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Abstract: In this article, problems associated with the fabrication of ZnO-based ceramics in the form
of large-diameter hollow cylinders with a large ratio of height h to wall thickness ∆r (h/∆r≥ 3) by the
spark plasma sintering (SPS) method were studied. The design of the press-form is proposed, which
ensures the reduction in temperature gradients along the inner and outer surfaces of the hollow
cylindrical sintered body and, as a result, the achievement of a high-density uniformity of the sintered
body over its volume. A hollow cylindrical ZnO-based ceramic sample considered as segments of
TCO tube targets with outer diameter D = 72 mm, inner diameter d = 47 mm, and height h = 36 mm
were fabricated. The sample had a relative density of more than 98.5% of the theoretical density for
a given composition with a minimal density inhomogeneity along the height of the sample. The
microstructure of the obtained ceramics was studied using the SEM and XRD methods.
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1. Introduction

The industrial implementation of magnetron sputtering for various large-scale coating
applications has been accompanied by various milestones. One of important milestones,
dated to the 1990s, is the practice to replace planar targets with cylindrical targets in
rotatable cathodes since, in planar sputter targets, target utilization for normal cathodes
can reach 40% (by using special designs of moveable magnet configurations), whereas for a
cylindrical target, the target utilization is generally in a range between 75 and 90% [1–3].

Besides the utilization, rotatables have fewer tendencies for arcing and can also run
at higher power densities than planar targets due to the maximum heating zone is evenly
distributed over the whole tube target surface. Accordingly, cylindrical targets maximize
greatly both intervals between scheduled maintenance of industrial sputtering equipment
and their up-time [2]. In light of these advantages, currently, the deposition of transparent
conducting oxide (TCO) thin films by rotatable magnetron sputtering is a generally accepted
industrial standard [3,4].

The main drawback of rotatable magnetrons with tube targets is that the target pro-
duction is more complex and more expensive, especially in the case of ceramic target
materials [3]. It is obvious that metallic tube targets are easier to produce than the compara-
tively brittle ceramic targets. Many metals can be made into a single piece or monolithic
targets that are machined from thick tubing or billet. For pure metal and alloy tube tar-
gets, a two-layer structure can be also formed using manufacturing techniques that either
spray the metal or press a metallic powder into a solid on the surface of a titanium or
stainless-steel backing tube [5].

In the case of ceramic sputtering materials, a three-layer design of a tubular target is
usually used, in which the material of the ceramic target in the form of multiple hollow
cylinder segments is strung and bonded on the stainless-steel backing tube. Indium is
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usually used as a bonding material between the ceramic segments and the backing tube.
The segmentation of the ceramic material and its bonding by indium reduce stresses that
could cause the target material to break [4,5].

At present, the main technique for obtaining TCO ceramic targets is the pressing-free
sintering of a green body preformed in various ways (slip casting, uniaxial, and cold
isostatic press methods) [6–9]. This technique is characterized by significant shrinkage
during sintering, and as a result, a high probability of deformation of the sintered material
expected. When sintering ceramics with a complex shape (hollow, elongated, thin-walled,
etc.), these negative phenomena significantly reduce the yield of good products and increase
material consumption due to the need for high allowances for finishing post-machining.

At the same time, other types of sintering methods, such as hot isostatic pressing (HIP),
uniaxial hot pressing (UHP), and spark plasma sintering (SPS), which provide simultaneous
high-temperature and pressing effects on the sintered material, look like very promising
techniques for forming cylindrical segments of tube targets. Gao M et al. showed that HIP
was a suitable technology to fabricate the Al-doped ZnO targets with ultra-high density and
improved homogeneity [10]. They had declaimed a successful preparation of industrial-size
ZnO-based rectangular targets with over 100% density (5.66 g/cm3). In turn, Lee J.-R. et al.
showed that the use of a UHP procedure at the stage of forming cylindrical segments for
ZnO-based tube targets can significantly reduce a tapering phenomenon along the formed
cylinder characteristic of pressure-free sintering. [11]. It is also important to note that the
use of rigid and rugged press-forms in the one stage UHP and SPS techniques also ensures
the formation of a sintered ceramic body with dimensions very close to the required final
dimensions, which minimizes subsequent machining processes. Moreover, UHP and SPS
equipment is less expensive and less bulky than it is for the case of the HIP process [12].

The SPS method is essentially a modification of UHP, since during SPS sintering,
electrical current is passed directly through the press-form and the formed material and
not through an external heater [13]. SPS synthesis is characterized by a short duration of
the high-temperature phase of the technological cycle and a significant decrease in the
integral temperature of synthesis, which prevents the growth of grains [14]. The short
duration of the high-temperature phase of the sintering process also contributes to the
preservation of the initial stoichiometric composition, which is especially important when
sintering components with widely differing thermal properties [15]. In addition, the passing
of powerful current pulses through the formed material contributes to the activation of
solid-phase diffusion processes and gas-phase microplasma physicochemical reactions in
interparticle contact areas, which results in earlier compaction of a sintered ceramic body
and preservation of its fine-grained structure.

There are several reports about a successful preparation of dense oxide ceramics by the
SPS technique for TCO, thermoelectric, and scintillation applications [16–21]. Unfortunately,
mostly they dealt with disk-shape samples of small sizes. However, it is obvious that the
aspects of scalability and complication of the shape of the final product, which emerge
in the live issue of the SPS production of targets for the TCO industry, will require the
optimization not only of the technological modes of sintering of a particular material but
also of the tooling components of the SPS setup [22].

In the present work, we study the problems associated with the production of hollow
cylindrical products by spark plasma sintering, in which the ratio of the cylinder height h
to the wall thickness ∆r is greater than or equal to 3. Some technological solutions have
been proposed that provide a reduction in temperature gradients along the outer and inner
surfaces of the sintered material. ZnO-based TCO material, namely ZnO co-doped with Ga
(3 at.%) and B (0.2 at.%), was taken as the object of study [23].

2. Materials and Methods

Submicron-sized zinc oxide (99.95% purity) and micron-sized boric acid (99.9% purity)
in the form of powders, as well as metallic gallium (99.999% purity), were used as starting
materials in the preparation of Ga, B-codoped ZnO (GZOB) ceramics. The powder mixture



Ceramics 2023, 6 1304

preparation procedure for the SPS synthesis of the ceramics was similar to that described
in detail earlier [24]. The uniformity of filling the powder mixture into the inside of a
press-form (PF) was ensured by preliminary granulation, which consists of gently forcing
the moistened mixture through a 250 US mesh sieve. The granulation resulted in a more
than twofold increase in the backfill density of the mixture to a value of 2.1 g/cm3 due
to the formation at this stage of many round-shaped granules with sizes from 5 to 50 µm
(Figure S1 of the Supplementary Materials).

For sintering ceramic samples, a homemade laboratory SPS unit was used [15]. Sinter-
ing was carried out under a fore-vacuum condition at a base pressure P less than 1 Pa using
PFs made of isostatic graphite-grade ISEM-3. Two types of PFs have been used to sinter
ceramics. To optimize the sintering temperatures, a PF was used to form flat-disk samples
with a diameter of 38 mm and a thickness of 4 mm, while a more complex PF was used to
obtain cylindrical hollow samples (Figure S2 of Supplementary Materials), the details of
which will be given in the next section. To exclude the interaction of the PF elements with
the sintered oxide material, all surfaces of the PFs in contact with the oxide mixture were
protected by graphite foil inserts.

The applied pressure for all samples during SPS sintering, based on the mechanical
strength of the graphite PFs used, was set at 30 MPa. The temperature rise to operating
values was carried out at a rate of 50 ◦C/min due to the relatively low thermal conductivity
of the oxide mixture at the initial stage of sintering and the need to ensure complete
degassing of the compacted mixture before the start of the main sintering. The sintering
time for all samples at a given sintering temperature TSPS was 5 min.

After removing a sintered sample from the cooled PF, it was freed from the outer
baked shell of graphite foil by SiC sand polish for its subsequent characterization. To study
the homogeneity, cylindrical hollow samples were also subjected to diamond cutting.

The physical densities of the sintered ceramic samples were measured by the Archimedes
method (balances OHAUS Adventurer™ Analytical AX 124 (OHAUS®, Parsippany, NJ,
USA), according to Equation (1):

ρs = ρw ×ma/(ma −mw), (1)

where ρs is the density of the sample, ρw = 0.997 g/cm3 is the density of the water at 27 ◦C,
ma is the weight of the specimen in air, and mw is the weight of the specimen in water.

For the theoretical density of the bulk Ga, B-codoped ZnO, according to a rule of
mixtures between the volume fractions of components [25], the value of ρt =5.67 g/cm3

was taken for the mix system of 98.7 mol% ZnO + 1.5 mol% Ga2O3 + 0.1 mol% B2O3.
Further, the relative density ρ% of the sintered samples was determined in accordance with
Equation (2):

ρ% = 100%× (ρs/ρt), (2)

The structure of the ceramic samples was determined by X-ray diffraction (XRD, PAN-
alytical X’PERT PRO MPD diffractometer, Malvern Panalytical B.V., Almelo, Netherlands)
with a Cu-Kα radiation source in the 2θ range of 30–70◦. The morphology of fracture sur-
faces of the sintered ceramic samples was carried out by the scanning electron microscopy
(SEM, Leo-1450 microscope).

3. Results
3.1. Optimization of the Temperature Regime of Spark Plasma Sintering of GZOB

First, optimization of the sintering temperature TSPS of the GZOB material in order
to achieve a density ρ% > 98% acceptable for practical use was carried out during SPS
formation of disk samples with a diameter of 38 mm and a thickness of 5 mm. Figure 1
shows a photograph of GZOB disk samples sintered at different TSPS.
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Figure 1. The digital photographs of five disk-shaped GZOB ceramics with a diameter of 38 mm
prepared at different TSPS.

It can be seen that the color of the GZOB samples changes at different sintering
temperatures: from gray-yellow (900 ◦C) to green (1000 ◦C) and dark green (1100 ◦C). The
change in color in the GZOB ceramics is caused by a high level of doping with Ga [26], an
introduction of different defects in ZnO (VO and Zni) [27] and a shift from lower density to
higher density [28,29].

The values of physical density ρs and relative density ρ% of the GZOB ceramics
sintered at different TSPS are shown in Figure 2. The relative density of the samples
increases with temperature until 1050 ◦C is reached and then decreases. The highest density
(99.2%) was obtained at 1050 ◦C, which is lower than the temperature for the case of the
traditional sintering of pre-molded ZnO-based compacts by a solid-state reaction method.
As reported in ZnO, for ceramics sintered by a solid-state reaction method [16,24,30,31],
at least 1200 ◦C is required to attain high density for ceramic ZnO materials with same
doping levels.
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Figure 2. Densification curve of the GZOB ceramics sintered by SPS.

Figure 3 shows the fracture morphology of the GZOB samples sintered at different
TSPS for the superfast densification process by SPS. The SEM micrographs obviously show
that the grain size increases with TSPS. A gradual transition from the isotropic shape of the
particles to the anisotropic one is also observed with increasing TSPS. When the temperature
increases up to 1050 ◦C, some grain growth through an integration phenomenon between
grains and pore exclusion become serious. However, at TSPS above 1050 ◦C, the grain size
quickly increases, and large pores appear at the boundaries of coarse grains.
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Figure 3. SEM images of the GZOB ceramics obtained at deferent TSPS.

It is obvious that some part of the metal oxide tends to decompose under special effects
of the large electric current and a high-temperature vacuum environment in the SPS process.
At a higher sintering temperature, the decomposition of zinc oxide is expected to be very
serious [10,27]. Since the SPS compaction process is superfast, the gaseous decomposition
products intensively formed into the ZnO ceramic at 1100 ◦C contribute to the formation of
closed porosity, thereby reducing the final density of sintered ceramics.

The XRD patterns of GZOB ceramics are shown in Figure 4. All XRD patterns corre-
spond to the hexagonal ZnO (JCPDF #75-0576) phase as the main component. ZnGa2O4
impurity peaks were identified for the sample synthesized at T = 900 ◦C. However, the
secondary spinel phase peak intensities were several orders of magnitude lower than that
of the main phase.
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It has been reported that in the case of high doping concentration (above the impurity
solubility limit), a lot of secondary spinel phase products would form in doped ZnO
ceramics under high-temperature treatments [32,33]. The spinel peaks were also present
in the XRD pattern of the sample sintered at TSPS = 950 ◦C. However, in the spectrum
of this sample, a shoulder above the background level was observed to the right of the
002 ZnO peak (it is marked with an arrow in the spectrum second from the bottom). This
phenomenon may be due to the nucleation of an additional secondary phase.

With a further increase in TSPS, the signs of this additional phase become more distinct,
while the spinel phase ZnGa2O4 disappears completely. On the XRD patterns of GZOB
samples sintered at TSPS above 950 ◦C, a diffraction peak appears at 2θ ∼= 35.1◦, and there
is a clear asymmetry of some peaks of the ZnO wurtzite phase. As the temperature rises,
this phenomenon intensifies.

The secondary phase in the Ga-doped ZnO samples had been identified as Ga2Zn9O12
in some reports [32,34,35]. However, no significant peak from Ga2Zn9O12 should appear
at this position in the XRD patterns. Ga2Zn9O12 is a member of the homologous series
Ga2ZnmOm+3 (m: natural number). Michiue et al. have demonstrated that in the Ga–Zn–O
system with a large Zn/Ga ratio, the appearance of a peak at 2θ∼= 35.1◦ is well described by
the formation of a two-phase system consisting of Ga-doped ZnO (wurtzite structure) as a
dominant component and the homologous phase Ga2ZnmOm+3, where m is close to 38 [36].
It is also noted by them that the diffraction pattern of the homologous phase Ga2ZnmOm+3
shows an increasing resemblance to that of the wurtzite structure with increasing m because
the structures of Ga2ZnmOm+3 are closely related to the wurtzite structure [37].

Thus, the XRD studies show that the following phase transformation is observed in
our GZOB material with increasing TSPS:

ZnO + Ga2O3
up to 950 ◦C & B−−−−−−−−−→ ZnO : Ga + ZnGa2O4

above 950 ◦C & B−−−−−−−−−−→ ZnO : Ga + Ga2Zn38O41,

where a small addition of B in the oxide form is a sintering aid through creating conditions
for the phase transformations to proceed in a quasi-closed volume [32,38].

Both final phase transformation products, the ZnO:Ga wurtzite phase and the homol-
ogous compound Ga2ZnmOm+3, are inherently a sign of an ultra-uniform distribution of
the Ga dopant ions over the ZnO host volume. It is also worth noting here that SPS made
it possible to achieve an efficient distribution of Ga dopant into the ZnO host at lower
temperatures than in the case of the traditional solid-state reaction method.

Accordingly, our SPS experiments with disk-shaped GSZOB ceramic samples have
shown that the optimal SPS temperature in order to obtain high-density homogeneous
TCO targets is 1050 ◦C.

3.2. Optimization of the SPS Process for Hollow Cylindrical GZOB Ceramics
3.2.1. PS Development for SPS Forming of Hollow Cylindrical Ceramics

It is known that during SPS of dielectric and weakly conductive ceramic materials,
the heating of the sintered powder material occurs indirectly through heat transfer from
the walls of the die and the end surfaces of the punches, which are heated due to the
Joule heating effect caused by the high-current pulses along the “punch—die—punch”
path. In this case, the main sections of heat release in this circuit are narrow, relatively
high-resistance annular zones where the punches adjoin the matrix, and the heating of
lower-resistance punches and the die occurs mainly due to heat transfer from these heated
annular zones [22]. This situation is not critical in the case of SPS formation of relatively
small disc-shaped samples with a low height to diameter ratio. However, in the case of the
SPS formation of products with more complex forms, heating inhomogeneities can already
cause significant density and microstructure inhomogeneities in a sintered compact. For
example, during the SPS formation of a thin-walled hollow cylindrical segment of a TCO
tube target (Figure S2 of the Supplementary Materials), a situation inevitably arises when
the temperature of the middle area of both the die and central insert will significantly lag
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behind the temperatures of their edge areas, adjacent to the zone of maximum heat release.
This phenomenon leads to the appearance of significant thermal gradients from the ends of
the cylinder-shape compact adjacent to the punches to its central part in height. With an
increase in the diameter of the insert, due to a sharp decrease (according to the quadratic
rule) in its electrical resistance, as well as an increase in its heat capacity, conditions arise
for the formation of an additional radial gradient between the inner and outer surfaces
of the hollow cylinder-shape compact. Given the short duration of the SPS compaction
process, the radial and vertical thermal gradients that arise at the initial stage of reaching
the SPS regime are preserved throughout the entire sintering process, which results in an
inevitable decrease in the homogeneity of the sintered samples.

To reduce the contribution of thermal inhomogeneities that arise when using the PF
for compacting hollow cylindrical bodies, we carried out a geometric optimization of the
design of some of the PS’s elements, namely its die and insert. Figure 5 shows a layout of
the modernized graphite PF in the section.
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Figure 5. Design of the modernized graphite PF for SPS compacting of hollow cylindrical specimens
(1—die; 2—lower annular punch; 3—upper annular punch; 4—central hollow insert; 5—compacted
powder sample; 6—lower stock of the SPS setup; 7—guide pin; 8 and 13—heat-insulating graphite
foil (GRAFLEX) gaskets; 9 and 12—protective graphite foil sleeves; 10 and 11—protective graphite
foil ring gaskets; 14—upper stock of the SPS setup).

The essence of the modernization of the PS was the following two points:

• The central graphite insert was made hollow in order to increase its electrical resistance
and reduce its heat capacity;

• The outer side of the die and the inner side of the central insert were turned to get
their special geometrical profiles.

The turning increased the electrical resistance in the middle areas of the die and insert,
resulting in an increased release of Joule heat in these areas. In this case, the shape and
depth of turning were chosen to minimize the radial and vertical thermal gradients over
the entire surface of the SPS compacts.

3.2.2. Hollow Cylindrical GZOB Ceramics Produced Using the Standard and Modernized PSs

Two samples of GZOB hollow cylindrical ceramics of the same dimensions (outer
diameter D = 72 mm, inner diameter d = 47 mm, and height h = 36 mm) were ob-
tained under the same SPS process conditions (heating rate of 50 ◦C/min, holding time
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5 min, SPS temperatures of 1050 ◦C, SPS pressure of 30 MPa) using the standard PF
(Figure S2 of Supplementary Materials) and the modernized PF (Figure 5 and Figure S3
of Supplementary Materials). Here and further, the GZOB ceramics sintered by using
standard and modernized PFs were labeled with S-GZOB and M-GZOB, respectively.

After sintering and cooling, the S-GZOB and M-GZOB samples were taken out from
the PFs and a thin layer (up to 0.5 mm) from all their surfaces, contacting with graphite
foil during sintering, was removed by grinding. Next, the density values of S-GZOB and
M-GZOB were measured, and then each of the samples was cut into three equal annular
parts 11 mm high. The annular parts corresponding to the upper and lower regions of
the ceramics were marked as S-GZOBUp (M-GZOBUp) and S-GZOBLow (M-GZOBLow),
respectively, while the annular parts obtained from the middle part of the ceramics were
marked as S-GZOBMid and M-GZOBMid. Then, the density of all cut parts was also
measured. The density measurement results are shown in Table 1.

Table 1. The relative density of the GZOB hollow cylindrical ceramics.

Sample Relative Density ρ% Samples after Cutting Relative Density ρ%

S-GZOB 96.7%
S-GZOBUp 97.8%
S-GZOBMid 94.9%
S-GZOBLow 97.4%

M-GZOB 98.8%
M-GZOBUp 98.9%
M-GZOBMid 99.0%
M-GZOBLow 98.6%

The relative density of the whole S-GZOB sample before cutting is 96.7%. This value
is significantly less compared with the disk sample sintered at 1050C (Figure 2). Measure-
ments of the density of annular samples S-GZOBUp, S-GZOBLow, and S-GZOBMid clearly
demonstrate the non-uniformity of densification along the height of this hollow cylindrical
sample. Table 1 shows that the least dense region into the S-GZOB ceramics is localized in
its middle part.

Figure 6 shows the fracture surfaces observations at the inner and the outer regions
of the S-GZOB_mid sample. It is obvious that the S-GZOBMid microstructure differs
significantly from the microstructure of the disk samples shown in Figure 2.
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Figure 6. SEM images of the fracture surfaces at the inner and the outer regions (according to the
insets) of the S-GZOBMid sample.

In addition to the large, elongated grains connected to each other, there are many sub-
micron grains interspersed either separately or localized in the form of clusters in numerous
pores. When passing from the outer region to the inner one, an increase in the concentration
of small grain clusters and an increase in the pore sizes are observed. The formation of a
microstructure under high-temperature sintering in which areas of small grains surrounded
by large strongly overgrown grains may be owing to an inhomogeneous thermoconductive
phenomenon. XRD phase analysis revealed three phases, doped ZnO with the wurtzite
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structure, homologous compound Ga2ZnmOm+3, and spinel-type Ga2ZnO4, coexisting in
S-GZOBMid as listed in Figure S4 of Supplementary Materials.

The inhomogeneous thermoconductivity phenomenon at the stage of high-temperature
SPS holding, at which the pressed material begins to conduct current well and intensively
compacts, is caused by both the nature of uniaxial pressing during SPS and thermal inho-
mogeneities (along the compact’s height) that occur at the stage of indirect heating of the
pressed material by the PF’s elements. This is indicated by the density measurements of
samples S-GZOBUp, S-GZOBLow, and S-GZOBMid. In turn, the differences observed in the
microstructure in two areas of sample A (Figure 5) indicate the presence of radial thermal
inhomogeneity because SPS is a superfast process.

Thus, the studies have confirmed that the densification and sintering processes during
SPS using the standard PF in the middle part of the cylindrical hollow sample having an
aspect ratio h/∆r ∼= 3 (h and ∆r are the height and wall thickness of the hollow cylinder)
occurred under conditions very different from the case of sintering a disk-shaped sample.

From Table 1 it can be seen that the performed geometric optimization of the die and
insert design results in minimization of both the thermal inhomogeneities phenomenon
and the effect of wall friction. The sample M-GZOB, obtained using the modernized PF,
shows high relative density of 98.8% and good density uniformity along the height since
the difference in density values of the annular samples cut from it is minimal. SEM data
also confirm the high uniformity of M-GZOB both along its height and along the radial
direction (Figure 7).
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Figure 7. SEM images of the fracture surfaces at the inner and the outer regions of the M-GZOBUp,
M-GZOBMid, and M-GZOBLow samples.

The appearance of grains and pores and the ratio of their number are approximately
the same on the fracture surfaces of M-GZOBUp, M-GZOBLow, and M-GZOBMid. XRD
studies also confirmed the high uniformity of sintered M-GZOB along its height and the
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coexistence of only two phases, the ZnO:Ga wurtzite phase and the homologous compound
Ga2ZnmOm+3 (Figure S5 of Supplementary Materials). The spinel phase, which is a sign
of thermal inhomogeneities, was absent on the patterns of M-GZOBUp, M-GZOBLow,
and M-GZOBMid.

Thus, the performed geometric optimization of the design of the die and insert, aimed
at reducing the cross sections in the middle parts of these PFs’ elements, makes it possible
to minimize heating inhomogeneities of the molded ceramics at the initial temperature rise
stage of SPS and, therefore, improves the uniformity of the resulting ceramics.

4. Conclusions

Spark plasma sintering is an available method in the synthesis of high-density doped
ZnO ceramics. During the study of the SPS process of disk-shaped ceramic samples, the
process temperature was optimized to obtain high-density GZOB ceramics with a uniform
distribution of the Ga donor impurity. The highest relative density of 99.2% was obtained
on the disk-shaped GZOB ceramic by SPS synthesis at 1050 ◦C. At this SPS temperature, the
efficient distribution of Ga dopant ions into ZnO host was achieved through the formation
of the non-spinel homologous phase Ga2ZnmOm+3 (m >> 1).

The issues associated with SPS formation of ceramics of such a complex shape as a
hollow cylinder with an apex ratio h//∆r ∼= 3 (h and ∆r are the height and thickness of the
cylinder wall, respectively) are considered. A geometric optimization of the design of a
graphite press-form destined for the SPS formation of hollow cylindrical ceramics with
a height h of 36 mm, an outer diameter D of 72 mm, and a wall thickness ∆r of 12 mm
was performed. As a result of the geometric optimization of the press-form’s design, the
hollow cylindrical GZOB ceramics with 98.8% density and high structural uniformity both
in height and in the radial plane was achieved.

The results obtained in this study, in our opinion, revealed the possibility of their
further adaptation to the task of fabricating high-quality segmented ZnO-based TCO tube
targets by the energy efficient SPS method for the TCO thin film industry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ceramics6030080/s1, Figure S1: The digital photograph of initial
ZnO powder and GZOB granular mixture prepared for SPS molding; Figure S2: Design of a standard
graphite PF for SPS compacting of hollow cylindrical specimens; Figure S3: The digital photo of
the PF subjected to geometric optimization and GZOB ceramic sample obtained by using this PF;
Figure S4: XRD pattern of the S-GZOBMid sample; Figure S5: XRD patterns of the of the M-GZOBUp,
M-GZOBMid, and M-GZOBLow samples.
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