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bstract

his study reports a novel way of increasing the pore size of highly aligned porous alumina ceramics by heat-treating an extruded alumina/camphene
ody at a temperature near its solidification point. The pore size obtained increased remarkably from 51 ±  8 to 125 ±  27 �m with increasing heat-
reatment time from 1 to 24 h, due to the continuative overgrowth of the camphene dendrites during heat-treatment, while a highly aligned porous
tructure was preserved. In addition, interestingly, this heat-treatment enabled alumina walls to be densified quite well, whereas porous walls were

bserved in the sample produced without heat-treatment, which led to a considerable increase in compressive strength. The sample produced with

 heat-treatment time of 12 h showed a high compressive strength of 11.6 ±  1.2 MPa at a porosity of approximately 84 vol%, which was much
igher than that (0.28 ±  0.1 MPa) of the sample produced without heat-treatment.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Recently, there has been considerable interest in the applica-
ion of unidirectional freeze casting for the production of porous

aterials, particularly with aligned pores with extremely high
ompressive strengths.1–3 Fundamentally, this technique makes
ull use of the unidirectional growth of freezing vehicles, such
s water,1–3 camphene,4–6 and tert-butyl alcohol (TBA).7,8 In
ther words, ice (or camphene and TBA) dendrites grow prefer-
ntially along the direction of freezing, which can create aligned
ores after removing the dendrites.

One of the most important and active researches areas in uni-
irectional freeze casting is to examine new ways of enhancing
he degree of pore alignment to improve the functions of porous
aterials.9 Thus far, considerable effort has been focused on

romoting the preferential growth of ice dendrites during freez-
10–13
ng, for example, using polymeric additives, double-side

ooling14 and electric field.15,16 However, in the case of cam-
hene as a freezing vehicle, the size of aligned porous materials
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an be increased remarkably simply by assembling unidirec-
ionally frozen ceramic/camphene bodies, which is one of the
ost striking features of camphene-based freeze casting.17 Fur-

hermore, this technique allows frozen ceramic/camphene body
o be extruded successfully even at room-temperature, which
ould extensively elongate the camphene dendrites, enabling

he formation of highly aligned pores.18 These aligned porous
aterials can serve as a valuable framework for the produc-

ion of ceramic/polymer composites with a lamellar structure.
owever, the pore size obtained using this approach needs to
e higher to increase the applications of porous materials, for
xample, as bone scaffolds with a pore size ≥  100 �m.

Therefore, this study proposes a new, simple way of
ncreasing the pore size of highly aligned porous alumina
eramics by heat-treating extruded alumina/camphene bodies
t 33 ◦C, which is close to the solidification temperature of an
lumina/camphene slurry, as illustrated in Fig. 1. This heat-
reatment allows camphene dendrites in the extruded body
o overgrow continuously, while preserving their preferential
rientation, which is achieved originally by extrusion.4 To

ccomplish this, an alumina/camphene slurry was frozen uni-
irectionally in a 20 × 20 mm mold and then extruded through

 reduction die with a cross-section of 5 ×  5 mm. The extruded

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.035
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ig. 1. Schematic diagrams showing the experimental procedure for increasing 

lumina/camphene body at 33 ◦C.

lumina/camphene bodies were heat-treated at 33 ◦C for var-
ous times, ranging from 1 to 24 h. The green samples were
reeze dried to remove the frozen camphene and then sintered at
450 ◦C for 3 h to densify the alumina walls. The porous struc-
ure, such as porosity, pore size, degree of pore alignment, and
ensification of the alumina walls, of the fabricated samples was
haracterized by field emission scanning electron microscopy
SEM). The compressive strengths of the samples produced
ith heat-treatment for various times (1, 6, 12 and 24 h) were
easured.

. Experimental  procedure

Commercially available alumina powder (Kojundo Chem-
cal Co., Ltd, Japan) with a mean particle size of 0.3 �m
nd camphene (C10H16, Alfa Aesar/Avocado Organics, Ward
ill, MA, USA) were used as the ceramic and freezing vehi-

le, respectively. An alumina/camphene slurry was prepared by
ixing the alumina powder and molten camphene containing

0 vol% of the polystyrene binder (PS; [–CH2CH(C6H5)–]n,
w = 230,000 g mol−1, Sigma–Aldrich, St. Louis, MO, USA)

nd 3 wt% of the oligomeric polyester dispersant (Hypermer
D-4, UniQema, Everburg, Belgium) by ball-milling at 60 ◦C

or 24 h.
The prepared slurry was frozen unidirectionally in a

0 ×  20 mm mold at 3 ◦C for 1 h and extruded through a reduc-
ion die with a 5 ×  5 mm cross-section using a screw-driven
oad frame (OTU-05D, Oriental TM Corp., Korea).18 The load
equired for extrusion was monitored as a function of time and
istance, in order to evaluate the extrudability of a frozen alu-
ina/camphene body. For comparison, a pure camphene was

lso tested.
The extruded alumina/camphene bodies were heat-treated at

3 ◦C for various times (1, 6, 12, and 24 h) in an oven to allow
ontinuous overgrowth of the camphene dendrites. In addition,
he sample with larger dimensions was produced by assembling

he green extrudates at room-temperature, followed by heat-
reatment at 33 ◦C for 12 h. Subsequently, the green samples
ere freeze dried to remove the solid camphene and then sintered

t 1450 ◦C for 3 h to densify the alumina walls.

w
w
b
f

re size of highly aligned porous alumina ceramics by heat-treating an extruded

The pore structure (e.g. porosity, pore size, degree of pore
lignment, interconnections between the pores, and densifi-
ation of the alumina walls) of the fabricated samples was
haracterized by field emission scanning electron microscopy
FE-SEM, JSM-6701F, JEOL Techniques, Tokyo, Japan). The
orosity of the sample was calculated from its dimensions and
eight. The pore size was also measured from SEM images of

he epoxy-filled samples that had been prepared by infiltrating
n epoxy resin (Epoxy Mount Resin, Allied High Tech Products
nc., USA) into the porous alumina ceramics.

The mechanical properties of the samples produced with var-
ous times were evaluated by the compressive strength test. The
intered samples were cut into pieces ∼11 mm in length by a den-
al handpiece and then their top, bottom, and faces were gently
round using SiC abrasive papers to produce rectangular spec-
mens. The samples with dimensions of ∼4 ×  4 ×  10 mm were
oaded parallel to the direction of pore alignment at a crosshead
peed of 1 mm/min using a screw driven load frame (OTU-05D,
riental TM Corp., Korea). The samples produced with the heat-

reatment for various times (1, 6, 12 and 24 h) were tested. The
tress and strain responses of the samples were monitored dur-
ng the compressive strength tests. Six samples were tested to
btain the mean value and standard deviation.

. Results  and  discussion

In order to evaluate the extrudability of a frozen alu-
ina/camphene body, the load applied was monitored during

xtrusion through a reduction die with a 5 ×  5 mm cross-section,
s shown in Fig. 2. The load increased gradually with increasing
ime and reached a constant value of ∼1750 N, which represents
he maximum load required for the extrusion of the frozen
lumina/camphene body. The extruded alumina/camphene
ody showed excellent shape tolerance without any defects,
uch as cracks and tearing, as shown in inset in Fig. 2. This
uggests that the frozen alumina/camphene can be extruded

ithout difficulty under normal conditions for extrusion, which
ould be attributed to the use of camphene as an extrudable
inder, and the low alumina content of 15 vol% used in the
rozen alumina/camphene body.18 The load for extrusion of a
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Fig. 2. The load required for the extrusion of the frozen alumina/camphene body
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nd the pure camphene. The inset shows the extruding alumina/camphene body
hrough the reduction die.

ure camphene was ∼800 N. It should be noted that the load
equired for extrusion should be affected not only by the content
f ceramic powders but also by the processing parameters for
xtrusion, such as extrusion speed and reduction ratio.

A highly aligned porous alumina ceramic could be pro-
uced successfully by extruding a frozen alumina/camphene
ody at room-temperature, where aligned pores were formed
s a replica of the camphene dendrites that had been elongated
xtensively by extrusion,18 as shown in Fig. 3(A). However,
he alumina walls were porous even after sintering at 1450 ◦C
or 3 h (Fig. 3(C)). On the other hand, when the extruded alu-

◦
ina/camphene body was heat-treated at 33 C for 1 h, the pores
ecame larger notably due to the overgrowth of camphene den-
rites during heat-treatment4 while preserving the highly aligned

a
l
g

Fig. 3. SEM images showing the porous structures of the samples produc
eramic Society 32 (2012) 1029–1034 1031

orous structure, as shown in Fig. 3(B). In addition, interestingly,
he alumina walls were densified quite well (Fig. 3(D)).

Although this phenomenon is uncommon in freeze cast-
ng, it is reasonable to suppose that the highly packed alumina
owder walls formed initially by freeze casting19,20 would be
artially destroyed by extensive deformation during extrusion.
owever, these loosely packed alumina powders can be redis-

ributed by the continuous overgrowth of camphene dendrites
uring heat-treatment. This will result in the formation of highly
oncentrated alumina powder walls, enabling excellent densifi-
ation of the alumina walls after sintering at 1450 ◦C for 3 h.
n addition, it should be noted that porous materials produced
sing this approach can have excellent interconnections between
he pores, which are unobtainable using conventional extrusion
echniques.21,22

The effect of the heat-treatment time on pore alignment
as examined by SEM. Fig. 4(A)–(F) shows the typical SEM

mages of the samples produced with various heat-treatment
imes (6, 12 and 24 h). Regardless of the heat-treatment time,
ll the fabricated samples had a highly aligned porous struc-
ure (Fig. 4(A)–(C)). This suggests that camphene dendrites can
vergrow continuously, mainly along the direction normal to
heir original orientation.4 However, the degree of pore align-
ent decreased slightly with increasing heat-treatment time.
ll the fabricated samples showed the excellent densification
f alumina walls, as shown in Fig. 4(D)–(F).

Fig. 5(A)–(D) shows the typical SEM images of the samples
roduced with various heat-treatment times (1, 6, 12 and 24 h),
epresenting the porous structure developed normal to the freez-
ng direction. Honeycomb-like pores were formed uniformly for

ll the fabricated samples. However, the pores became notably
arger with increasing heat-treatment time. These results sug-
est that the pore size can be increased remarkably without

ed without (A, C) and with (B, D) heat-treatment at 33 ◦C for 1 h.
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ig. 4. SEM images of the porous structures of the samples produced with 

). Fig. 4(A)–(C) and (D)–(F) represents the porous structures developed para
espectively.

isturbing the aligned porous structure by heat-treating extruded
eramic/camphene bodies at a particular temperature (for exam-
le, 33 ◦C in this study), which is close to the solidification point
f a ceramic/camphene slurry.

The pore size of the samples produced with various heat-
reatment times was measured from SEM images of the
poxy-filled samples. The inset in Fig. 6 shows a typical digi-
ally colored image of the sample produced with a heat-treatment
ime of 12 h, where the dark and bright contrasts represent the

poxy and alumina phases, respectively. The pore size increased
emarkably from 51 ±  8 to 125 ±  26 �m, with increasing heat-
reatment time from 1 to 24 h, as shown in Fig. 6. These large

p
p
i

ig. 5. SEM images of the porous structures of the samples produced with heat-tre
howing the porous structures developed normal to the direction of pore alignment.
reatment at 33 C for various times of 6 h (A, D), 12 h (B, E), and 24 h (C,
 the direction of pore alignment and the densifications of the alumina walls,

ores would be expected to provide a favorable environment
or bone ingrowth when used as a bone scaffold. A longer
eat-treatment time would increase the pore size further, but
ould inevitably deteriorate the degree of pore alignment. On

he other hand, the porosity of the samples changed negligibly
82–83 vol%) with increasing heat-treatment time, suggesting
hat there was no considerable phase separation between the
amphene and alumina powder networks.

Fig. 7 shows the effect of the heat-treatment time on the com-

ressive strength of the samples. The samples were compressed
arallel to the direction of pore alignment, as shown in inset
n Fig. 7. Basically, all the fabricated samples showed typical

atment at 33 ◦C for various times of (A) 1 h, (B) 6 h, (C) 12 h, and (D) 24 h,
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Fig. 8. (A) Schematic diagram showing the assembly procedure for producing
the sample with larger dimensions and (B) typical SEM image of the assem-
bled sample showing good bonding between the assemblies, as indicated by
t
e

a
3

ig. 6. Pore size of the samples as a function of the heat-treatment time at
3 ◦C. The inset shows a digitally colored image of the sample produced with a
eat-treatment time of 12 h.

rittle fracture of porous ceramics, namely, the compres-
ive stress increased linearly with an elastic response and
hen decreased rapidly due to fast fracture of the alumina
alls.23 The compressive strength increased from 6.4 ±  1.5 to
1.6 ±  1.2 MPa with increasing heat-treatment time from 1 to
2 h, which was attributed to an increase in the densification
f the alumina walls. However, a longer heat-treatment time of
4 h led to a slight decrease in compressive strength because of

 decrease in the degree of pore alignment. These values were
uch higher than that (0.28 ±  0.1 MPa) of the sample having

orous alumina walls produced without the heat-treatment. It
hould be noted that the compressive strength of the porous
amples with aligned pores compressed parallel to the direction
f pore alignment would be much higher than that of the sample
ompressed normal to the direction of pore alignment.18

One of the most striking advantages of camphene-based

reeze casting is the ability to achieve larger dimensions sim-
ly by assembling the frozen ceramic/camphene bodies.17 To
emonstrate this, the extruded alumina/camphene bodies were

ig. 7. Compressive strengths of the porous alumina ceramics as a function of
he heat-treatment time at 33 ◦C. The inset shows a schematic of the direction
f compression on the sample.
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he arrows. The inset in Fig. 8(B) shows an optical image of the samples (E:
xtrudate and A: assembled sample) (scale = 1 mm).

ssembled at room-temperature, followed by heat-treatment at
3 ◦C for 12 h, as shown in Fig. 8(A). The inset in Fig. 8(B) shows
n optical image of the samples (E: extrudate, A: assembled
ample). The sample showed good interfacial bonding between
he assemblies, as indicated by the arrows, while preserving the
referential orientation of pores, as shown in Fig. 8(B). It should
e noted that the present method can be applicable to a range of
aterials, when a heat-treatment temperature that is close to the

olidification of the slurry can be determined properly.

. Conclusions

The pore size of highly aligned porous alumina ceramics
ncreased remarkably from 51 ±  8 to 125 ±  27 �m with increas-
ng heat-treatment time from 1 to 24 h at a particular temperature
f 33 ◦C, where camphene dendrites could overgrow continua-
ively, while preserving their highly aligned porous structure.
urthermore, all the fabricated samples showed that alumina
alls were densified quite well, which is unlike the sample
aving porous alumina walls produced without heat-treatment.
his led to a considerable increase in compressive strength;

.28 ±  0.1 MPa and 11.6 ±  1.2 MPa for the samples produced
ithout and with the heat-treatment for 12 h, respectively. In

ddition, the samples could be assembled successfully into larger
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imensions with good interfacial bonding between the assem-
lies.
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