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Abstract
As heat insulating materials, alumina foam ceramics possess many advantages such as low thermal conductivity,

high thermostability, good wear resistance, high hardness, and excellent resistance to corrosion. In this paper, a high-
alumina foam ceramic was prepared with the gel-foaming method using aluminum dihydrogen phosphate as gel, and
alumina fibers as reinforcing component. The effects of sintering time on phase components, fiber surface morphology,
microstructure, and mechanical properties of the samples were investigated. It was found that C-AlPO4 with higher
temperature stability demonstrated higher crystallinity, and increasing sintering time facilitated the conversion of
T-AIPO4 to C-AIPO4. Meanwhile, the porosity first decreased with time followed by an increase, and the compressive
strength increased first and then decreased. When the sintering time is 4 h, the optimized compressive strength reached
4.3 MPa. So, the best sintering time is 4 h.
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I. Introduction
As a porous material with high-temperature tolerance,

foam ceramic was firstly prepared with alumina, kaolin,
and other raw materials 1. Foam ceramic has numerous
merits, such as low density, high porosity, high tempera-
ture resistance, high specific strength, and high corrosion
resistance. It is widely used in metal solution filtration,
heat insulation and sound insulation materials, automo-
bile exhaust treatment, electronic devices, medical equip-
ment, and biochemistry. First, a wide range of methods
was studied to prepare ceramic foams. Ren et al. 2 pre-
pared a new type of SiC ceramic foam with epoxy resin
matrix and SiC, and found that the manufacturing transi-
tion layer could improve the mechanical properties of the
SiC foam ceramic effectively. Li et al. 3 prepared alumina
foam ceramics with varying porosity by means of organic
impregnation with a gel injection molding process. Poros-
ity plays a vital role in the physical properties of foam ce-
ramics. High porosity generally reduces the density and
thermal conductivity of the ceramic. The relationship be-
tween the porosity and the material has been studied ex-
tensively. Yuan et al. 4 studied the effect of alumina pow-
der size on the porosity and microstructure of the ceram-
ic. The results showed that the porosity of the ceramics
prepared from the nanoscale Al2O3 powder was 1.3 %.
Sciamanna 5 prepared alumina foam ceramic by adding a
suspension of butyric acid containing alumina, and ana-
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lyzed the microstructure and mechanical properties of the
alumina foam ceramics. The flexural strength of the ce-
ramic was 502 MPa. However, the strength of the mate-
rial also weakens with increasing porosity. To overcome
this challenge, many approaches have been proposed to
increase the porosity while maintaining the strength. Ce-
ramic matrix composites reinforced by fibers have become
the research focus owing to their high temperature tol-
erance, enhanced strength, good chemical stability, high
elastic modulus, and good rigidity. Ma et al. 6 studied the
mechanism of alumina-fiber-toughened alumina ceram-
ic. The results showed that the bending strength of the
material under high temperature was improved. Lang et
al. 7 prepared porous YSZ by Al2O3 fiber, and studied the
effects of the sintering temperature, sintering time, and
Al2O3 fiber content on the porosity, microstructure, com-
pressive strength, and fracture toughness of the sample. As
the fiber content was 10 vol%, the compressive strength
and flexural strength were 100.2 MPa and 61.5 MPa, re-
spectively. Liu et al. 8 studied the effects of fiber dosage on
the mechanical properties of the composite. The strength
and fracture toughness of the material were better with
5 % fiber content. Alumina foam ceramic reinforced by
alumina fiber has attracted a lot of attention thanks to its
excellent oxidation resistance under high temperature. At
different sintering times, the ceramic matrix and fiber are
affected differently, so the properties of the material are af-
fected. Hou et al. 9 studied the effect of sintering time on
the strength and open porosity of biological SiC ceramics.
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With an increasing sintering time, the porosity of the ce-
ramic decreased, while the flexural strength and fracture
toughness increased. Dai et al. 10 studied the effects of sin-
tering time on intergranular phase and mechanical proper-
ties of silicon nitride ceramics. The results showed that the
total grain content, boundary phase, density, and strength
of the samples increased with the increase in sintering time.
Sutharsini 11 studied the effects of sintering time on the
microstructure and properties of porous a-Si3N4/Sialon
composite coatings. With the increase of sintering time,
the hardness and fracture toughness of the Si3N4 ceram-
ics were notably improved.

Previous work demonstrates that the sintering time
has a significant impact on the physical properties of
the alumina matrix and alumina fibers. In this paper, a
high-alumina foam ceramic was prepared with the gel-
foaming method using water as dispersing medium, and
aluminum dihydrogen phosphate as gel and alumina fiber
as reinforcing component. The effects of sintering time
on the phase composition, fiber surface morphology,
microstructure, and mechanical properties of the samples
were investigated.

II. Experimental

(1) Experimental materials
Alumina powder (99.99 %, d50 = 0.5 lm) was used as

a precursor. H-WF-3 ultra-fine high-white aluminum
hydroxide powder (also known as aluminum trihydrate
powder, d50 = 3.16 lm, 64.9 % alumina content, China
Aluminum Co., Ltd.) and OP-10 (nonionic surfactant
with nonylphenol polyoxyethylene ether as the main in-
gredient, HLB is 14.5, Laiyang Economic and Technolog-
ical Development Zone Fine Chemical Co., Ltd.) were
used as emulsifier. 97 % polycrystalline alumina fiber
(Zhejiang Deqing Jiahe Crystal Fiber Co., Ltd) was used
as enhancement. At high temperatures, the polycrystalline
alumina fiber always maintains polycrystalline microcrys-
talline structure, thus ensuring excellent heat resistance,
high thermal stability, and high temperature stability. The
surface of the polycrystalline alumina fiber is smooth and
well-shaped with relatively high L/D. The fibers were
cut into segments with length of 1 – 2 mm. Aluminum
dihydrogen phosphate (99.99 %, Pei You Biotechnology
(Shanghai) Co., Ltd.) was used as the gelling agent.

(2) Sample preparation
The ceramic samples were prepared with the gel-foam-

ing method. The process included slurry preparation,
mixing, molding, drying, and sintering. The mass ratio
of alumina powder, aluminum hydroxide, alumina fiber,
and aluminum dihydrogen phosphate was 0.51 : 0.08 :
0.10 : 0.31. The aluminum dihydrogen phosphate solu-
tion (60 wt%) was prepared with aluminum dihydrogen
phosphate and deionized water. Next, alumina powder,
aluminum hydroxide powder, and alumina fiber were se-
quentially added into aluminum dihydrogen phosphate
solution to form a slurry. Deionized water was used to ad-
just the viscosity of the slurry. Subsequently, the mixture
was stirred for 2 – 3 h until a constant slurry volume was
reached. Afterwards, the slurry was cast into a disc-shaped

mold with a diameter of 13.5 cm. The mold was kept still
for 24 h at room temperature until the slurry gelled. The
green body was oven-dried at 50 °C for about 2 days, then
sintered at 1580 °C for 2, 4, 6, and 8 h. The correspond-
ing samples are labeled (a) 2 h, (b) 4 h, (c) 6 h, and (d) 8 h,
respectively.

(3) Characterization
The phase composition of the sintered samples was ana-

lyzed using a D8 Advanced X-ray diffractometer (XRD,
Germany) with CuKa1 radiation at an accelerated volt-
age of 40 kV and a scanning step of 0.02 degree. The
microstructure was observed with a Sirion 200 scanning
electron microscopy (SEM, Holland). The compressive
strength was measured with an electronic universal testing
machine. The open porosity of the samples was measured
with the Archimedes method. The slurry viscosity was ex-
amined with a rotational viscometer.

III. Results and Discussion

(1) Effects of sintering time on the phase composition of
samples

Fig. 1 shows the effects of sintering time on the phase
composition of the samples. It can be seen that only the
diffraction peaks of C-AlPO4, a-Al2O3, and T-AlPO4
phase are shown in the XRD curves in Fig. 1. This indicates
that the sintering time has no effects on the phase compo-
sition of the samples. The peak intensity of C-AlPO4 in-
creases, indicating an improved crystallinity. The peak in-
tensity of T-AlPO4 decreases with the increase of the sin-
tering time. The peak intensity of a-Al2O3 shows no ap-
parent change with the increase of sintering time. At high
temperature of 1580 °C, AlPO4 mainly exists in the sta-
ble phase of C-AlPO4 and a-Al2O3. Sintering at high tem-
perature can transform T-AlPO4 into C-AlPO4. There-
fore, with the increase of sintering time, the crystallini-
ty of C-AlPO4 becomes higher, and the corresponding
T-AlPO4 is converted to C-AlPO4. The relative content
of T-AlPO4 decreases and the crystallinity of a-Al2O3
does not change much.

Fig. 1: XRD patterns of samples with various sintering times.
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(2) Effects of sintering time on the surface morphology of
the fibers

Fig. 2 shows the effects of the sintering time on the sur-
face morphology of the fibers. It can be seen that when the
sintering time is 2 h, the alumina fibers are bonded loose-
ly to the alumina matrix, with a gap between the fiber and
the matrix (Fig. 2a). In Fig. 2b, when the sintering time is
4 h, the bond is enhanced between the fiber and the matrix.
There is no void between the matrix and the fiber. Note the
cross-section of the fiber is thicker owing to a non-uni-
form fiber diameter distribution in the sample. As shown
in Fig. 2c, when the sintering temperature reaches 6 h, the
particle size on the fiber surface increases significantly so
that the surface of the fiber becomes rough, resulting in a
gap between the fiber and the alumina particles. In Fig. 2d,
as the sintering time further increases to 8 h, the particle
growth on the alumina fiber surface continues to increase,
covering the entire surface of the fiber. As a result, the flexi-
bility of the fibers is reduced, as the grain accumulation on
the fiber surface reduces the role of the alumina fibers in
the ceramic matrix.

In the zoom-in SEM images, as shown in Fig. 3, more de-
tails are revealed on the sintering effect. It can be seen that

when the sintering time is 2 h, the grain of the fiber is small
and the surface is rough (Fig. 3a). In Fig. 3b, when the sin-
tering time is 4 h, the grain of the fiber becomes larger and
more uniform, and the surface is smoother and the degree
of densification is deepened. With the extension of sinter-
ing time, the grains of the fiber begin to grow slowly. In
Fig. 3c, when the sintering time is 6 h, the size of the grain
increases, and the uniformity of the grain becomes poorer.
In Fig. 3d, when the sintering time reaches 8 h, it is clear
that the fiber cross-section becomes rugged, and the sur-
face of the fiber is occupied by large grains with irregu-
lar shape and coarse grain boundaries. These phenomena
are typical for over-burning of fibers. As the sintering time
is prolonged, the larger crystal grains have lower surface
energy than the smaller grains, so the larger grains con-
tinue to grow under the surface driving force. The results
show that the sintering time indeed has a great influence
on the surface morphology of the fiber at the same sinter-
ing temperature. With the increase of the sintering time,
the fiber cross-section becomes uneven owing to uneven
grain growth. At the same time, the grain growth on the
fiber surface becomes more significant, introducing more
pores.

Fig. 2: Tilted view of SEM images of samples with various sintering times (Fig. 2a: 2 h sintering time, Fig. 2b: 4 h sintering time, Fig. 2c: 6 h
sintering time, Fig. 2d: 8 h sintering time).



502 Journal of Ceramic Science and Technology —Z. Chu et al. Vol. 8, No. 4

Fig. 3: Zoom-in SEM images of samples with various sintering times (Fig. 3a: 2 h sintering time, Fig. 3b: 4 h sintering time, Fig. 3c: 6h sintering
time, Fig. 3d: 8 h sintering time).

(3) Effects of sintering time on the microstructure of the
samples

Fig. 4 shows the effects of sintering time on the mi-
crostructure of the samples. In Fig. 4a, when the sinter-
ing time is 2 h, the grains are relatively small, and the grain
sizes are non-uniform. A large number of voids are ob-
served in the sample. In Fig. 4b, when the sintering time is
4 h, the grains grow obviously larger with more uniform
size distribution. The internal voids of the sample are sig-
nificantly smaller than those in the sample in Fig. 4a. In
Fig. 4c, when the sintering time is 6 h, large grains begin
to appear, and the intergranular grains are accumulated.
The internal voids of the specimens increase. In Fig. 4d,
when the sintering time reaches 8 h, the average size of
the grains is larger with non-uniform distribution. The
porosity of the sample is obviously increased compared to
Fig. 4c. This shows that as the sintering time continues to
increase, ceramic particles continue to grow. The size of
the three-dimensional pore in the sample also increases.

According to the grain growth dynamics, the driving
force can be expressed as:

F =
2δ
R

(1)

where F is the driving force, d is the specific surface ener-
gy, and R is the grain size in the formula. It can be seen that
if specific interfacial energy is greater, the size of grains is
smaller, and grain growth driving force F will be greater.
The crystal face of the large crystal grains has a lower spe-
cific surface energy compared to the adjacent small grains.
Therefore, with increased sintering time, the interface of
the large grains is driven by the interfacial energy to move
toward the center of the grain with small radius of curva-
ture. The ceramic particles grow and the small grains grad-
ually decrease or even disappear.

According to the grain growth thermodynamic driving
force formula:

Dn - Dn
0 = A exp

(
-

Q
RT

)
t (2)

where D0 and D denote the initial grain size and the grain
size at isothermal sintering time, n is the grain growth in-
dex, A is the grain growth rate constant, Q is the isothermal
grain growth activation energy, and R is gas constant. It
can be seen that the size of the grains increases with sinter-
ing time, which is in accordance with the experimental re-
sults. Owing to the higher surface free energy of the small-
er grains, the smaller gains tend to grow larger to reduce
the free energy. The material is suitably insulated in the sin-
tering process, which can make the raw material reaction
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more complete, promote grain boundary migration, and
cause the grain to grow unceasingly. Nevertheless, longer
sintering time will lead to abnormal grain growth. The de-
gree of material densification decreases, resulting in defor-
mation of the green body.

(4) Effects of sintering time on the properties of alumina
foam

Fig. 5 demonstrates the effects of the sintering time on the
porosity of the samples. As can be seen from Fig. 5, when
the sintering temperature is 1580 °C, the porosity of the
sample decreases first, and then increases with the sinter-
ing time. As the sintering time reaches 4 h, the free energy
of the sample decreases with a decreasing solid/gas bound-
ary area and an increasing solid/solid boundary area. The
particles migrate and attach to each other, filling the pores
inside the material and leading to reduced porosity of the
material. As the sintering time further increases, the over-
long sintering time results in significant growth of large
ceramic grains. The grains form a 3D network structure
with large numbers of voids inside the material. Thus, the
porosity of the material increases again.

Fig. 6 shows the effects of sintering time on the compres-
sive strength of the samples. As can be seen from Fig. 6,

when the sintering temperature is 1580 °C, the compres-
sive strength of the samples increases first, and then de-
creases with the sintering time. On one hand, the strength
of alumina ceramic foam decreases with increasing poros-
ity. On the other hand, the fiber can enhance the structure
of alumina foam ceramic, and thus enhance the strength
of the ceramic foam. Overall, the compressive strength
of alumina ceramic foam is greatly affected by porosity
and fiber. As can be seen from Fig. 2, Fig. 3, and Fig. 4,
when the sintering time is 2 h, the alumina fibers are loose-
ly bonded to the alumina particles, and there is a gap be-
tween the fibers and the particles. The ceramic particles
are not completely fused with high porosity, which re-
sults in a smaller compressive strength. When the sinter-
ing time is 4 h, the bond between the fiber and the particles
is stronger, and the grain grows to a certain extent. The ef-
fect of fiber reinforcement is fully reflected, and the com-
pactness of the sample is good with low porosity. The mea-
sured compressive strength is 4.3 MPa. As the sintering
time increases, the molten alumina particles accumulate on
the surface of the alumina fibers, and cause the grains to
grow unevenly. As a result, the surface of the fibers be-
comes rough, which makes it difficult for the fibers to be
pulled out and affects the reinforcing effect of the fibers.

Fig. 4: Top view SEM images of samples with various sintering times (Fig. 4a: 2 h sintering time, Fig. 4b: 4 h sintering time, Fig. 4c: 6 h sintering
time, Fig. 4d: 8 h sintering time).
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Because the grains grow irregularly, the ability of the fiber
to bear external force is reduced when external load is
applied. The compressive strength of the sample is reduced
owing to the increase in porosity, which is caused by the
mutual stack among the grains.

Fig. 5: Effects of the sintering time on the porosity of the samples.

Fig. 6: Effects of the sintering time on the compressive strength of
the samples.

IV. Conclusions
A high-alumina foam ceramic was prepared with the gel-

foaming method using water as dispersing medium, alu-
minum dihydrogen phosphate as gel, and alumina fiber
as reinforcing component. The effects of sintering time
on the phase composition, fiber surface morphology, mi-
crostructure, and mechanical properties of the samples
were studied. The following conclusions were obtained:

(1) For C-AlPO4, increased sintering time results in im-
proved crystallinity. The corresponding T-AlPO4 is con-

tinuously converted into C-AlPO4, but the a-Al2O3 crys-
tallinity is less affected.

(2) As the sintering time is increased, the cross-section of
the fiber becomes irregular owing to uneven grain growth.
The grains grow and form pores, which reduces the ability
of the fiber to bear external force under applied load. With
the increase in sintering time, the ceramic particles contin-
ue to grow and the sizes of the three-dimensional pores in-
crease.

(3) With the increase of sintering time, the porosity of
the sample decreases first and then increases, and the com-
pressive strength increases first and then decreases. When
the sintering time is 4 h, the compressive strength reaches
4.3 MPa. So the best sintering time is 4 h.
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