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Abstract

Functionally graded materials (FGMs) attract considerable interest in materials science and industry, since their composition or
morphology gradually changes along their length, width, or height, which provides new approach for the development of
multifunctional materials. In this paper, we studied the fabrication of a gradient microstructure in alumina (Al,O3) by spark
plasma sintering (SPS). During the SPS process, the applied asymmetric graphite tool configuration causes a large temperature
gradient, which results in a gradually changing morphology in A,O;3 ceramics. The local temperatures were quantitatively
measured through extra thermocouples during SPS processes with various asymmetric configurations. In the most asymmetric
configuration, a maximum vertical temperature difference of 225 °C was detected within the sample treated at a sintering
temperature of 1300 °C and a pressure of 25 MPa applied 200 °C-min”" heating rate. The microstructure investigations demon-
strated the morphology gradient in the ceramic: one part of the Al,O; exhibited fine, nanostructured morphology with large open
and permeable pores, whereas the other part was solid without pores. Our investigations show that a gradient Al,O5 ceramic can
be produced with a single-step SPS process, which offers new directions in FGMs research. With an asymmetric sintering
configuration and the sintering conditions, the structure of the ceramic, such as porosity, can be designed according to the

requirements of the application area.

Keywords Alumina - Graded porosity - Thermal gradient - SPS - Functionally graded material (FGM)

1 Introduction

Functionally graded materials (FGMs) have attracted consider-
able attention in materials research and the industry because of
their gradually changing structure and properties, which makes
them exceptionally suited for various applications [1, 2]. FGMs
can be designed by structure, composition, or morphology with
respect to the special requirements of the particular application
area ranging from nuclear energy, engineering, optics, acrospace,
electronics, and energy conversion applications to biomaterials
[3]. The properties of the material vary gradually or in segments
throughout the cross section of the sample.

FGMs can be prepared by various processes, such as deposi-
tion methods, infiltration, and tape and slip casting depending on
the application area [1, 4], but these processes consist of several
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steps. However, spark plasma sintering (SPS), a well-known
powder metallurgy processing method, offers a promising ap-
proach to making FGMs in a single step [5, 6], due to its unique
heating method [7-10]; the modification of the spatial distribu-
tion of the effective current per unit area results in a temperature
gradient within the sample [11]. This creates the possibility of (a)
joining different types of materials into a single part [7]; (b)
producing a monolithic sample with a dissimilar phase compo-
sition [12]; and more importantly with regard to the present paper
(c) fabricating sintered bodies with controlled porosity. In the
latter case, the various parts of the sample exposed to different
sintering temperatures acquire different degrees of porosity; i.e., a
porosity-graded part can be formed [13].

Inhomogeneous current distribution and thus a thermal gra-
dient can be produced by several methods during the SPS
process depending on material properties, the applied
sintering conditions, and the shape, size, and position of the
graphite tools, as well. The possible alternatives for control-
ling the temperature gradient in SPS technique for fabrication
FGMs are reviewed by S. Grasso [14]. Anselmi-Tamburini
etal [15] observed inhomogeneous current distribution in alu-
mina and copper samples, due to their different electrical
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conductivity. Dudina et al [4] showed that the applied high
heating rate or uniaxial pressure resulted in inhomogeneous
temperature distribution inside the samples. Morin et al [16]
generated a temperature gradient with the use of an unconven-
tional graphite tool (the thickness of the graphite mold varied
in the axial direction). They assumed that the temperature
gradient varied strongly depending on geometry of the graph-
ite die. Several studies also suggested an existing temperature
gradient in the sample even with conventional SPS graphite
tools during heat treatment in the case of an asymmetric ver-
tical arrangement [12, 16, 17]. Belmonte et al [12] produced
microstructure-graded Si;N, samples with dissimilar phase
composition as a result of an asymmetric graphite piston con-
figuration. Hulbert et al. [18] combined various materials by
in situ reactions to develop tailored structured B4C-Al, TiB,-
B,4C, and HfB,-SiC ceramic composites. In our previous study
[19], we also assumed a temperature gradient during the SPS
process, since the SiC-ZrO, composites crystallized in differ-
ent phase compositions at the opposite sides of the sintered
bodies. Although numerous studies have reported on the de-
velopment of a temperature gradient in the sample during the
SPS process, we still have rather limited knowledge on the
extent of the temperature difference inside the sample during
sintering. A deeper investigation on it with exact temperature
measurements was performed by Morin et al [16]; however,
they used asymmetric graphite mold instead of asymmetric
sample position. In this paper, we studied the temperature
gradient in a sintered Al,O5 sample as model material varying
the position of the sample in the graphite tool and determine
the relationship between the temperature gradient and the ma-
jor operating parameters including sintering temperature,
heating rate, sintering time, and uniaxial pressure.

Selecting Al,O3 as model material was reasoned by being
produced in the largest quantity among advanced ceramics.
Moreover, its application field can be greatly broadened as
functionally graded material especially in medicine [20-23].
The good mechanical properties combined with bioinertness
make alumina an appealing material of choice for several
medical applications such as bearings in hip replacement
[24] or dental implants [25], but a graded microstructure
would be an additional advantage.

In our work, we not just reveal the temperature gradients
inside the sample in different positions but also demonstrate
how to take advantage of this phenomenon to prepare FGM
alumina.

2 Experimental
2.1 Synthesis of Al,03; nanoparticles

Nanosized crystalline Al,O3 powder was prepared by the hy-
drothermal method based on the study of [26]. First 0.7 M
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aluminum nitrate nonahydrate [AI(NO5);*9H,0] was dis-
solved in 200 ml of distilled water. Then 0.3 M ammonium
hydroxide solution was added dropwise to the solution until it
reached pH 9. As a result, gelatinous white aluminum hydrox-
ide (boehmite) precipitated. The precipitate was filtered and
washed three times with distilled water and finally dried in an
oven at 90 °C in air for 24 h. This powder was ground in a
high-purity alumina ball mill in alcohol for 1 h and dried again
at 50 °C for 12 h. The dried aluminum hydroxide powder was
calcined at 700 °C for 1 h. The X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analysis confirmed that
v—AlL,O; was obtained with an average particle size of ~200
nm.

2.2 Synthesis and analysis

The Al,O; powder was consolidated with the use of SPS
equipment (HPD25, FCT System GmbH, Germany). We
studied three graphite tool configurations, illustrated in Fig.
1. Configuration 1 (standard configuration) shows a symmet-
ric position of the graphite pistons, and the powder was placed
in the center position (24 mm from the top and bottom), sim-
ilarly to standard sintering. In configuration 2 and 3, the pow-
der samples were shifted vertically downward into an asym-
metric position (Fig. 1b). In configuration 2, the sample was
placed at the bottom part of the graphite mold, with the center
of the powder 30 mm from the top, while in configuration 3,
the center of the sample was still lower at 36 mm from the top
(Fig. 1b). In order to determine the temperature gradients in
the samples, two S-type thermocouples were placed at the top
(T;) and bottom (7) parts of the samples, respectively. The
thermometer probes were inserted into the wall of the graphite
tools, 2 mm from the powder sample, as it is shown by the Fig.
1. The sintering temperature, as usual, was also measured by
the pyrometer, which measures directly the temperature of the
upper graphite piston through a hole.

The sintering settings, including temperature and pressure,
were varied in the experiments. The settings are summarized
in Table 1. The nanosized Al,O; powder was sintered for
3 min at 1200 °C and 1300 °C. Heating rate was also investi-
gated in configuration 3 for the given condition at 1300 °C and
25 MPa. The values were set for 100, 150, and 200 °C-min .
The temperatures were basically controlled by the pyrometer.
During heat treatment, the samples were in a 10~ mbar vac-
uum, pressed with 25 and 50 MPa uniaxial pressure at each
temperature. All tests were carried out with a pulse sequence
of 12: 6 ms (on:off). The diameter of the sintered specimens
was 20 mm. Discussion of the results was based on a single
sintering test for each setting.

Displacement and the rate of shrinkage were also moni-
tored. The relative density of the sintered samples was deter-
mined by Archimedes’ method. The crystalline phase compo-
sition of the sample was determined with a Philips PW1830
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X-ray diffractometer with Cu Ko radiation at 40 kV and 35
mA. The microstructure was investigated on the cross section
of the fractured surfaces of the samples by scanning electron
microscopy (SEM, Zeiss EVO XY) at various magnifications.

3 Results and discussion
3.1 The temperature gradient during the SPS process
Figure 2 shows the temperatures at the top (T;) and the bottom

(T,) of the samples recorded by the thermocouples as a func-
tion of the pyrometer temperature values for the various

configurations and operating conditions. The green, blue,
and red curves represent configuration 1, 2, and 3,
respectively.

In configuration 1 (“standard”), the detected temperatures
(T, and T,) were almost identical and equal to the temperature
measured by the pyrometer. By contrast, the asymmetric po-
sition of the samples resulted in a significant temperature dif-
ference between the opposite parts of the sample during
sintering. In addition, the increased asymmetric position led
to a higher temperature difference. The bottom temperature
(T,) was always higher than the temperature of the upper part
(Ty), presumably due to the increased local current density at
the bottom of the die [11]. The maximum vertical temperature
gradient was detected for configuration 3 in each setting. For

Table 1 The applied sintering

settings Sintering settings

Temperature (°C)

1200

1300

Graphite tool configuration
Uniaxial pressure (MPa)

25 50 25 50 25 50 25 50 25 50 25
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Fig. 2 Top (T, full squares) and 1500
bottom (T, empty triangles)
temperatures of the samples as a
function of the pyrometer
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the sample sintered at 1300 °C with a pressure of 50 MPa, the
temperature (T,) reached 1506 °C at the bottom part, resulting
in a thermal difference of 172 °C in the sample. For the sam-
ples treated with the same sintering conditions, the obtained
thermal gradients were 145 °C and 10 °C in configuration 2
and 1, respectively. A smaller but definite difference in the
temperature of the opposite parts exists from the beginning of
heating, and it gradually increases with increasing tempera-
ture. In addition, similarly to Morin et al.’s findings [16], we
recorded larger temperature differences during the heating and
holding periods than during cooling, especially at 1300 °C and
50 MPa (Fig. 2). Whereas in the heating and also in the hold-
ing segments, differences of approximately 50 °C and 150 °C
were detected for configuration 2 and 3, respectively, in the
cooling segments, they were only around 20 °C and 50 °C.
The reduced temperature gradient can be attributed to the den-
sification process, since as the particles get closer to each
other, Joule-heating and current density get lower, as well.

The heating rate also affected the temperature difference.
Increasing the heating rate from 100 to 200 °C, the tempera-
ture difference also almost doubled in the sample (Fig. 3). In
addition, the difference did not decreased during the 3 min
holding period as was suggested by Hulbert [18].

Not only the temperature differences of the two parts of the
samples were higher at different configurations, but both parts
of the sample reached a higher temperature in a more asym-
metric position as compared to the “standard” one. We carried
out sintering tests applying two different pressures, but it
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seemingly did not have an effect on the temperature of the
samples.

Figure 4 a—d show the shrinkage rate of the samples with
respect to the temperature recorded by the pyrometer under
various sintering conditions for the different configurations.

Comparing configuration 1 and 2, we can find differences
mainly in the intensity of the peaks, but the courses of the
shrinkage are similar (Fig. 4). Most intensive shrinkage occurs
at ~1000 °C. It can probably be attributed to the y—a-Al,O;
phase transformation, which results in a volume reduction of
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Fig. 3 Top (T; full squares) and bottom (T, empty triangles)
temperatures of the samples as a function of the pyrometer temperature
values with different heating rates. The orange, blue, and green curves
represent the 200, 150, and 100 °C-min~' heating rates, respectively
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Fig. 4 Shrinkage speed of the sintered bodies at various sintering conditions (a) 1200 °C/ 25 MPa; b) 1200 °C/ 50 MPa; ¢) 1300 °C/ 25 MPa; d)

1300 °C/ 50 MPa) with 100 °C-min "' heating rate

~10 % [27]. In contrast, for the samples sintered in configura-
tion 3, we cannot observe such intensive shrinkage peak at
~1000 °C, but peaks with smaller intensity occur below that
temperature. Furthermore, they are more obvious for samples
exposed to a pressure of 50 MPa (Fig. 4b, d). However, we
must keep in mind that at higher heating rate, the mean tem-
perature of the sample is higher than as it is indicated by the
pyrometer. While there is less shrinkage in the asymmetric
configurations, it occurs in a wider temperature range. We
think this effect can be attributed to the temperature gradient
within the sample, since phase transformation and densifica-
tion take place gradually in time within the sample. Also, it
starts earlier in the bottom part, which has a higher tempera-
ture resulting in dissimilar shrinkages in the samples.

3.2 Effect of temperature gradient on the
microstructure of the sintered Al,0; samples

The relative densities of the samples sintered in different
sintering conditions were determined by Archimedes method
in distilled water, and the obtained values are shown in Fig. 5.
The values vary in quite a wide range, between 48 and 87 %.
Due to the supposedly graded micro- and pore structure, these
values refer to an average.

The bar chart clearly shows increasing density as a function
of sintering temperature and the applied pressure. It also

shows that a 100 °C temperature increase leads to more inten-
sive sintering than a twofold increase in pressure on the graph-
ite pistons. More importantly, under a certain temperature and
pressure, density increased. The samples farther from the stan-
dard symmetric position exhibited higher relative density. The
highest relative density (87 + 0.8 %) was reached for the
sample sintered at 1300 °C with 50 MPa in configuration 3,
where the highest local temperature was detected. The sample
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Fig. 5 Relative density of the samples produced with various sintering
conditions
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sintered under the same conditions in configuration 1 had a
relative density of 69 + 0.7 %. The trend can be attributed to
the higher temperature difference between the bottom and the
upper part of the sample.

Phase composition and transformation during the sintering
procedures were analyzed by XRD. We compared the phase
composition of the initial powder and the heat-treated samples
and found that y — a-Al,O3 phase transformation occurred
during sintering (Fig. 6a) in all the samples. Furthermore, it
was also supported by the intense peak of the shrinkage speed
parameter at 1000 °C.

Since sintering temperature also affects the crystalline size
of the bulk material and the temperature was different on
opposite sides of the samples, the crystalline sizes of both
sides of the samples were calculated by the Scherrer equation.
The crystalline size on the top side of the samples was consis-
tently smaller than on the bottom side for all the samples.
Furthermore, crystalline size increased with the asymmetry
of the graphite tool configurations, as well. Fig. 6 b and ¢
illustrate the diffraction patterns for the given series of sam-
ples sintered at 1300 °C under a pressure of 50 MPa in differ-
ent configurations, where the increasing intensity and the
narrowing diffraction peaks refer to larger crystallite size.

202
A

For these samples, the average crystalline sizes on the top
and at the bottom were 141 and 165 nm, 219 and 543 nm,
and 275 and 985 nm in configuration 1, 2, and 3, respectively.
The difference in crystallite sizes is illustrated in a higher
magnification in Figure 6¢, which shows the characteristic
diffraction peak of Al,O; corresponding to the [104] reflec-
tion. Both the upper and bottom values follow an increasing
trend that is in line with the achieved higher temperature with
increasing heating rate and temperature as a consequence.

We investigated the microstructure of the samples by SEM
to determine the effects of (i) the various graphite tool config-
urations and (ii) the applied sintering conditions on the struc-
ture of the samples. We examined the whole cross section of
the fractured surfaces of the samples from top to bottom.
Figure 7 shows the microstructure of all the samples sintered
under the same conditions (1300 °C, 25 MPa, and 100 °C-
min V).

The sample in symmetric position (configuration 1) shows
auniform microstructure through the whole cross section. The
bulk consists of almost nanometric particles with a size similar
to the particle size of the initial ALLO; powder (200 nm), and
its increased porosity suggests a small degree of densification.
The latter can be attributed to the relatively low sintering
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Fig. 7 Fractured surfaces of the samples treated with various graphite tool configurations at 1300 °C and 25 MPa

temperature applied (1300 °C), which was not exceeded con-
siderably either on the top (1311 °C) or the bottom (1315 °C)
part of the sample.

However, for samples in asymmetric positions (configura-
tion 2 and 3), remarkable changes can be detected between the
top and bottom parts in terms of grain size and porosity dis-
tribution. The grain sizes in the upper region of the samples
are approximately identical to that of the standard configura-
tion, as can be expected, considering that there was not a large
difference in the detected top temperature (T;). In contrast, the
bottom region of the samples consists of much larger grains.
In configuration 2, neck formation can be observed between
the ~700 nm large particles, while grain size increased further
up to around 1-2 pm in configuration 3. For both configura-
tions, the degree of densification gradually increased towards
the bottom part, resulting in reduced porosity at the bottom
region. Based on the relative density values, total porosity was
29 % in this sample with configuration 2 (Fig. 5). According
to the SEM analysis, pore distribution was inhomogeneous in
the cross section, and the pore structure is open and permeable
in the whole sample. For the sample treated in configuration 3,
average porosity decreased to 21%, but while the pores are
interconnected throughout the sample, pore size decreased
towards the bottom part.

Figure 8 demonstrates the effect of the different sintering
conditions (applied temperatures and pressures) on the

microstructure. The images were taken of the bottom part of
the samples sintered in configuration 3, where the highest
local temperature occurred during sintering.

Regardless of the temperature, the densification was poor
at the bottom part with the lower pressure of 25 MPa and the
sintering process remained in the neck formation section,
which led to an open pore structure (Fig. 8a, b). Increasing
the sintering pressure from 25 to 50 MPa led to an increase in
the density of both samples (Fig. 8c, d). Moreover, the struc-
ture of the sample sintered at the maximum temperature and
pressure was nearly pore-free (Fig. 8d). Our microstructure
investigations showed that graded Al,O5 ceramics with vari-
ous microstructures can be developed with asymmetric graph-
ite tool configurations and different sintering conditions. This
technology may provide new aspects in several application
areas like piezoelectric science as piezoelectric properties of
porous ceramics can be enhanced [28]. However, to increase
the aforementioned feature of ceramics and other materials,
special surface modification may be also required [29].

4 Summary
In this paper, we demonstrated a new approach to

synthetizing functionally graded ceramics by spark plas-
ma sintering, using alumina powder as model material.
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Fig. 8 SEM images of the bottom
part of the samples in asymmetric
position by various sintering

conditions applying 100 °C-min”"

25MPa

During heating, an in situ thermal gradient was generated
inside the sample when the graphite tools were placed in
an asymmetric position, which resulted in a continuously
changing microstructure in the cross section of the Al,O;
sample. The obtained temperature gradient and micro-
structure were studied systematically when the asymmet-
ric position of the graphite tools and sintering conditions,
including temperature, pressure, and heating rate, were
varied.

The experimental results showed that as asymmetry in-
creased in the graphite tool configuration, a relatively large
vertical temperature gradient developed within the sample.
While the top temperature of the samples was nearly identical
to the set temperature in each test, the temperature at the bot-
tom significantly differed. Both greater asymmetry and higher
sintering temperature increased the temperature difference be-
tween the opposite part of the sample. The largest temperature
differences (225 °C) was recorded for configuration 3 (the
most asymmetric position of the graphite tools), with a tem-
perature of 1300 °C and a pressure of 25 MPa applied 200 °C
min ' heating rate.

The developed large temperature gradients caused discon-
tinuous densification and consequently graded microstruc-
tures in the vertical cross section. Crystalline size and pore
structure also exhibited a gradual change through the vertical
cross section as a result of the temperature gradient. The mi-
crostructure of the obtained sample consists of a nanosized
grains with open and interconnected pore structure on one part
and a pore-free, completely solid structure on the opposite part
of the sample. Although this study was performed on alumina,
this method also works for other type of ceramics or ceramic
matrix composites to attain FGM structure.
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