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ABSTRACT: Freeze-drying is one of the most used methods for preparing scaffolds and is
very sensitive to the material and operational parameters such as nucleation temperature, thermal
properties of the mold, cooling rate, set freezing point, and slurry height. In the present study,
a Finite Element Method (FEM) based code was developed to investigate the effects of such parameters
and to eventually predict the microstructure of the scaffold. Similar molds and cooling conditions used
in various experimental studies were simulated and compared. The achieved pattern demonstrated how
different thermal condition tailored scaffold microstructure. It was shown that nucleation
temperature (T,) was an effective parameter controlling the final structure of the scaffold
and influenced pore sizes with different mold materials. Simulation results also showed that by decreasing
the rate of cooling, the average pore sizes increased, and a quenching solution led to a randomly distributed
pattern of pore sizes. It is also achieved that by increasing the set freezing temperature as well as the height
of the solution the pore sizes increased more at the top of the mold. The thermal gradient also illustrated
the orientation of the pore in a mold with the thick isolated wall was considerably uniform. This framework
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can be used to optimize the scaffold structure or any ice templating method.
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INTRODUCTION

The development of tissue engineering has increased
the need for biocompatible scaffolds since they are used
widely in healing patients suffering from tissue loss.
Scaffolds are sponge-like materials with a high and
interconnected porosity which can act as external cellular
matrices [1]. Among all the factors influencing cells
attachment, growth and differentiation in a scaffold, pore
size, shape and orientation have the greatest impact
on the scaffold performance and are thus principal
challenges for researchers. Therefore, tailoring scaffold

to achieve appropriate architecture is considered
a substantial task in tissue engineering [2].

In spite of the advent of various scaffold fabrication
methods, there is an increasing tendency to fabricate
scaffolds through freeze-drying. As a simple method that
uses no chemicals, freeze-drying has become one of the
most conventional and wildly accepted methods of
scaffold fabrication, and studying the morphology of
obtained scaffolds has grown in recent years [3-8].
In this method, a dilute water/polymer solution is frozen
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under a specific condition, and the frozen cake is lyophilized
under the vacuum and below the melting point of water.
In freezing step, the ice crystals begin to grow dendritically from
nuclei inside the solution. As the water crystal size increases,
polymer phases are pushed away and concentrate. This causes
water crystals to form an interpenetrating network between
the very fine layers of polymer. When the crystallization
is finished, two separate phases (consisting of ice and polymer)
are formed from the primary solution. Ice sublimation
in drying step fixes the layer structure. On its own, this is
a notable technique known as ice-casting or ice templating [9].
The freezing step plays the main role in tailoring the scaffold,
because in this step, crystals are formed and the structure
is solidified. Therefore, to reach the desirable structure,
especially in terms of pore pattern and size, such parameters
as cooling rate, set freezing point, and slurry height should be
adjusted during the freezing stage.

The general pattern achieved by freeze-drying varies,
from the axially oriented anisotropic morphology
to the spherical shape with interconnected pores, where
the former has the potential to be applied in the treatment
of peripheral nerves and spinal cord [10], and the latter
can be used frequently in derma applications as well as
conjunctiva treatment [11-12].

The mean scaffold pore size is a further subject of interest,
because of its effects on cells. As such, decreasing the pore
size can maximize specific surface of the scaffold allowing it
to contain more cells, while pore size is kept large enough
to let the cells migrate into the scaffold [13]. Moreover, cell
attachment and migration depend on the size and curvature
of the pores [14]. As a result, the scaffold pores should be
tailored to cell culture, which is only possible while the ice
crystal growth is controlled locally within the slurry through
the aforementioned freezing parameters.

The growth of the crystals in each direction is heavily
dependent on the temperature differences between the tip
of the crystal and its adjacent surrounded area [15].
Therefore, there is a high demand to get detailed
information on the heat transfer and temperature profile in
the mold, which could allow for prediction the pore
structure of the scaffold. Many experimental researches
have been carried out to obtain the temperature profile and
find its relationship with the scaffold pore size and
orientation [6, 16-17]. O’Brien et al. studied the effect of
freezing rate on the size of the pores [3], and Madaghiele
et al. followed by producing an axially oriented scaffold
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[4]. Haugh et al. suggested a new method to gain different
pore sizes [7] by altering the final freezing temperature and
annealing. Davidenkov et al. employed different molds
for making scaffold [6] and Pawelec et al. studied the effect
of increasing the slurry height in the mold and set freezing
temperature on the pore size of the scaffold at the top and
base [17]. The recent authors used recorded thermal profile
by thermocouple to study and control resulting scaffold
architecture. However, the simulation of freeze-drying
and predicting the final scaffold structure has received less
attention. As the experimental investigation of the
nucleation temperature and molding conditions are highly
complex and the results are not reproducible, simulating
of the effects of such parameters seems necessary.

The inherent intricacies of such a study are rooted
in the complexity of water crystallization [18-20]
and the stochastic nature of nucleation phenomena [17, 21].
Simulation allows all parameters to be analyzed precisely
and independently. Nevertheless, a small number of studies
have been devoted to find a suitable model to predict
the crystals structure in the freeze-drying process [22].
Nakagawa et al. proposed a method to determine
the ice crystal mean size during freezing pharmaceutical
formulation in vials using the simulation of temperature
profile [21]. Muzzio et al. obtained ice crystal size
distribution in a freeze-dried drug by simulating the freeze-
drying process through the Finite Element Method (FEM) [23].
Nakagawa et al. obtained an empirical relationship between
freezing front velocity and the temperature gradient
in the frozen zone with the ice crystal morphology [24].
Ortega et al. modeled crystallization with Eulerian model
for the temperature profile and predicted the crystal size
through the population balance model [25].

Furthermore, simulation has been used to estimate
the mechanical properties of scaffold [26-27]; to study
the angiogenesis and vascularization in terms of the various
scaffold architecture [28] and to investigate the flow
dynamic throughout different porous scaffolds [29-32].
Such studies mainly use uniform porous structures
or random placement of pores which are not the results
of freeze-drying method. However, a structural scaffold
model simulated through mechanistic approach based
on crystallization capable of utilization in such studies is
absent from the literature. Aside from this, a simulation
of scaffold fabrication in order to find relationships between
morphological structure and freezing conditions such as
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employing different molds, could assist the optimization
of scaffold architecture and fabricating any desirable
structure. This could be usefulconsidering recent attention
to structure of the freeze-dried scaffolds.

The objective of the present study is to investigate
the effect of operational and material parameters
on the scaffold structure and predict the pore size and
its distribution pattern in a freeze-dried scaffold formed
via ice templating. For this purpose, a finite element code
was developed to capture the temperature distribution
and simulate the freezing process of the slurry, which
was then used to estimate the scaffold structure using
an empirical model. Experiments were also performed to estimate
ice crystal size and eventually the scaffold pore size.

EXPERIMENTAL SECTION
Scaffold preparation

Gelatin scaffolds were fabricated through the freeze-
drying method instructed by the procedure described
in Abbasi et al. [33]. An aqueous solution of 3% gelatin
was prepared by solving gelatin powder (Merck, Schuchardt,
Germany, used as received) in distilled water. The solution
was stirred using a magnetic stirrer for 30 min at 55 °C,
mixed, and centrifuged in a bench-top centrifuge at 5000 rpm
for 15 min to remove air bubbles. The prepared slurry was
poured into the mold and placed in a freezer chamber at
room temperature. The temperatures of the freezer
chamber were decreased by a constant rate of 0.9 °C/min
until it reached —40°C and held at this temperature.
Two frozen samples were then lyophilized using a freeze-dryer
equipment (Operon model FDU8606, South Korea) for
24 h at 0 °C, in vacuum condition (<100 mTorr).

Pore size determination

Samples were cut by a very sharp blade to obtain
a clean cross-section to study the pattern of pore size from
a vertical cross-section area of the scaffold. An optical
microscope (Olympus IX71, Japan) was employed to
capture the micrograph from the cross-section. The images
were analyzed using the image analysis software, ImageJ,
to determine the pore size, and pore size distribution
pattern was compared to simulated results.

THEORETICAL SECTION
Numerical procedure

A two-dimensional axisymmetric finite element model
was employed to simulate the heat transfer process
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in the mold and a proper code in MATLAB was developed.
Due to the symmetry of the geometry, a 2D geometry of
the cross-section of the mold, as shown in Fig. 1(a),
was discretized using 4-node quadrilateral linear elements
and an implicit scheme was employed to discretize the time
space. A various number of elements were used to
discretize the computational domain and finally, 1000
elements was chosen based on the mesh independence
study and optimization of the calculation cost. The employed
geometry and mesh is presented in detail in Fig. 1(b). Since
the concentration of gelatin in water was very low (less
than 3%), the slurry material was considered as pure water
and ice, as well as a mixture of them during the phase
change and its properties were applied accordingly.
The governing equation of the heat transfer is presented
in Equation (1):

aT .
PCp5; =AVPT + er 1)

where p,C,, t, T, q. and A respectively represent
density, heat capacity, time, temperature, volumetric heat
generation per time (specific latent heat) and heat
conductivity. and was considered to be subjected
to the following boundary condition, on exposed boundary
to the freezer atmosphere:

~AVT.n=h(T-T,) @)

In which n, h and T,, respectively represent normal
vector of the boundary, convection heat transfer
coefficient and ambient temperature. The values
of the heat transfer coefficient, h, were calculated through
the model proposed for the free convection by William et al. [34]
for different mold surfaces, and are presented in Table 1
for different molds

The approach proposed by Muzzio et al. [23]
was employed to take into account the effect of latent hea..
In this approach, each element was considered to take one
of the following three states: liquid Water State (WS),
Ice State (IS) or ice and water Mixture State (MS). Each
element was first considered to be WS until it reaches
nucleation temperature or at least one of its neighbors are
in IS. In any such situation, the element is turned into MS
with the properties of the mean of IS and WS. The element
remains in MS as long as the integrated transmitted heat
through the elements reaches the fixed thermodynamic
quantity, Q, which can be defined as follows:

Q = AH¢. Velem (3)
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Table 1. Material properties

/ Material property Value Unit \
A (aluminum) 237 W/m°K
A (polystyrene) 0.3 W/m°K
A (water) 0.60 W/m°K
A (ice) 2.10 W/im°K
A (air) 0.02 W/im°K
C,, (aluminum) 452,000 Jim*°K
C,, (polystyrene) 2,300,000 Jim*°K
Cp(water) 4,220,000 Jim*K
C, (ice) 2,000,000 Jim¥°K
Cp (air) 1206 Jim¥K
o (aluminum) 8.418 x 10e-5 m¥/s
a (polystyrene) 0.107 x10e-6 m?/s
AH, 333,500 Jikg
h aluminum to air 15 W/m2k
h polystyrene to air 12 W/m?2k
h water to air 6 W/m2k
k k ( pore size estimation) 5.432 10e-5 - /

Thermocouple

V- Axis (Height of Mold)

X~ A (Radius of Mold)

O solution
Air
W Mold wall

\_* :
Fig. 1: (@) Schematic design of the mold, (b) Discretized 2D domain, (c) typical predicted distribution of the pore size
( x-axis: central mold line, y-axis: bottom of the mold, z-axis: average pore sizes).

Where AHg is the heat of fusion of water and V,;,,, is was employed in the present work. In the model,

the element volume. The period of time each element the correlation between freezing parameters and crystal

needs to reach Q is considered as its solidification time, ts, size was proposed as:

and is stored to calculate the crystal size later. L* = k G-02R-02 4)

Determining crystal size where, L*, k, G and R represent the crystal mean size,
In order to determine the expected crystal size correlation constant, magnitude of temperature gradient

in the mold, the model proposed by Nakagawa et al. [24] and freezing front velocity, respectively. The mean ice
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crystal is represented topologically on the 2D cross section
of the scaffold (Fig. 1(c)). k is an empirical constant which
was obtained through experiment. Velocity of freezing
front in x- and y-direction (Rx and Ry), for each element
could be calculated as:

Helem

Ry = tls (52)
Lelem

Ry = tl—s (5b)

R= [RZ+R2 (5¢)

Where tg, Lojom and He,,p, are the freezing time, length
and height of the element, respectively. Since the
temperature of the element is constant during freezing
process, using the standard finite element procedure
to calculate the temperature gradient in the element
will result in inconsistent results. To overcome this issue,
the temperature gradient vector was estimated for the i-th
element by determining the mean temperature difference
of its center and adjacent elements in x- and y-direction.
Finally, the norm of the gradient vector was considered
as G in Equation (3).

RESULTS AND DISCUSSION
Temperature profile

In agreement with reported experimental and simulated
results [6, 16, 21, 23], predicted temperature profile went
through three different stages; First, before the nucleation
commenced, each element inside the slurry cooled
according to its location and the mold condition in freezer.
As the element temperature reached nucleation
temperature, T,, generation of latent heat in the element
occurred, fixing the temperature of the element at melting
temperature, Tm, while other parts of the slurry volume
were in liquid state at various temperatures. Finally,
all parts crystallized and the temperature of the slurry
decreased to reach the temperature imposed by the ambient
air inside the freezer (Fig. 2).

It should be noted that the temperature plateau
duration, i.e. solidification time (ts), for each element is
necessary for calculating the crystal size in the element
which can be used to estimate the pore size of the final
scaffold. Depending on the state of the neighbors and
condition of elements, each element showed different
thermal plateau (i.e. solidification time) which
was depended directly to the temperature and the state
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Fig. 2: Comparison of the simulated and experimental result
of the slurry temperature. (T,, = —7 °C, height of slurry = 6 mm).

of the adjacent elements. The more the temperature
differences among adjacent elements, the shorter
the freezing plateau. In contrast, the freezing process with
small temperature differences between adjacent elements
occurred slowly leading to the generation of bigger pores.

Comparing the experimental and simulated results
depicted that there was difference especially in the final
stage of freezing where simulated results showed a sudden
decrease after freezing. One reason for such an observation
could lie on the temperature recorded by thermocouple
where it measured the temperature of a limited region
instead of the exact temperature of a certain point.
As the size of the sensor used to record the temperature
variation was comparable to mesh size, only the average
temperature of the region around the sensor, instead
of a certain point, was recorded which can be interpreted
as the average temperature of that region. Nevertheless,
simulated results reflected the wvery temperature
of a certain point of the slurry in the mold. Thus, the difference
between the experimental and simulated results was expected.
Moreover, the heat transfer coefficient was calculated
using the model proposed by Williams et al. [34]
which could be somehow different with the actual one
in the freezer used for the experiment. However, it should be
noted that the solidification/freezing time,t,, and overall
trend of the temperature variation within the mold
were predicted accordingly, which was confirmed
by the results of experimental pore size distribution.

The effect of nucleation temperature (T,,)

It has been always tried to control the formation
of the ice crystal structure in freeze-drying process to get
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a porous material having a desired structure. One of
the problems in controlling the ice templating technique is
the stochastic nature of ice nucleation during the supercooling
of water. Due to the fact that the nucleation of ice occurs
in different time and temperature, the formation of ice
crystals structures varies, which means that different
structures are made by the same cooling condition and
operational parameters. Hence, the effect of nucleation
temperature, T, could not be investigated experimentally.
Nevertheless, simulation techniques provide a tool to study
the effect of parameters which are not experimentally
controllable. In order to study the effect of T, on the pore
size of the scaffold prepared by freeze-drying process, T,
was considered as a fixed value between —1.5 °C, i.e. near
the freezing temperature, and —10 °C, based on our
experimental conditions for two different molds and
its effect on the final pore size were investigated.

The effect of T, in the polystyrene mold

In order to study how different T, alter the scaffold
structure and average pore size, different T,,, -2.5 and -7
°C, were taken into account and the resulting crystal
structures were predicted in the same cooling condition
which are illustrated in Fig. 3 (a) and (b). It can be seen
that scaffold structures consisted of small pore size
in the center and slightly bigger pore size near the mold
side wall. It could be seen that pore size in the center
of the scaffold increased as T, increased. More precisely,
statistic measurement showed the average pore size decreased
steadily from 160 to 149 um as T, decreased from —2.5
to —7 °C (Fig. 4(e)).

According to the results presented in Fig. 3 (a), lower
T, accelerated the freezing process and led to the
reduction of the average pore size since the crystals had
shorter time to grow. As polystyrene had very low thermal
conductivity, the released latent heat of water accumulated
inside the mold so the condition of heat transfer process
remained almost alike for different T, resulting in a similar
crystal size distribution.

The effect of T,, in the aluminum mold

For aluminum mold, altering T,, had a different effect
on the pattern of the crystal (i.e., pore) size distribution.
As shown in Fig. 4 (a), at T,, = -7 °C, there was a bigger pore
size around the slurry mainly at the top of the mold.
This pattern was changed when T, was equal to -5 °C (Fig. 4 (b),
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where the bigger pore size appeared at the center
of the scaffold and scattered at the top. In higher T,
(ie. T, = — 2.5°C), as shown in Fig. 4 (d), the scaffold
morphology became similar to the polystyrene mold, but with
a significant difference in pore size. Comparing the results
to ones obtained in PS mold showed that altering T, had
a dramatic effect on the final crystal/pore size distribution
in the aluminum mold which was in accordance with our
experience. It means that scaffolds fabricated by the PS
mold showed more reproducibility than that prepared
using the aluminum mold. Moreover, it was seen that
the average crystal/pore size in the aluminum mold was much
bigger than that was seen for the PS mold and the trend
was quite different (Fig. 5). Experiment also performed
to investigate the compatibility of the obtained pattern
in this case (i.e. aluminum mold). Fig. 6 shows a well
compatibility of the pattern in the same condition.

To interpret these results, one should focus on the heat
conductivity of Aluminum. Higher heat conductivity of
Aluminum assisted the heat to transfer from generating
locations to the other areas within the mold, homogenizing
the temperature distribution. This, in turn, led to increase
the time of solidification, as a result of decreasing
temperature differences. Bigger pore/crystal sizes obtained
from aluminum mold was the direct result of the
crystallization time increment.

It should be mentioned that crystallization procedure
was influenced by other factors such as concentration
gradient of slurry as well as surface roughness of the mold
which were not considered in the current study and may
disrupt the actual occurrence of this outcome. However,
it can be concluded from Fig. 6 that experimental data
supported the simulated pattern.

As mentioned before, the simulation was conducted
considering the mold and conditions employed by
Ghale et al. [33] and the final simulated results
were compared to ones reported experimentally by them
(Fig. 7). Since different nucleation temperatures led
to different pore sizes, the simulated pore size reported
in the present study was considered as the average of pore
sizes predicted by considering T, varying from —2 to -8 °C.
Fig. 7 compares the simulated results of two set freezing
points and different mold material. It can be noticed that
the simulation results for aluminum mold at —40 °C
showed very good compliance with the experimental
results since L* was directly measured from the very same
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Fig. 5: Comparison of average pore size in Al and PS mold
in different set freezing temperature.

experimental condition. Using different molds with
different freezing conditions might lead to have different
k values. However, for the sake of simplicity and
comparison, the same value of k was used to predict the
pore/crystal size for different molds with different freezing
conditions. According to Fig. 5, it should be noted that as
the freezer temperature decreased, the pore/crystal size
decreased, being the direct result of a high heat transfer
rate and shortening the solidification time, ts. It can be seen
that the pore/crystal size was smaller in PS mold compared
to one obtained in Al mold which was observed
experimentally and theoretically. This could be explained
in term of difference of the heat conductivity of aluminum
and polystyrene which was discussed in previous sections.
The non-conformity between simulated and experimental
data of the average pore size in Al mold by set freezing
point of -80 °C might be due to the effect of the nucleation
temperature which was not considered in the experimental
result.

The effect of cooling rate

The effect of different cooling conditions were studied
by employing four different cooling conditions, 0.9, 0.7,
and 0.6 °C/min and quenching at —40°C, and results were
compared to the reported ones by O’Brien et al. [3] (see
Figs. 8 and 9). The simulated results showed the same
trend as observed in the experimental data provided
by O Brien et al. [3], but with an exception in the absolute
pore size. The difference in the pore size could be related
to the correlation factor, k, used to calculate the crystal size
in Equation 4. Since the same mold was not available
for further studies, the correlation factor of the used mold
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in previous sections with the same material was considered
which could be the source of this difference. Also, it was
believed that quenching would normally decrease
the crystal/pore sizes, while O’Brien et al. [3] showed
that quenched sample 4.1 had bigger pores than 0.9.
Although it was not obtained exactly in simulation results,
pore sizes were similar in 0.9 and 4.1.

It was revealed that the scaffold prepared by constant
cooling rate of 0.9 °C/min had the minimum average pore
sizes of 157 um among those prepared by constant cooling
rate. In contrast, the maximum average pore sizes
were obtained by cooling rate of 0.6 °C/min, 166 um which
was similar to the achieved trend in experimental results
by O’Brien et al. [3]. Because higher cooling rates took out
the generated latent heat faster than lower ones, it could
lead to shorten the solidification time, t;, and reduce
the crystal/pore size. Holding the same pattern, pore/crystal
size decreased, as the cooling rate increased, which
indicated the resembling reduction of ts throughout the slurry.

According to the simulation results, scaffolds fabricated
using the constant cooling rate (0.9 and 0.6 °C/min),
Fig. 8, showed more uniform structure than those obtained
through quenching process. This inconsistency could be
seen in the pore size distribution center during the slurry
cool-down through the quenching method (Fig. 8(c)). This is
mainly due to simultaneous nucleation occurred during
constant cooling rate and ice crystals then formed
uniformly throughout the slurry [8].

It was also reported [3] that the quenching process led
to an average pore size of 110 um, which placed between
the average scaffold pore size values prepared by constant
freezing rate of 0.9 and 0.7 °C/min, whereas simulation
results of quenching method showed the smallest pore size
due to the highest cooling rate of the quenching method
(i.e. 4.1 °C/min). It seems that the case simulated corresponds
to the limit case when the ice growth in the slurry is slow
and freezing front is close to zero [25] (Fig. 9).

The Effect of set freezer temperature

Changing the set freezing temperature led to change
in pore size at the top and base of the scaffold. In order to
compare the predicted results with experimental ones,
the cooling conditions of mold as well as its geometry
were considered similar to those [17] employed in experimental
study (Table 2). Indeed, in order to compare
the average pore size of the top and bottom of the scaffold,
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Fig. 6: Experimental results of the distribution of the pore sizes in the aluminum mold (X- axis is the radius of the mold = 25 mm,
Y- axis = the height of the mold = 6 mm) k was calculated through comparison of this result and simulated result in Fig 1. (a)
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Fig. 7: Comparison of estimated the average pore size and
experimental results [33] in aluminum and polystyrene molds
in two different set freezing points (height of slurry = 3 mm,
average pore size for T,, of -3 to 10 °C).

to separated regions were considered; from the bottom of
mold to the half of the scaffold height and from the half
height to top of the scaffold. To avoid the influence of
higher and lower T;, on the slurry structure in different set
freezing point, in this case T, was set at —7°C which is
an average between —3°C and —10°C.

Fig. 10 (a), (b), (c) and (d) show that calculated pore
size at the top of the scaffold steadily decreased, as the set
freezing temperature decreased while the structure of
the bottom did not change. The calculated average pore size
for set freezing point of —10 was 220 pm at the top which
was near to those reported by Pawelec et al. [17], 197 um.
Other calculated pore size at set freezing points of
—20, -30, and —40 at the top had the same compliance
with experimental ones. At the bottom of the mold, however,
calculated pore size was as doubled as experimental,
200 pm and 100 pum respectively, and decreased as set freezing
point decreased.

Research Article

The differences between experimental and simulation
results can be explained by two reasons. Firstly, thermal
hold condition could not be simulated completely
in the freezing condition, and therefore the set freezing point
was set to -10 °C in the simulation which was different
from thermal hold condition in experiment. Secondly.
It should be noted that in this test, T;, was set to —7 °C
which was different from ones observed in experiment, —3
and —10 °C at the top and base respectively. As a result,
the calculated pore size at the scaffold base did not match
with experimental ones. Pawelec et al. [17] showed that
the nucleation temperature was affected in different set
freezing points and especially in thermal hold condition.

In all different set freezing temperatures, bigger pores
were observed mainly at the top which was due to the mold
geometry. The insulating properties of polystyrene
prohibited the cooling from side wall and instead
the bottom and top of the slurry would be cooler and thus,
nuclei first, formed in those two cooler areas. After
nucleation began, the top and bottom of the slurry became
warmer. The latent heat was then transferred through
the convection of the ambient air at the top and the steel
bottom whose convection heat transfer coefficient was
as doubled as the top air (see Table 1). It caused the freezing
time at the top increased. Moreover, as there was
the smaller temperature gradient between mold and shelf
in higher set freezing point, nuclei had more time to grow
and consequently pore size became bigger specifically
in the top and bottom of slurry.

The effect of the slurry filling height

Increasing the slurry filling height in the mold had
a notable effect on the pore size distribution. It was
believed that the wvariation of pore/crystal size
in the mold with different slurry filling heights depended
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Table 2: Cooling conditions and mold geometry in tests.

/Section

Mold geometry

~

Cooling condition

ramped cooling by a rate of 0.9, 0.7, and 0.6 °C/min and holding at —40 °C

3.3 original steel pan (12 cm x 12 cm) and the quenching technique, i.e. putting mold in precooled freezer at the set
freezing point of —40 °C (4.1 °C/min)
Steel cylindrical mold with a thick Perspex wall . _ o . . . — 10 o0 _
34 (inner radius = 11 mm, height = 30 mm, side wall cooling rate = 0.9 °C/min and final set freezing temperature = —10, —20, —30

thickness =9 mm
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Fig. 8: The pore size distribution at different cooling rate of (a) 0.9 °C/min and (b) 0.6 °C/min, (c) quenching method executed at
set freezing point of 40 °C
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Fig. 9: Comparison between the experimental [3] and
calculated average pore size of the scaffold for different cooling
rates.

on the temperature in which the slurry nucleated
at the different areas within the mold [16]. To study the effect
of nucleation temperature and slurry filling height
on the scaffold pores size, the conditions of the freezing
process were set as reported by Pawelec et al. [16], Table 2,
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with considering two different T,, (—10 and —3 °C). When
Tn was set to —10 °C, the results showed the existence of
slim layers of larger pores near mold walls in all three
different filling heights of the slurry, 10, 15 and 20 mm
(Fig. 12(a), (c) and (e). In this case, the average pore size
increased steadily, as the slurry filling height increased
which was the direct result of the freezing time extension.

When T, was set to -3 °C, a different trend in
pore/crystal size distribution was observed for three slurry
filling heights. Fig. 12 shows that by increasing the slurry
filling height at higher nucleation temperature, —3 °C,
a region of bigger pore/crystal size began to develop
at the top of the slurry which was in accordance
with the experiment reported earlier [16] (Fig. 12(b), (d) and (f)).
In comparison to filling height at a lower T,, —10 °C,
the top of the scaffold was affected more through higher
nucleation (i.e. T,, = =3 °C). From Fig. 12(b), (d) and (f),
it can be seen that pore size at the top of the
scaffold increased considerably through increasing
the slurry filling height within the mold. In agreement
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Fig. 13: Temperature gradient vector in (a) mold with thin aluminum side wall (T,, = =7 °C, mold height = 1 cm and
side wall =1 mm), (b) mold with thick insulated sidewall (T,, = -3 °C, mold height = 2 cm and sidewall=1 cm)

with the experimental data, the final scaffold was composed
of two different parts; the bottom included smaller pores
and the top with greater pores, the latter, then, grew in size
by raising the filling height [17, 21].

The amount of the latent heat generated through
crystallization was taken out by means of the convection
from the top and bottom of the mold, which was swifter
in steel mold bottom, owing to higher thermal diffusivity
and convection heat transfer coefficient of steel compared
to air (See Table 1). Since the top of the slurry was in contact
with air, it had lower heat transfer rate compare
to the bottom of the slurry which was in contact with
the mold’s steel bottom. Increasing slurry filling height would
lower the effect of higher heat transfer rate of the bottom,
insulating the top. This would result in increasing
the solidification time, ts, at the top which would increase
the crystal/pore size at this region.

The formation of bigger pores in the higher nucleation
temperature at the top of the scaffold was mainly due to
lower temperature gradient between the slurry and the top
air. Comparing the results of mean pore size for filling
height of 20 mm at two different T,, (Fig (e) and (f))
indicates that the top was cooled slowly at T,, = -3 °C,
increasing freezing time and pore/crystal size.

The effect of thermal gradient

As mentioned before, two factors in crystallization
affect the crystal size and shape; namely freezing time,
and thermal gradient, t; and G, respectively. Being a vector,
G has direction in addition to magnitude. The direction of G

Research Article

was calculated through summation of thermal differences
between an element and its four adjacent elements.

In order to investigate crystal orientation, thermal
gradient vectors during crystallization were calculated
for two different experiments and the results were compared,;
This included thermal gradients of the slurry in the mold
with thin aluminum side wall in our experiment and
in the mold with thick insulated sidewall of Pawelec et al. [17].
It was attained through Fig. 13 that the orientation pattern
in the thick insulated mold wall, was much less chaotic
than in our metallic thin wall mold, although in both cases,
the thermal effects of the wall on the pore orientation was
still observable near the side wall.

Furthermore, the line of separation between vectors
aligned to the scaffold base and its top could be
the illustrator of segregation line of oriented pores at the top
of the scaffold and the isotropic bottom in reality (see also
schematized Figures by Pawelec et al. [16]). Experimental
results reported by Pawelec et al. [16] showed similarly
aligned pores at the top with the same mold. In
concordance with the experimental data the irregularity
can also be seen in the microscopic picture, namely Fig. 1(d).

Fig. 13 (b) reveals that the vectors located at the top,
have downward direction while the bottom vectors have
opposite direction. As it mentioned before, cooled air
at the top and the steel bottom of the mold simultaneously
were reducing the temperature of the slurry where the rate
of cooling for bottom was more due to higher thermal
diffusivity of the steel bed, making the bottom influenced
area greater. The growth of a hexagonal ice crystal
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in supercooled water is more under the influence of
temperature gradient rather than other factors such as
stable face of growing ice or surface tension [35]. This can
help predict the orientation of spherical shape.
Nevertheless, ice crystal growth direction is to be
considered in the future research.

CONCLUSIONS

A code based on the finite element method
was developed to predict the final scaffold structure made
by freeze-drying method and study the effect of material
and processing parameters on the microstructure of
the resulted scaffold. It was shown that nucleation temperature
(T,,) had different impact on the scaffold structure
depending on the mold material. It was shown that
in polystyrene (PS) molds, T;, had no significant effect while
in aluminum (Al) mold, it drastically changed the scaffold
structure resulting in bigger pore sizes in Al mold.
It was believed that it was the direct result of higher heat
conductivity of aluminum which assisted the generated
heat to be transferred into greater area within the mold
homogenizing the temperature distribution. The effect
of the cooling rate and set freezing temperature were
also investigated. It was depicted that increasing cooling rate
would result in smaller pore sizes. It was also found
that the slurry height in the mold had great impact on the
scaffold structure at higher nucleation temperatures (T,).
It was concluded that nucleation temperatures (T,,) was
an effective parameter controlling the microstructure of the
scaffolds prepared through the freeze-drying process.
Since this parameter was not controllable, measures
such as using PS mold or reduced height of slurry
should be considered to reduce the effect of T,, on the scaffold
structure and control the final microstructure, as proposed
in the present study [36].
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