, increases with the increase of ¢ as shown

below:[22]

Fr = Foo?, )

where Fy is the film-flow-induced drag force when o = 1.
Besides the film drag force Fy, viscous forces resulting from
Darcy flow Fp and the disjoining forces between ice and par-
ticles Fr also determine the force balance at the freezing inter-
face. Both F; and Fp play a role in dragging the particle layer,
while Fr plays a role in pushing the particle layer. When con-
sidering that the scales are much larger than the size of indi-
vidual particles, this net disjoining force Fr depends only on
the interfacial temperature but not on surface energy nor on the
morphology of the local freezing interface.?!38] The position
change in this system does not bring about the temperature
change of the freezing interface. Therefore, the changes in the
local interface shapes will not affect the calculation results of
disjoining force. Darcy viscous force Fp is irrelevant to the
local interface shapes either. The growth speed of the freezing

interface v can be determined from! 291

—Zi

I S 10
Y Dh+ a?Fz} (19)

where the Darcy coefficient D is related to the pressure drop
across the particle layer, while the film coefficient F is related
to the pressure drop in the pre-melted film, 4 is the dimension-
less thickness of the particle layer, and —z; is the dimension-
less distance of the ice front below the isotherm of equilibrium
melting point.

The thickness of the particle layer and the position of the
ice interface both evolve linearly at early stage but the growth
rate of the layer decreases to zero while the growth rate of
the freezing interface increases to the pulling speed at later
stage once the flow resistance in the premelted film is domi-
nant as indicated in Fig. 9. Position —z; = 1 corresponds to
the isotherm of the ice-entry temperature. When o > 1, the
time dominated by the premelted film resistance will be ad-
vanced. The top of the particle layer recedes below the zero-
degree isotherm (h < —z;) before —z; reaches 1. The interior
of the layer and the suspension above the layer becomes su-
percooled, so ice spears appear in Fig. 9(b). However, when o
decreases to less than 1, —z; reaches 1 while the particle layer
extends above the zero-degree isotherm, and the supercooled
area in front of ice vanishes. So, a frozen fringe of pore ice
forms within the particle layer in Fig. 9(a). Therefore, with
the decrease of o, the freezing microstructures changes from
ice spears to frozen fringe.

frozen fringe

2.0r a=0.7
<
+
o0
=1
it
2
<
=i
2
7}
=1
5]
£
A
OF . . .
0 1 2 3 4
Dimensionless time
ice spear
<
+
o0
=1
<
2
<
=}
o
w 0.5F
=
:
Q 0 -I 1 1
0 1 2 3

Dimensionless time

Fig. 9. Predicted dimensionless distance —z; (red curves) of ice front below
the zero-degree isotherm and dimensionless thickness / of the consolidated
layer of particles (black curves) for different values of o: (a) & < 1 and (b)
o>1.

Figure 10 is obtained according to the latest researches
in the field of freezing colloidal suspensions. You et al
(2018)['1 and Scotti et al. (2019)[7! confirmed the force anal-

ysis and microstructural evolution among bandings, spears and
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dendrites. Now, we modify the force balance at the freez-
ing interface by considering different thermal conductivities
of particles, and we use the previous model to determine the
microstructures, The result shows the effect of particle ther-
mal conductivity on the morphological selection in freezing
colloidal suspensions. When the thermal conductivity of par-
ticles is smaller than that of surrounding liquid (o < 1), the
freezing system tends to form the frozen fringe. Therefore, the
region boundary of frozen fringe extends to the black dashed
line (see Fig. 10). Nevertheless, the freezing system tends
to form ice spears when the thermal conductivity of particle
is larger than that of surrounding liquid (o > 1). Therefore,
the region boundary of ice spears extends to the red dashed
line (see Fig. 10). These tendency predictions can explain
why the polystyrene suspensions (o < 1) are slightly harder
to freeze into ice spears than the alumina suspensions (& > 1)
in experiment.!!'' In future, some detailed experiments will
be designed to confirm the local interfacial shapes and differ-
ent microstructural evolutions under different particle thermal
conductivities.

10!
dendrites

100
101

10—2_

D/(1+®)

1074 frozen fringe

10-* 10° 10 10?2 10%® 10* 10°
F

Fig. 10. Modified morphological selections by particle thermal conductivity.

6. Limitations of work

The present work shows that the particle thermal con-
duction can affect interface movement, local interfacial shapes
and interfacial forces (e.g. premelted viscous forces) in freez-
ing colloidal suspensions through calculation and experi-
ments. Therefore, the freezing microstructures can be dis-
turbed by particle thermal conduction. However, some lim-
itations still exist in the work. First, how strongly the par-
ticle thermal conduction affects the microstructural evolution
is not verified in experiment. Meanwhile, how these effects
are influenced by particle size remains unknown since ther-
mal conduction in nanofluids is totally different from that in
macrofluid. Second, the present model can predict the ten-
dency in experiment but fails to make quantitative compar-
isons in Fig. 6. Third, if a large glass plate is placed under-
neath the single cells in experiment, the thermal conduction
of the cells will be strongly dependent on that of the large
glass plate.!!”! The effect of particle thermal conduction will

be strongly disturbed by the large glass plate. These presented
effects may be amplified in the freezing of nanofluids with
size less than 10 nm. Here in this paper, we present some
solutions to solve these limitations. In future, the local interfa-
cial shape can be observed by cyro-TEM or a far-field optical
microscope.[?>3¢] These nanostructures of the phase interface
will elucidate the origin of microstructural evolution. And a
detailed experiment should be designed to eliminate the lat-
eral thermal conduction between the sample cell and the am-
bient. Or the lateral thermal conduction should be considered
in simulation to satisfy the quantitative comparisons between
simulations and experiments. In experiment, asbestos board
insulation should be used to reduce radiative and convective
perturbations in the gap of thermal gradient because the ambi-
ent temperature (16 °C-20 °C) is much higher than that of the
sample cell (0 °C). Two thermocouples can be used to quantify
the heat losses in the lateral thermal conduction between the
sample cell and ambient temperature. One is for measuring the
ambient temperature, and the other is for measuring the inner
temperature in the setup. Then heat transfer from the ambient
to the sample cell can be analyzed.

7. Conclusions

In the present work, we build up a mathematical model
to investigate the thermal interactions between a growing par-
ticle layer/pulling speed and the interface movement under a
thermal gradient. Experiments are conducted to confirm the
tendency prediction of the model.

With the increase of pulling speed, the drift distance of
the freezing interface increases and the time to finish drift-
ing decreases. When the thermal conductivity of particles is
smaller than that of the surrounding (& < 1), the freezing in-
terface tends to go forward to the warm side. Contrarily, the
freezing interface tends to go back to the cold side when the
thermal conductivity of particles is larger than that of the sur-
rounding (@ > 1). It originates from the single particle model
and the shape of local freezing interface. In the single-particle
model, the local freezing interface becomes convex near to the
warm side when o < 1, while it becomes concave back to
the cold side when o > 1. These morphological changes in
the local interface modify the premelting drag force Fr. When
o < 1, Fr decreases and the freezing morphology tends to be
the frozen fringe. When « > 1, F; increases and the freez-
ing morphology tends to be the ice spears. The understanding
of how the thermal conductivity of particles affects the mi-
crostructural evolution in freezing colloidal suspensions may
optimize the production of freeze-casting materials and their

structural-functional properties.
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Appendix A: Supporting information

Figure A1 shows the micro-morphologies of the particle
layer, ice layer, and solidification interface at different pulling
speeds.
pulling speed increasing.

The thickness of the particle layer decreases with

Fig. Al1. Steady-state morphologies of freezing alumina suspensions
under different pulling speeds: (a) 16.0 um/s, (b) 8.2 pm/s, and (c)
3.5 um/s.

Figure A2 shows that the drifting distances and drifting
times in experiments are less than those in simulations. Their
discrepancy is likely to be due to the difference in lateral ther-
mal conduction between the sample cell temperature and am-
bient temperature in experiment, while the lateral thermal con-
duction is not considered in the simulation. The ambient tem-
perature is much higher than that of the sample cell and the
lateral thermal conduction between them will reduce the drift-
ing distance and drifting time in experiment.

or —3.5 um/s
—300} —8.2 ym/s
— —16.0 pm/s
£ 600}
5 —900f
=
812001
[a W
—1500
—1800 0 100 200 300 400 500
Time (s)

Fig. A2. Comparison of position—time curve between experiments and
calculations.
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