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Abstract: Functionally graded materials (FGMs) are multi-phase composites with gradual spatial
variations of constituents. The compositional transitions in the FGMs are classified into two man-
ners such as continuous gradient manners and stepwise manners. In this study, zirconia (ZrO2)/
304 stainless steel (SUS304) FGMs with continuous gradient manners were fabricated by a combina-
tion of centrifugal slurry methods and spark plasma sintering (SPS). A variety of continuous gradient
patterns were achieved by controlling the amount of dispersant such as ammonium polycarboxylic
acid (PCA) in the slurry. With an increase in the amount of PCA, the gradient patterns in the FGMs
changed from ceramic (ZrO2)-rich to metal (SUS304)-rich ones. According to Stokes sedimentation
velocity simulations, the sedimentation velocity of SUS304 particles is higher than that of ZrO2

particles. With an increasing amount of PCA, the sedimentation velocity of the particles decreases.
Cyclic thermal shock test results demonstrated that FGMs with metal (SUS304)-rich continuous
gradient patterns showed the highest resistance among the samples of FGMs, 5-layered materials
and ZrO2 single materials.

Keywords: functionally graded materials; centrifugal slurry method; spark plasma sintering; zirconia;
stainless steel; ammonium polycarboxylic acid

1. Introduction

For the protection of structures working under high temperature and high temperature
gradient conditions used in aerospace and automobile fields, ceramic/metal functionally
graded materials (FGMs) can be of use and effectively applied. FGMs are multi-functional
composites with gradual spatial variations of constituents, which result in a smooth vari-
ation of thermal, mechanical and electrical properties. Advantages of FGMs include
smoothing of thermal stress distributions across the layers, minimization or elimination
of stress concentrations and singularities at the interface corners and increase in bonding
strength [1–3]. These features can be achieved by engineering the FGMs with a predeter-
mined gradual spatial variation of the volume fractions and microstructure of the material
constituents according to functional performance requirements [4,5].

Processes of fabrication of FGMs include a variety of techniques such as physical and
chemical vapor depositions, plasma spray, thermal spray, cold spray coatings, centrifugal
casting, centrifugal slurry and other powder metallurgical techniques [6–8]. FGMs have
been recognized to have two manners of gradual transitions of properties from one side
to another. One is a continuous gradient manner, and another is a stepwise manner [9].
Centrifugal techniques make a continuous gradient manner in the FGMs. Centrifugal
casting can be performed by addition of hard particles to a molten metal and pouring
the mixture into a rotating mold. The FGMs are solidified in the mold under centrifugal
force producing the gradient of the hard particles in the metals, which depends on the
size of particles, density and viscosity of the molten metal, the rate of solidification, mold
rotational speed and others [10–13].
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Centrifugal slurry methods were also carried out with slurry consisting of a mixture
of ingredient powders and some liquids [9,11]. It is similar to centrifugal casting processes.
The constituent ingredient materials are mixed in a liquid state and poured into a cylinder
mold. Centrifugal force produces the gradient of the constituents in the materials due to
differences in their densities and other factors when the mold is rotated. This process can be
applied to fabricating ceramic/metal FGMs with a continuous gradient in accordance with
predetermined distributions of specific characteristics. The advantage of using centrifugal
slurry methods to centrifugal casting ones is that centrifugal slurry methods can be applied
to a variety of materials without any consideration of their melting point. It was reported
that such centrifugal slurry methods can be utilized for fabricating carbon nanotube (CNT)
distributed aluminum FGMs using centrifugal slurry methods [9]. There has not been
so much research investigating the relationship between the amount of dispersant in the
solvent in the slurry and patterns of gradations of the constituents in the FGMs fabricated
by centrifugal slurry methods.

Much attention has been paid to spark plasma sintering (SPS) as a superior powder
consolidation technique for fabricating new types of materials in recent decades [14–17].
SPS places a direct current (DC) pulse directly into pressurized powder particles under
vacuum conditions, which is advantageous for sintering of metals, ceramics, metallic glass,
chemical reaction inorganic compounds and FGMs [18–21]. The vacuum conditions can
prevent or limit the oxidation, whilst the fast-heating rates along spark plasma conditions
inhibit unnecessary reactions between material powders, including suppressing coarse
growth of formed phases and crystal grains [22]. Such fast heating as well as fast sintering
at reduced temperatures can assist the consolidation of the FGMs without any change of
compositional gradients in the materials. A combination of centrifugal slurry methods
and SPS is considered to achieve excellent outcomes in obtaining smooth compositional
gradients of constituent phases in the FGMs.

Thermomechanical behavior of ceramic/metal FGMs has been studied by many re-
searchers [3–5,23–25]. It has been reported that the ceramic-rich side in FGMs is so brittle
that cracking usually occurs from the ceramic surface into the inside of the FGMs, in
particular, under unsteady heat-flow conditions such as thermal shock loadings [5,26,27].
As to the design and analysis of such FGMs, a micromechanics-based continuum model
was formulated considering mechanisms of toughening of ceramics and their compos-
ites with stress-induced transformation of partially stabilized zirconia (PSZ) [5]. It was
also reported that by taking into account time-dependent inelastic deformation (creep
and diffusion around particles) and time-independent inelastic deformation (plasticity of
metals) of the constituent phases, micro stresses in ceramic phases could be examined to
determine the criteria of fracture of the FGMs. Dynamic analysis of multi-layered graded
composite beams was conducted considering viscoelastic behavior of constituents [28,29].
Cyclic thermal shock tests have been used as useful and effective methods to understand
thermomechanical behavior of the ceramic/metal FGMs under high temperature and high-
temperature gradient conditions [30–32]. Experimental work has been also conducted,
which demonstrated that under cyclic thermal shock conditions creep of ceramics during
the heating stages brings large compressive stresses in the ceramic surface layers, which
turns to large tensile stresses at the following stage of cooling, which possibly leads to the
fracture of the ceramic-metal FGMs [4,25,33].

In this study, zirconia (ZrO2)/304 stainless steel (SUS304) FGMs were fabricated using
a combination of centrifugal slurry methods and SPS. Slurry was composed of powders of
ZrO2 and SUS304 with a dispersant such as ammonium polycarboxylic acid (PCA) in the
solvent of water [34]. The fabricated samples were investigated on their microstructures
and nano- and micro-mechanical properties to identify the compositional gradients in the
FGMs. Stokes’s law was used to understand the formation of gradients of constituents
in the FGMs. Resistance to cyclic thermal shock loadings was investigated in terms of
crack propagations on the surfaces of ZrO2 and SUS304 of the samples. As a reference,
multi-layered materials and ZrO2 single materials were also tested.



J. Compos. Sci. 2023, 7, 69 3 of 19

2. Experimental Procedure
2.1. Fabrication

SUS304 powder (Nilako Co., Ltd., Japan) with an average diameter of 100µm was
sieved through a 400 mesh to obtain the powder with a diameter of 40µm or less. The
sieved SUS304 powder and ZrO2 (partially stabilized zirconia, PSZ containing 3 mol %
Y2O3) powder with a diameter of 62 nm (TZ-3Y-E, Tosoh Co., Ltd., Japan) were mixed.
The volume ratio of SUS304 and ZrO2 powders was 6:4. The powders and a dispersant of
ammonium polycarboxylic acid (PCA) (Aron A6114, Toa Synthetic Co., Ltd., Japan) were
put together into distilled water (a solvent, Hayashi Jun Kogyo Co., Ltd., Japan). PCA mass
ratio to the powders was 0, 1, 3, 5, 10 and 20%. Ultrasonic vibration treatments were carried
out for 20 min to obtain a uniformly mixed powder slurry.

Figure 1 shows a photo and schematic illustration of centrifugal slurry equipment. The
mixed powder slurry was poured into the mold. The rotational speed can be changed for a
variety of levels of centrifugal forces. Centrifugal operations were performed at rotating
speeds of 250, 500, 750 and 1000 rpm for 1800 s. After these operations, the slurry was
dried in a drying oven at 150 ◦C for 8 h. The dried samples were pressed at 150 kN using
a cold pressing machine to obtain green bodies. The green body sample was put into a
graphite mold with an inner diameter of 20 mm and a height of 50 mm, which was set
in the chamber (at 20 MPa) of a discharge plasma sintering (SPS) device (CSP-KIT-02121,
S.S.Alloy Co., Ltd., Japan). The samples were sintered at 1100 ◦C for 10 min under the
uniaxial pressure of 30 MPa, followed by cooling to 800 ◦C in 10 min, and then cooled to
RT in the SPS chamber. Disk-shaped samples with a diameter of 20 mm and thickness of
3 mm were obtained as illustrated in Figure 2. As a reference, 4 types of layered and single
material samples were also consolidated, such as 5-layered material samples, 3-layered
material samples, 2-layered material samples and ZrO2 (PSZ) single material samples,
which are illustrated in Figure 3. The layered material samples were prepared by stacking
the mixed powders of ZrO2 and SUS 304 with different compositions in the state of slurry.
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2.2. Materials Characterization

Microstructure observations accompanied with elemental analysis were performed
using a scanning electron microscope (SEM, SU8020, Hitachi High-Technologies Co., Ltd.,
Japan) and energy dispersive X-ray spectroscopy (EDX, EMAX-Evolution, Horiba Ltd.,
Japan) with an acceleration voltage of 15 kV. The dwelling time was 5 µs. Figure 4 shows the
spectrum in the cross section for element analysis by EDX, which is divided into 10 regions.
Hardness tests were conducted using a Micro Vickers hardness tester (HM-200, Mitutoyo
Co., Ltd., Japan) and nanoindentation tester (UNHT3HTV, Anton Paar Co., Ltd., Austria).
The hardness and elastic modulus were probed in the cross sections of disk-shaped samples.
The indentation test conditions are shown in Table 1. Figure 5 shows the measurement
points for micro Vickers hardness and nanoindentation tests.
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Table 1. Conditions for Micro Vickers hardness test and nanoindentation test.

Measuring
Method Load [mN] Approaching

Time [s]
Loading
Time [s]

Unloading
Time [s]

Micro Vickers
hardness test 4903 4 10 4

Nanoindentation
test 30 30 10 30
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Cyclic thermal shock tests were conducted on the samples of ZrO2/SUS 304 FGMs and
layered materials using the thermal shock test set-ups illustrated in Figure 6. The surfaces
of ZrO2 were heated up to around 900 ◦C, and then the temperature was kept for 2 min,
followed by cooling to room temperature (RT) in air. This heating and cooling process
was repeated 30 times. After every heating and cooling process, in order to observe cracks
initiating and propagating on the surfaces, the following procedure was carried out. The
surfaces of ZrO2 and SUS 304 were wiped up with acetone for replica films to be attached
to. The surface unevenness by cracks was transcribed onto the film. For investigating
changes in mechanical properties on the surfaces of ZrO2 during the cyclic thermal shock
tests, hardness and fracture toughness of the samples prior to and after cyclic thermal shock
tests were measured using a Vickers hardness tester, mentioned above. Indentation fracture
toughness, KC, was calculated by using the following equation, Equation (1) [9].

KC = 0.018

√
E

HV

(
P

C
3
2

)
= 0.026

a
√

EP

C
3
2

(1)

Here, KC is the fracture toughness (Pam1/2), E the elastic modulus (Pa), HV the Vickers
hardness (Pa), P the indentation load (N), C the half of the average crack length (m), a the
half of the average diagonal length of the indentation (m).
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3. Results and Discussion
3.1. Microstructures

Figure 7 shows SEM images of SUS304 and ZrO2 powders. It can be confirmed that
the diameter of the SUS304 powder sieved through a 400 mesh is less than 50 µm. As for
the ZrO2 powder, it can be seen in Figure 7d that the ZrO2 powder has uniform particle
sizes of around 50 nm (62 nm in the specification). The ZrO2 powders tend to gather and
form aggregations. It is seen in Figure 7c that spherical aggregations of ZrO2 powders
with the sizes of around 20 to 40 µm can be detected. It is considered that such sizes of
aggregations of ZrO2 powders significantly influence the centrifugal slurry processes to
form gradients of constitutions in the FGMs as described later.
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Figure 7. SEM images of SUS304 powders sieved through a 400 mesh (a,b) and ZrO2 powders (c,d).
(a,c) are low magnification images and (b,d) are high magnification images.

Now look at microstructures of the FGMs fabricated by centrifugal slurry methods.
Figure 8 shows EDX results for samples with the rotating speed of 250 rpm for different
amounts of PCA dispersant. Results of element mapping for Fe and Zr are shown, in which
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the red color represents Fe and the light blue color represents Zr. It is seen that in the
sample without PCA (PCA (0%)), Fe and Zr are almost homogeneously distributed, while
in the sample with PCA (1, 3, 5, 10 and 20%), distributions of Fe and Zr are divided into
three parts: Fe parts, Zr parts and the interlayer, where the compositions continuously vary.
The thickness and element distributions in the interlayer vary with the amount of PCA. It
was mentioned in previous work [32] that macromolecules of PCA are adsorbed on the
surface of the particles, which generate three-dimensional and electrostatic repulsive forces,
which have the effect of dispersing and stabilizing the particles. Therefore, the states of
dispersion or aggregation of particles depend on the amount of PCA. It is considered that
the interlayers with continuously gradient compositions were formed because of difference
in sedimentation rates of the particles, which is attributed to degree of the dispersion/
aggregation states of each particle due to addition of PCA [32].

Figure 9 shows distributions of Fe and Zr in centrifugal force directions, indicated by
volume fractions, for the samples with the rotation speed of 250 rpm and 1000 rpm. As
to the samples with the rotation speed of 250 rpm, for the sample without PCA, volume
fraction of Fe sharply increases in 1 to 2 spectra, while the volume fraction of Zr sharply
decreases correspondingly. As to the sample with PCA, in three to five of the spectra
volume fraction of Fe and Zr continuously varies. Compositional gradient in the samples
varies with amount of PCA. With an increasing amount of PCA, a remarkable increase of
volume fraction of Fe can be seen in three to five spectra, while a corresponding decrease
of volume fraction of Zr is seen in the spectra. In case of samples with a rotation speed of
1000 rpm, volume fraction of Fe varies in the different spectrum (position) for samples with
different amounts of PCA. The amount of PCA can affect not only the gradient patterns in
the compositional graded layers but also the positions of the graded layers in the materials.
The gradient patterns for the samples with 1000 rpm are different from those for the samples
with 250 rpm. It can be considered that addition of PCA can highly affect and possibly
control compositional gradients as well as positions of the graded layers in the materials.
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Figure 8. EDX element mapping results for samples with the rotating speed of 250 rpm for different
amounts of PCA dispersant. (a) PCA (0%), (b) PCA (1%), (c) PCA (3%), (d) PCA (5%), (e) PCA (10%),
(f) PCA (20%).
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Figure 9. Results of element analysis for the samples with rotating speeds of 250 rpm and 1000 rpm
with different amounts of dispersant of PCA. (a) for volume fraction (%) of Fe, and (b) for volume
fraction (%) of Zr for 250 rpm. (c) for volume fraction (%) of Fe, and (d) for volume fraction (%) of Zr
for 1000 rpm.

Figure 10 shows the volume fraction (%) of Fe as a function of the distance from
ZrO2-rich surfaces in the spectra ranging from two to five in the centrifugal force directions
(extracted from Figure 9a (bule and green areas)) with fitting curves expressed by the
following Equation (2).

fm(x) =( f1 − f2){(x− x0)/(x1 − x0)}n (2)

This equation can represent profiles of compositional gradients in the FGMs, which is
characterized by the parameter of exponent n. Here, f1 and f2 are the volume fractions of
Fe and Zr, respectively. x is the distance from the ZrO2-rich surfaces. fm(x) is the volume
fraction of Fe. x0 is the distance from the ZrO2-rich surfaces to the starting point of the
graded layer, and x1 is the distance from the ZrO2-rich surfaces to the ending point of the
graded layer. In this calculation, f1 is 0 % at x0 of 0.6 mm, and f2 is 90% at x1 of 1.2 mm.
It is seen in Figure 10 that n = 1 indicates a linear compositional gradient, n < 1 indicates
ceramic-rich gradients and n > 1 indicates metal-rich gradients. It is seen that with an
increase in the amount of PCA from 1 to 20%, FGMs with the rotating speed of 250 rpm
shows more metal (Fe)-rich gradients, which corresponds to an increase of n. As seen in
Figure 10, FGMs with PCA (5%) show an almost linear gradient, that is, n = 1. The FGMs
with PCA (more than 5%) show ceramic (Zr)-rich gradients (n < 1), while the FGMs with
PCA (less than 5%) show metal (Fe)-rich gradients (n > 1). FGMs without PCA show no
compositional gradient layer. It can be seen that compositional gradients in the FGMs can
be controlled from n~0.5 to 3 with PCA (from 1% to 20%).
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Figure 10. Compositional gradient distributions for the FGMs with the rotating speed of 250 rpm
with fitting curves expressed by Equation (2). The experimental data for PCA from 0 to 20% and
fitting curves from n = 0.1 to 4 are shown. The part surrounded by a green line corresponds to the
functionally graded layer.

3.2. Indentation Properties

Figure 11 shows optical microscope images of residual indentation impressions for
micro Vickers hardness and nanoindentation. It can be seen in Figure 11 that the sizes of
the impressions differ between the Vickers hardness and the nanoindentation, in which the
impression of Vickers hardness covers the large area of both SUS and ZrO2 phases, while
the impression of nanoindentation can be only present in each phase. It is considered that
Vickers hardness can estimate the mechanical properties of representative volume of the
composites, which can be a building block of the FGMs. Meanwhile, nanoindentation can
estimate the mechanical properties of each constitutive phase of the composites.
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Figure 11. Optical microscope images of residual indentation impressions for micro Vickers hardness
(a) and nanoindentation (b,c). (a) is impression for Micro Vickers hardness, (b) is impression for
Nanoindentation (in SUS304 phase), (c) is impression for Nanoindentation (in ZrO2 phase).

Figure 12 shows Vickers hardness varying in centrifugal directions in the cross sections
in the samples with the rotation speed of 250 and 500 rpm for variety of amount of PCA. It is
seen in Figure 12 that Vickers hardness in the cross sections in the samples varies (decreases)
drastically in the 0 to 6 mm distance (corresponding to one to three spectra in Figure 4).
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Vickers hardness of ZrO2 and SUS304 in literature are 1250 and 200 HV, respectively. This
decrease in Vickers hardness is considered to represent the change in compositions in the
samples, which is shown in Figure 9.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 10 of 20 
 

 

(decreases) drastically in the 0 to 6 mm distance (corresponding to one to three spectra in 
Figure 4). Vickers hardness of ZrO2 and SUS304 in literature are 1250 and 200 HV, respec-
tively. This decrease in Vickers hardness is considered to represent the change in compo-
sitions in the samples, which is shown in Figure 9. 

(a) (b) 

  
Figure 12. Vickers hardness in cross sections in centrifugal force directions in the samples with ro-
tation speeds of 250 rpm (a) and 1000 rpm (b) for a variety of amounts of PCA. 

Figure 13 shows nanoindentation hardness in cross sections in centrifugal force di-
rections in the samples with rotation speeds of 250 and 1000 rpm for a variety of amounts 
of PCA. This nanoindentation hardness is an average value for each measurement area as 
shown in Figure 5b. It is seen that the nanoindentation hardness at the position of 0~0.8 
mm is higher than that at the position of more than 1 mm from ZrO2-rich surfaces, which 
means that higher nanoindentation hardness results from higher contents of ZrO2. Con-
sequently, from the experimental results as shown in Figures 8–10 and 12, addition of PCA 
can control the degree of gradients of constituents in the FGMs. 

(a) (b) 

  
Figure 13. Nanoindentation hardness in cross sections in centrifugal directions in the samples with 
the rotation speeds of 250 rpm (a) and 1000 rpm (b) for a variety of amounts of PCA. 

3.3. Cyclic Thermal Shock Behavior 
Cyclic thermal shock response was examined. Figure 14 shows the relation between 

the total length of cracks on ZrO2-rich surfaces and the number of thermal shock cycles. 
Figure 15 shows the photos of samples and replica films reflecting crack propagations, 
which are represented by red lines, on ZrO2-rich surfaces of the samples of the FGMs, 5-
layered materials and ZrO2 single-layer materials before thermal shock tests, after 15 ther-
mal shocks and after 30 thermal shocks. Regarding 3-layerd and 2-layered (cladding) ma-
terials, these were fractured during the SPS sintering processes, whose photos are shown 
in Figure 16. This fracture can occur due to thermal stresses generated under the thermo-

0

200

400

600

800

1000

1200

1400

1600

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Vi
ck

er
s h

ar
dn

es
s [

HV
]

Position in centrifugal force direction[mm]

20%
10%
5%
3%
1%
0%

0

200

400

600

800

1000

1200

1400

1600

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Vi
ck

er
s h

ar
dn

es
s [

HV
]

Position in centrifugal force direction[mm]

20%

10%

5%

3%

1%

0%

0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Na
no

in
de

nt
at

io
n 

ha
rd

ne
ss

[G
Pa

]

Position in centrifugal force direction[mm]

20%
10%
5%
3%
1%
0%

0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Na
no

in
de

nt
at

io
n 

ha
rd

ne
ss

[G
Pa

]

Position in centrifugal force direction[mm]

20%
10%
5%
3%
1%
0%

Figure 12. Vickers hardness in cross sections in centrifugal force directions in the samples with
rotation speeds of 250 rpm (a) and 1000 rpm (b) for a variety of amounts of PCA.

Figure 13 shows nanoindentation hardness in cross sections in centrifugal force direc-
tions in the samples with rotation speeds of 250 and 1000 rpm for a variety of amounts of
PCA. This nanoindentation hardness is an average value for each measurement area as
shown in Figure 5b. It is seen that the nanoindentation hardness at the position of 0~0.8 mm
is higher than that at the position of more than 1 mm from ZrO2-rich surfaces, which means
that higher nanoindentation hardness results from higher contents of ZrO2. Consequently,
from the experimental results as shown in Figures 8–10 and 12, addition of PCA can control
the degree of gradients of constituents in the FGMs.
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Figure 13. Nanoindentation hardness in cross sections in centrifugal directions in the samples with
the rotation speeds of 250 rpm (a) and 1000 rpm (b) for a variety of amounts of PCA.

3.3. Cyclic Thermal Shock Behavior

Cyclic thermal shock response was examined. Figure 14 shows the relation between
the total length of cracks on ZrO2-rich surfaces and the number of thermal shock cycles.
Figure 15 shows the photos of samples and replica films reflecting crack propagations,
which are represented by red lines, on ZrO2-rich surfaces of the samples of the FGMs,
5-layered materials and ZrO2 single-layer materials before thermal shock tests, after 15 ther-
mal shocks and after 30 thermal shocks. Regarding 3-layerd and 2-layered (cladding)
materials, these were fractured during the SPS sintering processes, whose photos are shown
in Figure 16. This fracture can occur due to thermal stresses generated under the thermo-
mechanical (deformation constrained by the carbon die) boundary conditions during the
SPS processes.
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It is seen in Figures 14 and 15 that there is no damage (no crack) on the ZrO2-rich
surfaces in FGMs with PCA (20%) after 30 thermal shocks. Meanwhile, for FGMs with PCA
(5%), relatively large cracks generated even just after the fabrication. For FGMs with PCA
(0% and 5%) and 5-layered materials, cracks propagated as the number of cyclic thermal
shocks increased. For FGMs with PCA (0% and 5%), the total length of cracks reached more
than 120 mm after 30 thermal shocks. FGMs with PCA (5%) showed a small size of crack
just after the fabrication. However, when the FGMs with PCA (5%) start to be subject to
cyclic thermal shocks, cracks grow rapidly at the beginning of the cyclic thermal shock
loadings (less than 3 cycles). The samples of 5-layered materials showed a total crack length
of greater than 60 mm on ZrO2-rich surfaces just after the fabrication, which is greater than
that of the samples of the FGMs, although after 30 thermal shocks, the total crack length of
the samples of 5-layered materials was smaller than those of FGMs with PCA (0% and 5%).
As for ZrO2 single-layer materials, there was no crack just after the fabrication.

Here, consider the thermal stress states in the materials during the cyclic thermal shock
tests. On the ZrO2-rich surfaces heated, the ZrO2 surface layer thermally expanded, leading
to the in-plane compressive stresses generated in the ZrO2 surface layer. The in-plane
compressive stresses can make the ZrO2 layer undertake compressive creep. Just at the start
of cooling, the states of in-plane stresses in the ZrO2 surface layer change from compressive
to tensile. The maximum in-plane tensile stresses in the ZrO2 surface layer can be reached
just after the start of cooling [4]. Such tensile stresses in the ZrO2 surface layer cause
fracture of the ZrO2 surface layer. For ZrO2 single-layer materials, such tensile stresses can
make cracks generate from the heated surface and propagate into the materials, which leads
to fracture of the whole materials splitting in half as shown in Figure 15. It is considered
that compositional gradients in the FGMs and 5-layered materials can contribute to reduce
such thermal stresses compared to ZrO2 single-layer materials. Regarding distributions
of cracks propagating on ZrO2-rich surfaces as shown in Figure 15, for FGMs with PCA
(0% and 5%) and 5-layerd materials, cracks generated in the outer portions during the
fabrication processes and at the beginning of the cyclic thermal shocks. With an increase
in the number of thermal shock cycles, network-like cracks were developed on ZrO2-rich
surfaces of the FGMs with PCA (0% and 5%). Regarding the SUS304-rich surfaces, there
was no crack generated from the fabrication to the (final) 30th thermal shock for all the
samples of FGMs with PCA (0%, 5% and 20%) and 5-layered materials.
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Figure 14. Crack propagation on ZrO2-rich surfaces in FGMs with the rotating speed of 250 rpm with
PCA (0%, 5% and 20%), 5-layered materials and ZrO2 single layer materials under cyclic thermal
shock loadings.
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Figure 16. 3-layered (a) and 2-layered (b) samples just after SPS.

Next, the changes in mechanical properties of the samples during cyclic thermal shock
tests are focused on. Figure 17 shows Vickers hardness on the ZrO2-rich surfaces of the
FGMs with PCA (0%, 5% and 20%), 5-layered materials and ZrO2 single-layer materials
before and after cyclic thermal shock tests. It is seen that the hardness of the samples after
cyclic thermal shock tests was slightly lower than those of the samples before the cyclic
thermal shock tests. This is because in-plane tensile stresses were generated and remain
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in the ZrO2-rich surface layer after cooling processes in cyclic thermal shock tests, which
can make the apparent hardness lower. In addition, the hardness of the ZrO2-rich surfaces
of the FGMs with PCA (0%, 5% and 20%) and 5-layered materials was lower than that of
ZrO2 samples. It is considered that the ZrO2-rich surfaces of the FGMs with PCA (0%, 5%
and 20%) and 5-layered materials may contain SUS304 in the ZrO2-rich surface layer.
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Figure 17. Vickers hardness on ZrO2-rich surfaces of the FGMs with PCA (0%, 5% and 20%) and
5-layered materials before and after cyclic thermal shock tests.

Figure 18 shows SEM images of indentation impressions on ZrO2-rich surfaces of
samples of the FGMs with PCA 20%. There are cracks at the edges of the impressions on
the samples after the cyclic thermal shock tests, while there is no crack around indentation
impressions for the samples before the cyclic thermal shock tests. Such indentation-induced
cracks can appear in all the samples after the cyclic thermal shock tests. It is considered
that fracture toughness was lowered by the cyclic thermal shock loadings. Toughening
can be achieved by stress-induced transformation from tetragonal to monoclinic crystal
structures at the tips of cracks in PSZ. It can be considered that the samples after the cyclic
thermal shock tests have residual in-plane tensile thermal stresses in the ZrO2-rich surface
layer generated during the cooling processes in cyclic thermal shock tests, which leads
to crack propagation on the ZrO2-rich surfaces. Furthermore, the phase transformation
from tetragonal to monoclinic crystal structures of PSZ can be promoted during the cyclic
thermal shock tests, which may incur the effect of transformation toughening by PSZ in the
ZrO2-rich surface layer being lowered after the cyclic thermal shock tests.
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Figure 18. Vickers hardness indentation impression on ZrO2-rich surfaces of the FGMs with PCA
(20%) before (a) and after (b) cyclic thermal shock tests.

Figure 19 shows fracture toughness of the samples of FGMs with PCA (0%, 5% and
20%), 5-layered materials and ZrO2 materials after the cyclic thermal shock tests, which
is calculated from the length of cracks as shown in Figure 18 using Equation (1). It can be
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seen that FGMs with PCA (5% and 20%) and 5-layered materials showed higher fracture
toughness than ZrO2 single phase materials. It is considered that compositional gradient
in the FGMs and 5-layered materials can contribute to the reduction of thermal stresses
causing stress-induced transformation during the cyclic thermal shock tests, which leads
to keeping the initial high fracture toughness of the ZrO2-rich surface layer prior to cyclic
thermal shock tests.
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Figure 19. Fracture toughness of the samples of FGMs with PCA (0%, 5% and 20%), 5-layered
materials and ZrO2 single-layer materials after cyclic thermal shock tests.

4. Stokes Sedimentation Velocity Simulation

At this point, a simulation was conducted to examine formation of compositional
gradations in the FGMs under centrifugal force conditions. The sedimentation velocity of
particles in a viscous liquid under a centrifugal force can be expressed by the Stokes sedi-
mentation velocity equation as given by Equation (3). The relative centrifugal acceleration
G in Equation (3) can be expressed by Equation (4) [9].

v =
Gg(ρs − ρ)d

18µ

2
(3)

G =
2π2DN

g

2

(4)

Here, ρs is the density of the particles, ρ is the density of the fluid, d is the particle
diameter, µ is the viscosity of the fluid, D/2 is the radius of rotation and N is the number
of rotations. From Equations (3) and (4), the velocity of particles is proportional to the
difference in density between slurry and particles, the square of the diameter of the particles,
and the square of the number of revolutions, and is inversely proportional to the viscosity
of the fluid.

Densities and particle sizes of SUS304 and ZrO2 are shown in Table 2. Densities and
viscosities of solvent and dispersant are shown in Table 3. The states of aggregations of ZrO2
powers were also taken into account. Using these states of aggregations, sedimentation
velocities of SUS304 powders and ZrO2 powders and aggregations were calculated. The
results are shown in Figure 20. The viscosity of the fluid consisting of water and PCA were
calculated based on the assumption that this obeys the rule-of-mixture.
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Table 2. Density and particle size of SUS304 and ZrO2.

Density Particle Size

SUS304 7930 [kg/m3] 40 [µm]

ZrO2 6050 [kg/m3]
62 [nm] for a particle,

30 [µm] for an aggregation

Table 3. Density and viscosity of solvent and dispersant.

Density Viscosity

Distilled water 789 [kg/m3] 0.89 [mPa·s]

PCA 1084 [kg/m3] 98 [mPa·s]
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Figure 20. Simulated sedimentation velocity, (a) for SUS304, and (b) for ZrO2 (particles
and aggregations).

From the simulation results shown in Figure 20, the sedimentation velocity of SUS304
is higher than that of ZrO2. It is considered that SUS304 powders with higher sedimentation
velocity move more quickly than ZrO2 powders in the direction of centrifugal forces. This
deference in velocity of the ingredient powders can produce continuous gradients of
compositions in the interlayer in the samples, that is, forming the layer of the FGMs. It
is seen in Figure 20 that addition of PCA significantly affects the sedimentation velocity
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of the particles. As seen in Table 3, the viscosity of PCA is much higher than that of
distilled water, which leads to a decrease of sedimentation velocity of the particles by
adding PCA to the water as shown in Figure 20, which is consistent with Equation (3). As
seen in Figure 7c,d, the ZrO2 powders can aggregate, and the shape of the aggregation
is considerably high sphericity with a diameter of around 20 to 40 µm. It can be seen
in Figure 20b that the sedimentation velocity of aggregated ZrO2 powders is very high
compared to that of non-aggregated ZrO2 powders, which is close to that of SUS304
powders. This is because the velocity highly depends on sizes of particles (proportional
to the square of the diameters of the particles) as expressed by Equation (3). It can be also
said that addition of an excessive amount of PCA into solvent causes a phenomenon called
interference sedimentation. Interference sedimentation is a phenomenon in which the
sedimentation velocity of particles slows down due to the interaction of the particles. This
phenomenon can reduce the difference in sedimentation velocity between SUS304 and ZrO2
particles, resulting in producing a continuous composition gradient in the materials [6]. It
can be concluded that by changing the sizes of particles, including states of aggregations of
ZrO2 particles and the amount of PCA dispersant in solvent, the gradient of compositions
in the interlayer of FGMs can be controlled.

5. Discussion

A combination of centrifugal slurry methods and SPS is effective in producing contin-
uous compositional gradients in two-phase composites. Centrifugal slurry methods can
be applied to form FGMs with a variety of ingredient material powders. The selection of
ingredient materials, taking account of density, size of the powders, and the amount of PCA
as a dispersant, can be conducted to control and obtain preferred compositional gradients
in the materials. As described in the introduction, SPS can provide high heating rates and
be an efficient sintering technique to make a quick consolidation of ingredient powders at
low temperatures, so as to obtain high densities combined with fine and uniform grains.
These can suppress extensive atomic diffusions and prevent changes in compositional
gradients, formed in the centrifugal slurry processes, during the consolidation processes.

As seen in Figures 8–10, the amount of PCA in a slurry highly affects compositional
gradient patterns formed in the FGMs, for which a higher amount of PCA tends to bring
about a lower value of the gradient parameter of n, that is, metal-rich gradients in the FGMs
with the rotating speed of 250 rpm, as shown in Figure 10. The compositional gradients
were also affected by rotating speeds in the centrifugal processes that can be connected to
centrifugal forces. In the current study, the rotating speeds of 250, 500, 750 and 1000 rpm
in centrifugal procedures were applied to investigate the effect of centrifugal forces on
forming compositional gradient patterns, whose results demonstrated that FGMs with the
rotating speeds of 250 and 500 had gradual compositional variations in some positions in
the materials, while FGMs with the rotating speeds of 750 and 1000 rpm showed relatively
sharp compositional variations in wide ranges of positions in the FGMs with a variety of
the amount of PCA.

As shown in Figure 20 and expected from Equations (3) and (4), the sedimentation
velocities of powders of ZrO2 and SUS 304 are highly affected by the amount of PCA
and level of centrifugal forces. With increasing the amount of PCA, the sedimentation
velocities of powders of ZrO2 and SUS 304 decrease. In the experiment, for FGMs with the
rotating speeds of 250 rpm, metal (Fe)-rich compositional gradients (n < 1) were produced
in the FGMs with PCA (higher than 5%) as shown in Figure 10. It can be considered that
there is a possibility that PCA also affects the states of aggregations of ZrO2 particles, for
which a higher amount of PCA may produce larger aggregations of ZrO2 particles. It
can be concluded that a combination of centrifugal slurry methods and SPS can produce
FGMs with continuous compositional gradient patterns. Compositional gradient patterns
can be controlled by changing the amount of PCA in the slurry. In addition, during the
centrifugal slurry processes, the rotating speeds and rotating time can also highly affect
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formed compositional gradient patterns as well as positions and thickness of the graded
layers in the materials.

Discuss the effect of compositional gradients formed by centrifugal slurry methods on
cyclic thermal shock behavior of the FGMs. It can be advantageous to insert or produce
compositional gradient layers in cladding (2-layered) materials which are not fractured
under large temperature gradient conditions as well as uniform temperature change condi-
tions. In this study, in the processes of fabrication by SPS, 2-layered and 3-layered materials
were fractured, for which cracks propagated at the interface between the ZrO2 surface layer
and the next layer or in the ZrO2 surface layer as shown in Figure 16. When the cyclic
thermal shock tests were conducted, in which the thermal shocks were only applied to
ZrO2-rich surfaces, cracks appeared only on ZrO2-rich surfaces, but not on SUS304-rich sur-
faces, for all the samples. As seen in Figure 15, FGMs made by centrifugal slurry methods
show higher resistance to cyclic thermal shock loadings compared to 5-layered materials.
It is considered that continuous compositional gradient patterns are more effective than
stepwise compositional gradient patterns to protect the materials and structures under
cyclic thermal shock conditions at high temperatures and/or under high temperature
gradient conditions.

Regarding the effect of compositional gradient patterns formed by centrifugal slurry
methods on capability of resistance to cyclic thermal shock loadings, the FGMs with a
rotating speed of 250 rpm were investigated. As shown in Figure 10, by changing the
amount of PCA (1~20%) in a slurry, it is possible to control the compositional gradient
patterns from ceramic (Zr)-rich gradient patterns (n = 0.5) to metal (Fe)-rich gradient
patterns (n = 3). In a previous study, it was reported about cyclic thermal shock resistance
of ZrO2-Ti FGMs, ZrO2-Ni FGMs and others that the FGMs with metal-rich compositional
gradient patterns showed higher resistance to cyclic thermal shock loadings compared
to the FGMs with linear or ceramic-rich gradient patterns [4,25]. As already mentioned,
during cyclic thermal shock tests, creep of ZrO2 at high temperatures on heating or keeping
high temperatures highly affects thermal stress states in the ZrO2 surface layer at the
subsequent cooling stage, that is, high in-plane tensile stresses generated in the ZrO2-rich
surface layers [4,25,31]. Although only crack propagations on the surface layers were
examined in the current study, it may also be important to probe the crack propagating into
the materials, which directly leads to the fracture.

It can be concluded that centrifugal slurry methods are very effective at producing
the high-performance FGMs with superior resistance to cyclic thermal shock loadings,
which have continuous and pre-determined compositional gradient patterns. Extensive
investigation will be needed to make a clear relation between the sedimentation velocities of
powders of ingredient materials and the amount of PCA to control compositional gradient
patterns more precisely.

6. Conclusions

ZrO2/ SUS304 FGMs were fabricated by a combination of centrifugal slurry methods
and spark plasma sintering (SPS). Compositional gradient patterns in the FGMs can be
controlled by changing the amount of PCA in a slurry and the centrifugal forces. The
fabricated FGMs were studied on microstructures and nano- and micro hardness, as well
as cyclic thermal shock resistance. The summary is described below.

1. From the results of Zr and Fe distributions obtained by SEM EDX analysis, it was seen
that by changing the amount of PCA in a slurry, continuous compositional gradient
patterns can be achieved, for which a large amount of PCA (20%, which is an weight
percent to mixed powders) produced a metal (SUS304)-rich gradient pattern, a moder-
ate amount of PCA (5%) produced a linear gradient pattern, and a small amount of
PCA (3%) produced a ceramic (ZrO2)-rich gradient pattern. Adding an appropriate
amount of PCA creates a dispersing/ aggregating state of particles and alleviate the
difference in sedimentation rates. Rotating speeds connected to centrifugal forces in
centrifugal slurry processes also highly affect forming of compositional gradients in
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the FGMs. Micro Vickers and nanoindentation hardness distributions corresponds to
element distributions analyzed by EDX. Stokes’s law simulation enabled us to under-
stand the centrifugal slurry processes which produce the continuous compositional
gradient patterns, considering aggregations of ZrO2 particles.

2. Cyclic thermal shock test results demonstrated that FGMs with metal (SUS304)-rich
continuous gradient patterns produced with PCA (20%) showed the highest resistance
to cyclic thermal shock loadings among the samples of FGMs, 5-layered materials and
ZrO2 single-layer materials. No crack appeared on ZrO2-rich surfaces in the samples
of the FGMs with metal (SUS304)-rich continuous gradient patterns after 30 cyclic
thermal shocks. Continuous compositional gradients were essential to reduce thermal
stresses generated not only in fabrication processes but also under subsequent cyclic
thermal shock loading conditions. Vickers hardness on the ZrO2-rich surfaces of the
FGMs, 5-layered materials and ZrO2 materials slightly decreased after cyclic thermal
shock tests. This may result from in-plane tensile stresses generated and remained
in the ZrO2-rich surface layer after cyclic thermal shock tests. Fracture toughness
on the ZrO2-rich surface also decreased because stress-induced transformation may
have occurred during the cyclic thermal shock tests. FGMs with PCA (5% and
20%) and 5-layered materials showed higher fracture toughness than ZrO2 single-
layer materials.
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