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Abstract

Continuous microstructural graded hollow cylinders were processed and characterized using a developed technique named cen-
trifugal molding technique. Alcohol based slurries containing mullite and molybdenum (Mo) powders were tested in this work.

Hollow cylinders with ceramic rich in inner surface and metal rich in outer surface were fabricated with the smooth increase of Mo
content toward outer direction. Sintering condition was optimized and graded hollow cylinders were sintered at 1600 �C for 3 h in
the reducing atmosphere. No new phases were observed after sintering. Microstructural observation and EDX analysis performed
showed linear gradation of Mo content along the radial direction of cylinders. The methodology of mixing process of starting

materials in the form of slurry immensely influenced the microstructural pattern across the thickness of graded specimens. Mea-
sured Vickers hardness values proved the continuous compositional change from inner to outer surface of graded cylinders and the
hardness became constant in outer surface of graded specimens due to formation of interconnected Mo structures.
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1. Introduction

Functionally graded materials (FGMs) are new ver-
sions of composite materials that are microscopically
inhomogeneous in unique characterization. The com-
position varies gradually and continuously, or, stepwise,
from ceramic to ceramic or ceramic to metal. This
variation of microstructure distinguishes FGMs from
conventional composite materials and the composi-
tional variation across the cross-section resulting in
unique physical properties.1 These characteristic micro-
structures are expected to reduce the thermal stress at
the interfaces, thus developing the thermal shock resis-
tance properties. In the application side, these materials
generally have the advantage in which requirements for
the properties differ at opposite end and are used in
severe environments where the temperature gradient is
steep such as in rocket nozzles and turbine components.

Various fabrication methods are applied in recent for
the preparation of bulk FGMs and graded thin films.
Some of the prevailing techniques used in practice to
fabricate FGM includes layered technique,2�4 sequential
slip casting technique,5 centrifugal casting technique,6�9

slip casting10�12 for bulk graded materials and chemical
vapor deposition,13 plasma spraying,14,15 electro-
phoretic deposition16�18 for graded films. Among the
methods for preparing bulk FGMs, the centrifugal
casting technique is the most economical method for
producing continuous change in composition through
the thickness of component. The process involves the
addition of reinforcing particles to the molten metal and
centrifuged at higher velocities to get the graded com-
positional change along radial direction and then soli-
dify to preserve the gradation. A thick walled ring of
SiC/Al FGM was fabricated by a centrifugal casting
technique.6

With a similar principle of centrifugal casting tech-
nique, a newer technique named centrifugal molding
technique is being developed by Nishikawa et al.19 and
Sivakumar et al.20 for the fabrication of continuous gra-
ded ceramic/metal hollow cylinders. In this technique,
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the centrifugal force enables the ceramic powder mixed
with metal powder to create a gradient compositional
distribution due to the difference in their material den-
sities and particle sizes.
This work primarily concerns about developing and

characterizing continuous graded FGM hollow cylin-
ders fabricated by centrifugal molding technique. In this
present work, mullite and molybdenum (Mo) were
taken as the raw materials. Since the large difference in
densities of ceramic and metal (3170 kg/m3 for mullite
and 10220 kg/m3 for Mo), it is convenient to fabricate
mullite–Mo FGMs by the centrifugal molding tech-
nique, which creates the compositional gradient in
radial direction. They are ideal candidates for preparing
FGMs since they have similar thermal expansion coeffi-
cients (4.8�10�6 K�1 for mullite and 4.9�10�6 K�1 for
Mo), thus reducing the residual stresses without any
thermal expansion mismatch and reacting each other at
high temperatures. Mo is a good electrical and thermal
conductor, whereas, mullite is an electrical insulator and
has low thermal conductivity. This opens a large num-
ber of possible applications in electronics, in thermal
barrier coatings or in electrical conductor/insulator
component.21

2. Experimental procedure

2.1. Starting materials

The following commercially available micrometer
sized powders were used for this work: (i) mullite
(Kyoritsu Yogyo Co., KM102) with mean particle size
of 1.3 mm, specific surface area 8.7 m2/g, and Mo (Mit-
suwa’s Pure Chemical Co.) with mean particle size of
3.0 mm. The properties of the starting materials are
shown in Table 1.

2.2. Processing

Fig. 1 summarizes the processing route used in this
work for the fabrication of continuous graded hollow
cylinders. Mullite and 40 vol.% of Mo mixture was
prepared by wet mixing in polyethylene pot with etha-
nol for 24 h. MgO was added in small quantity of 0.5
wt.% of mullite22 as the sintering aid for the better
densification. Uniformly sized alumina balls were added

for homogenous wet mixing. The slurry was dried for 24
h at 110 �C. Dried composite powders were then ground
in high purity alumina mortar and passed through
screen having the aperture size of 350 mm. Stable slurry
of high solid content was then prepared by uniform
mixing of pre-mixed composite powder with ethanol as
solvent by magnetic stirrer for 1 h. Poly vinyl butyral
(PVB) and Dolapix ET 85 (Zschimmer & Schwarz
GmbH & Co.) were also added along with the slurry as
binder and dispersant, respectively. A small amount of
PVB was added to enhance the green strength during
handling. Dolapix ET 85 is a commercially available
dispersant which is a carbonic acid ester, alkali free
polyelectrolyte used as an organic dispersant and defloc-
culant for oxide bodies. The density of the dispersant is

Table 1

Properties of the starting materials

Properties Mean particle

size (mm)
Melting point

(�C)

Density

(�103 kg/m3)

Modulus of

elasticity (GPa)

Thermal expansion

coefficient at room

temperature (10�6/K)

Mullite 1.3 1810 3.17 225 4.8

Molybdenum 3.0 2610 10.22 330 4.9

Fig. 1. Processing diagram for FGM hollow cylinder fabrication.
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1140 kg/m3 at room temperature with pH of 7.0 and
active matter of 65% in weight. These binder and dis-
persant are completely soluble in alcohol and are added
in the amount of 0.5 wt.% to each slurry.
Slurry containing 40 vol.% of Mo and mullite was

also prepared using instant mixing of starting materials
with same concentrations of additives and solvent by
magnetic stirrer for a period of 1 h. The percentage of
solids in slurries of mullite and Mo was maintained at
23% by volume through the experiment. The slurry
prepared by different mixing procedures was poured in
steel mold with the inner diameter of 20 mm. For easy
removal of the sample after forming, the inner surface
of mold was coated previously with a solution of vase-
line which acts as lubricant. The cylindrical steel mold
was centrifuged along the radial direction with a speed
of 3000 rpm for 0.5 h. The device setup is shown as in
Fig. 2. After centrifugation, the residual liquid was
poured out and the mold with sample was dried in ver-
tical position inside vacuum chamber at room tempera-
ture for 24 h. The temperature was allowed to rise to
100 �C with a ramp of 5 �C/h. The dried and shrunk
sample could be removed from the mold easily. The
green tube had an approximate dimension of 7.5 mm in
thickness and 70 mm in length. The sample was cut and
then machined at desired length for the sintering and
the following characterization. Machined sample was
sintered on flat ceramic substrate at 1600 �C for 3 h in
an atmosphere of H2/N2 with H2 of 4% and rest N2.
The heating and cooling rate was taken as 200 �C/h
through sintering process.

2.3. Characterization

The bulk densities of sectioned and sintered graded
hollow specimens were measured by Archimedes method
with distilled water as a media. The microstructures of

the sintered specimens were observed on the cross-sec-
tioned surfaces, cut perpendicular to the longitudinal
axis of the hollow cylinders using a scanning electron
microscope (ABT-55) equipped with energy dispersive
X-ray (EDX) analysis system. Specimens were polished
up with the diamond abrasive slurry of 3 mm prior to
the microstructural inspection. Microstructures were
taken in equal intervals of distance of 0.6 mm, with 3.0
mm being the thickness of the sintered graded hollow
cylinders. The compositional change along the radial
direction was examined by EDX area analysis, which
was performed at equal distances from the inner to the
outer direction of specimens. Vickers hardness was also
measured in the polished surface along radial direction
with the given load of 9.8 N in equal interval of distance
to confirm the compositional change.

3. Results and discussion

3.1. Processing

Continuous graded hollow cylinders were fabricated
with the centrifugal molding technique using ethanol as
the solvent. Due to the centrifugal force enabled and the
large difference in densities of starting materials (3170
kg/m3 for mullite and 10220 kg/m3 for Mo), a gradient
compositional distribution was created along the radial
direction in the specimen. Earlier studies showed that
the mullite and Mo particles coagulated in water based
slurries, while the slurries having ethanol remained
deflocculated. The two reasons behind are that the pH
of mullite suspension (6.1) is near to the isoelectric point
of mullite (6.03) and molybdenum oxide on the surface
partially dissolute in water. This partial dissolution
decreases pH in slurry to 4.1. At this pH, mullite parti-
cles are getting attracted with Mo and thus coagulation

Fig. 2. Schematic representation of experimental setup for fabricating graded hollow cylinder.
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occurs.23 Considering these surface chemistry, the alcohol-
based slurries were taken in our studies.
The centrifugal time was taken as 30 min and the

residual liquid was poured out after the first 15 min and
again centrifuged for 15 min. Kim et al.24 reported the
repeated centrifugal casting of monolithic alumina tubes
with a rotating speed of 2500 rpm. It was then con-
cluded that the repeated centrifugal casting of alumina
slurries used had the fine and uniform microstructures.
After centrifuging process, cracks were formed during

drying in the air atmosphere along the axial direction of
the specimens. It was then optimized by drying in the
vacuum chamber for 24 h in partial vacuum. Thus, the
evaporation of ethanol in the graded specimens is quite
rapid and the sample gets dried in a faster rate avoiding
drying cracks. Temperature increased in the partial
vacuum stage with slow heating rate of 5 �C/h made
samples shrink and detached easily from the mold.

3.2. Effect of sintering environment

Since the Mo is easily oxidized in air atmosphere, the
reduced atmosphere or high vacuum is necessary for
sintering Mo containing samples. Sivakumar et al.25

sintered mullite/Mo composites in high vacuum of
4.5�10�5 Torr using a pulse electric current sintering
(PECS) technique. No oxide of Mo was observed after
sintering by X-ray diffraction analysis. Graded hollow
cylinders could not be sintered by PECS technique
under the uniformly applied pressure during sintering,
and hence the optimum sintering condition has to be
identified. Thermo gravimetric analysis (TGA) of dif-
ferent grain sized Mo powders in various atmospheric
conditions up to 600 �C are shown in the Fig. 3. From
the figure, it can be seen that the weight gain of Mo
powder sized 3 mm started around 285 �C in air atmo-
sphere and had a weight gain of 50% at 600 �C. On the

contrary, in argon atmosphere, the weight gain started
at around 330 �C and had a weight gain of only 1.7% at
600 �C. The results indicate that the weight gain of Mo
powder is large in air atmosphere, which in turn reveals
the oxidation of Mo. Oxidation of Mo powders was
insignificant, but little in argon atmospheres compared
with that of air atmosphere. The oxidation of Mo pow-
ders in argon atmosphere can be explained as that the
oxygen partial pressure may be slightly higher than the
equilibrium pressure for the conversion into MoO2.
TGA results of Mo powders in N2/H2 atmosphere

proposed by Ishibashi et al.26 have shown that there is
weight loss of 2 wt.% around 600 �C. The weight loss
was explained due to reduction of Mo oxide present in
layer of powder and the partial pressure of oxygen was
low enough to reduce MoO2 to Mo. Therefore, the
graded hollow cylinders were sintered in H2/ N2 atmo-
sphere with 4% of H2 and N2 of 96% at 1600 �C for 3 h.
XRD analysis showed no oxide peaks in the sintered
samples.
The sintered graded hollow cylinders had a relative

density of around 80% of theoretical densities prepared
by both processing routes. This decrease in the sintered
densities may be due to insufficient centrifugal force
during centrifugation at a speed of 3000 rotations per
minute and/or due to smaller diameters of the mold (20
mm). Works have been proceeded with increased rota-
tional speeds and with larger diameter of mold for var-
ious ceramic/metal and ceramic/ceramic systems to
improve the sintered densities.

3.3. Microstructure and composition

The sintered samples had mullite rich regions at the
inner side and Mo rich regions in the outer side of FGM
cylinders [Fig. 4]. Fig. 5(a) shows the electron micro-
graphs of polished surface of graded hollow cylinder

Fig. 3. Thermograms of 3 mm sized Mo powders in air and argon

atmospheres.

Fig. 4. Mullite/Mo FGM hollow cylinder by centrifugal molding

technique.
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Fig. 5. Electron micrographs of mullite–40 vol.% Mo FGM hollow cylinders by (a) pre-mixed composite powder; (b) instant stirrer mixing of

starting materials.
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containing 40 vol.% Mo and mullite prepared by stirrer
mixing of pre-mixed composite powder with solvent and
other additives. In these micrographs, the Mo particles
appear as bright phase. The microstructure locations
are represented from the inner surface towards outer
side of the graded hollow cylinder. The results indicate
that Mo is relatively distributed and gradation was pre-
sent from the inner side of the hollow cylinder towards
the outer direction when observed at equal intervals of
distances across the hollow cylinder. Larger Mo parti-
cles, due to the centrifugal force, were observed on the
outer side of the graded hollow cylinder. From the
micrographs, it can be seen that Mo particle concentra-
tion is high even in the mullite rich region, while inter-
connected Mo structures were present in metal rich
region, that is, on the outer surface of graded cylinders.
Various binder concentrations were tried out to opti-
mize the gradient of Mo along the radial direction from
inner towards outer side. Mo concentration was high in
the center of the FGM hollow cylinder when the binder
concentration was increased from 0.5 to 1.0 wt.%, in
turn, increasing the viscosity of mullite–Mo composite
slurries. The graded behavior mainly depends on the
viscosity of the slurry.
Microstructures of 40 vol% Mo graded hollow cylin-

der centrifuged with slurry prepared by instant stirrer
mixing of starting materials and additives is shown in
Fig. 5(b). The microstructural pattern is differed here
from the graded cylinders fabricated with the slurries
containing pre-mixed composite powders [Fig. 5(a)].
From the micrographs in Fig. 5(b), it can be seen that
the molybdenum grains are isolated in the mullite rich
region and its concentration gets increased towards the
outer surface regions. Also, the microstructures in the
outer surface regions showed high contents of Mo with
interconnected structure.
The microstructures of graded hollow cylinders reveal

that the methodology of slurry preparation has a vital
influence on the gradation of Mo along the radial
direction. From Fig. 5(a) and (b), it can be seen that
there is a smooth change in the composition through the
thickness for the FGM hollow cylinders prepared from
instant stirrer mixing of starting materials than the gra-
ded cylinders prepared from stirrer mixing of pre-mixed
composite powders. Also, the adherence between the
starting materials is minimal in instant stirrer mixing of
slurry and the Mo particles are isolated in the inner
surface of graded specimens.
The variations in the compositional profile across the

graded specimens in turn varying the material properties
reduce the thermal stresses produced due to severe
thermal shock environments. The numerical analysis of
temperature and stress distributions in graded hollow
cylinder composed of mullite and molybdenum is dis-
cussed briefly elsewhere.27 The analytical results proved
that mullite–Mo graded hollow cylinders released the

thermal stresses on the ceramic surface considerably as
well as in metallic surface. Also, compressive stresses
were present after thermal shock and no tensile stresses
were found when the severity of quenching medium is
varied. In this mullite–Mo system, the thermal residual
stresses produced during the cooling of sintered speci-
mens are minimal due to smaller thermal expansion
mismatch.
EDX compositional analysis was performed along

with SEM for mullite–Mo FGMs with 40 vol.% Mo
content prepared from the pre-mixed composite pow-
ders as starting materials (Fig. 6). The relative Mo con-
tent increased monotonously from inner surface
towards outer side in equal intervals of distance. The
average relative Mo content present in the FGM hollow
cylinder is given by 70.56 wt.%, which corresponds to
40 vol% in initial composition.

3.4. Hardness

Vickers indentations were placed in the polished sur-
face of graded specimen across the thickness from inner
surface towards outer direction. For an indent load of
9.8 N, the hardness was measured in equal intervals of
distances. Fig. 7 shows the variation of Vickers hardness
of FGM hollow cylinder containing Mo of 40 vol.%
and mullite. From the figure, it can be seen that the
hardness decreased in a steady manner when measured
from inner towards outer side of hollow cylinder. Vick-
ers hardness is nearly 4 GPa in mullite rich region for
the specimen corresponding to the microstructures in
Fig. 5(a), while the hardness of monolithic mullite being
15 GPa. The decrease in the hardness values may be due
to the co-existing of Mo particles in the centrifuged
hollow FGM cylinders. It is speculated that mullite

Fig. 6. Compositional analysis of relative Mo content in 40 vol.% Mo

FGM graded cylinder.
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particles may be adhered to Mo and there may be
homogeneous adherence and/or coating of mullite on
Mo powder during the ball mixing. Thus, composite
powder taken as starting material decreased the Vickers
hardness in mullite rich region. It is worth noting that
FGM hollow cylinders fabricated by instant mixing of
mullite and Mo powders had high hardness near to the
pure mullite in the ceramic rich region. From Fig. 7, it
can be seen that 40 vol.% Mo graded cylinder fabri-
cated by instant mixing of starting materials without
ball mixing had an increased hardness of around 12
GPa. The slight decrease in the Vickers hardness from
the theoretical values can be explained due to the pre-
sence of porosities. Also, the hardness is almost equal in
outer surface where the metal concentration is high and
the gradient of Mo in metal rich region is small. The
similar hardness values in the Mo rich region found in
specimens of both type of mixing processes may be due
to the interconnected structures of Mo grains.

4. Conclusions

Mullite–Mo graded hollow cylinders were successfully
fabricated and developed by the centrifugal molding
technique. Alcohol based slips were utilized with small
concentrations (0.5 wt.%) of binder and dispersant.
Faster drying rate was employed for graded cylinders in
partial vacuum to avoid drying cracks. Thermo gravi-
metric analysis revealed that reduced atmosphere is
ideal for sintering mullite–Mo FGM hollow cylinders.
No additional phases were present when sintering was
carried out at 1600 �C in H2/N2 atmosphere controlled
furnace. SEM micrographs showed that there was a
uniform gradient of Mo from mullite rich region

towards outer direction. Graded specimens prepared
from instant mixing of starting materials rather than
mixing of pre-mixed composite powder had character-
istic microstructures with isolated Mo grains in mullite
rich region and uniform gradation of Mo was observed
along radial direction. Interconnected Mo structures
were present at the outer surface of hollow cylinder in
which the hardness values became constant.
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