Journal of the European Ceramic Society 44 (2024) 6597-6606

ELSEVIER

Contents lists available at ScienceDirect
Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Journal of the
European Ceramic Society

Effect of yttrium-doped grain boundary on sintering behavior and

properties of transparent ZnAl,O4 ceramics

t.)

Check for
updates

Pengyu Xu®, Hao Wang ™", Bingtian Tu ", Honggang Gu , Weimin Wang ”, Shiyuan Liu ¢,

Chengliang Ma?, Zhengyi Fu"

@ Henan Key Laboratory of High Temperature Functional Ceramics, School of Material Science and Engineering, Zhengzhou University, Zhengzhou 450052, China
b State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China
¢ State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong University of Science and Technology, Wuhan 430074, China

ARTICLE INFO ABSTRACT

Keywords:

ZnAl,04

Transparent ceramic
Sintering behavior

Pore closure

Grain boundary structure
Hot isostatic pressing

Pore-closed ZnAl,04 ceramic can hardly be pressureless sintered from conventional (>100 nm) powder, which
restricts the fabrication of the transparent ceramic by capsule-free hot isostatic pressing technique. This work
focused on the effect of yttrium-doping on the microstructural evolution in the sintering of a ~180-nm ZnAl,04
powder. At a concentration of 300 or 600 ppm, the yttrium ions segregated along the grain boundaries and
contributed to ordered nanostructures, which could suppress abnormal grain growth in both air sintering and hot
isostatic pressing. The optimized Y-doped ZnAl,O4 transparent ceramic owned good visible light transmittance

(>65 %) and a wide transmission range (6.0 pm at the 60 % transmittance) at a thickness of 1.5 mm, as well as
high thermal conductivity (24.9 W-m 1.K!) and reasonable mechanical properties (Vickers hardness of
12.9 GPa and Young’s modulus of 281.3 GPa), meeting the application requirements for infrared windows.

1. Introduction

Transparent ZnAl,O4 ceramic (TZA) has attracted the attention of
many researchers because of its unique and useful combination of the
cubic lattice structure, wide transmission window, high thermal con-
ductivity, interesting dielectric properties, and decent mechanical
properties [1-6]. To fabricate TZA parts that meet the requirements of
potential applications (infrared windows/domes, antennas, lenses, etc.)
in terms of quality, size, and shape, it is necessary to choose a reasonable
route based on the material characteristics.

Pressureless sintering (PS) is cost-effective and grants full freedom to
the size and shape of the products [7]. Moreover, it can be conducted in
air (i.e., air sintering, AS) [8,9] or even the oxygen atmosphere [10,11]
to suppress the evaporation of MgO, ZnO, PbO, Iny03, etc. Unfortu-
nately, mere PS has not yet offered sufficient densification for ZnAloO4
ceramics to transparency. Spark plasma sintering (SPS) [3,4,12-14] and
hot pressing (HP) [15-17] technologies can apply an external uniaxial
pressure, which provides a significant contribution to the driving force
for sintering, but have only produced small-size TZA samples (to the best
of our knowledge, cylinders with a diameter of no more than 15 mm),
and carry a risk of carbon contamination. The combination of PS and
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capsule-free hot isostatic pressing (HIP) technology has become the most
common and reliable method for preparing high-quality transparent
ceramics with high flexibility in size and shape [9,18-24]: HIP uni-
formly loads gas pressure and requires pre-PS to accomplish pore
closure. Goldstein et al. [2] demonstrated that TZA can be accessed
using an ultrafine powder (~12 nm) by AS combined with HIP. None-
theless, some problems were exposed. For one thing, such nanoparticles
have potential downsides. For instance, a stronger tendency to
agglomerate may cause inhomogeneity of the green body and a chal-
lenge in adapting to colloidal forming technology to obtain
complex-shaped samples [18,25]. However, the densification of con-
ventional (>100 nm) ZnAl,04 powder is inadequate to achieve zero
apparent porosity through AS [1,2,26,27] (as revealed in Section 3.1); it
is significant to overcome such difficulty. For another, the required HIP
temperature was still too high (1550 °C), resulting in coarse grain size
and residual stress [2]. Therefore, the sintering temperature needs to
decrease further to suppress the volatilization of zinc and control the
microstructure.

Introducing sintering additives is a feasible solution. Researchers
have discussed the effects of sintering aids on the sintering behavior,
microstructure, and properties of TZAs prepared by SPS/HP. Fu et al. [3]
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Fig. 1. Characteristics of the synthesized ZnAl,04 powder. (a) XRD pattern. (b) Particle size distribution, the data of the Al,O3 raw powder is shown for comparison.

(c) Morphology and (d—e) those of the reactants.
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Fig. 2. Densification behavior of the undoped ZnAl,04 green body upon AS. (a) Sintering shrinkage curve, inset shows the deduced shrinkage rate curve. (b) Relative

density and (c) open porosity along soaking.

argued that SiO; transforms into a liquid state during heating, contrib-
uting to mass transport and reducing the sintering temperature. In
addition, the liquid phase fills up part of the residual pores, which helps
to minimize light scattering. Belyaev et al. [16] exploited the low
melting point of ZnF, to promote particle rearrangement and matter
transfer. Moreover, ZnF; has a high vapor pressure in the range of
800-1200 °C, which reduces its residue before closing of pores. Sokol
et al. [14] found LiF not only a catalyst for the solid state reaction of ZnO
and Al,O3 but also a promoter for both densification and grain growth. It
is worth noting that silica and fluorides typically involve liquid-phase
sintering mechanisms, which potentially trigger excessive grain
growth. What is worse, they may remain in TZA as glassy intergranular
phases and play the negative role of scattering or fracture sources [14].

Morz et al. [28] reported infrared-transparent MgAl,O4 ceramics
with refined grains fabricated by pressureless sintering plus HIP and
doping Y203. However, the author did not describe the experimental
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details, such as the particle size of the raw powder, the amount of
dopant, and sintering conditions, nor did they analyze the role of Y203 in
sintering. Moreover, Y,03 proved an effective sintering aid for Al,O3
ceramic [29]. It functions by reducing the grain boundary migration rate
at low temperatures, thus inhibiting both densification and grain
coarsening at this stage [29]. Therefore, Y-doping may also be able to
regulate the sintering behavior of ZnAl;04.

This work aims to develop a feasible route for the production of TZAs
suitable for application from conventional powder. Y203 was used as a
sintering additive for preparing TZA from a powder with a particle size
of ~180 nm by AS and post-HIP. We focused on its doping effect on the
microstructural development in the sintering of ZnAl;04 ceramics to
explore the possible mechanism. Additionally, the microstructure and
properties of the TZAs were studied.



P. Xu et al. Journal of the European Ceramic Society 44 (2024) 6597-6606

1500 °C

1550 °C

55 1

Fig. 3. Microstructure evolution of undoped ZnAl,04 ceramic ASed at 1500 and 1550 °C.
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Fig. 4. Effect of Y-doping on the densification of ZnAl,04 ceramics upon AS. (a) Sintering shrinkage curves, the deduced shrinkage rate curves are inseted. (b-c)
Relative density along soaking. (d) Dependence of open porosity on relative density.
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Y300

Fig. 5. Effect of Y-doping concentration on the microstructure evolution of
ZnAl,04 ceramic ASed at 1500 °C.

2. Experimental procedure
2.1. Processing

A ZnAl;04 powder was synthesized by the solid-state reaction of
commercially available ZnO and a-Al,0s3, as described in our previous
work [9]. High-purity alumina balls, an aqueous solution containing
dispersants, plasticizers, and binders [9,30], and the ZnAl,O4 powder
were combined in a polytetrafluoroethylene bottle. The mass of ceramic
balls and total organic additives is 4 times and ~2.6 % of the powder
mass, respectively. To dope yttrium with a concentration (relative to
AP of 300, 600, or 900 ppm (hereafter referred to as Y300, Y600, and
Y900, respectively), an aqueous solution of yttrium nitrate (4 N) with a
concentration of 1 wt% was dropped into the mixture. After 10 h of ball
milling, the slurry was freeze-dried and 50-mesh sieved to form soft
granules. Subsequently, according to the designed sample size, the
granules were weighed, uniaxial compacted with a 20- or 40-mm-dia-
meter steel mold, and then cold isostatic pressed at 200 MPa for
5 min. In the next step, the green bodies were completely debonded by
slowly heating to 800 °C in air[30]. Later, they were buried in
dead-burned ZnAl,04 powders and isothermally ASed in a MoSis

6600

Journal of the European Ceramic Society 44 (2024) 6597-6606

element electrical resistance furnace with a heating rate of 10 K/min, a
sintering temperature of 1450-1550 °C, and a dwelling time of 3 min to
16 h. The post-HIP was performed at 1470 °C with a 180 MPa argon
pressure for 5 h. Finally, the sintered samples were ground and polished
on both surfaces.

2.2. Characterization

The crystalline phase was identified by X-ray diffraction (XRD,
X'Pert Pro, Malvern Panalytical). The particle size distribution was
characterized by a dynamic light scattering instrument (Zetasizer Nano
ZS ZEN3600, Malvern Panalytical). The morphology of the powders and
microstructure of the ceramics were observed by scanning electron
microscopy (SEM, S-3400, Hitachi). The particle size of powders and
ceramics with a low relative density (<85 %) was evaluated by aver-
aging the diameter of at least 100 particles, while the average grain size
of highly densified ceramics was estimated using the linear intercept
method[31] by counting over 250 grains on the thermally-etched
cross-sections. The length variation of the green body (40-1500 °C,
10 K/min) was recorded by a dilatometry (DIL402/NGB, Netzsch
GmbH). The chemical composition of the TZA samples was analyzed
with a full quantitative electron probe microanalyzer coupled with
wavelength dispersive spectroscopy (EPMA-WDS, EPMA 8050 G, SHI-
MADAZU); the average results calculated from 10 areas are reported. A
high-resolution transmission electron microscope (HRTEM, Talos
F200S, FEI Quanta) and the attached energy disperse spectroscopy
(EDS) were employed for a deeper insight into the microstructure, the
samples were prepared by the focused ion beam (FIB) technique using a
dual beam electron microscope (G3 UC Helios NanoLab, FEI Quanta).
The density and open porosity were tested by the Archimedes method;
for calculating the relative density, the theoretical density of ZnAl,O4
was taken as 4.606 g/cm® according to ICSD#75633 and the influence of
trace Y203 doping was ignored. The optical transmittance was collected
using spectrometers (UV-3550, Shimadzu, for 0.2-2.5 pm; 6700,
Thermo Nicolet, for 2.5-25 pm). The refractive index in the wavelength
range of 193—1690 nm was measured by a spectroscopic ellipsometer
(ME-L, Wuhan Eoptics Technology) [32,33]; and from which derives the
theoretical transmission limit [34]. The Vickers hardness was measured
by a hardness tester (FALCON 400, INNOVA TEST) with a testing load of
0.1 kgf and a holding time of 15 sec. The elastic modulus was deter-
mined by an impulse excitation system (MK7, GrindoSonic). The ther-
mal conductivity was measured at 25.0 °C using the laser flash method;
the thermal diffusion coefficient and constant pressure heat capacity
were acquired using a laser flash device (LFA457, Natzsch) and a dif-
ferential scanning calorimeter (STA449¢/3/G, Natzsch), respectively.

3. Results and discussion
3.1. Intrinsic air sintering behavior of ZnAl,O4 ceramic

3.1.1. Characteristics of the synthesized ZnAl,O4 powder

Fig. 1a gives the XRD pattern of the as-synthesized ZnAl,04 powder,
where a single gahnite phase was detected, signifying the complete re-
action of ZnO and Al,Os. Both particle size distribution (Fig. 1b) and the
SEM image (Fig. 1c) manifested that the particle size of the ZnAl,04
powder is uniform, with an average of around 180 nm. By comparing the
SEM photos of the product and reactants (Fig. 1c-e), it is noted that the
ZnAl,04 particles are similar to the Al,O3 raw ones in both size and
morphology, which is attributed to the one-way migration of ZnO,
instead of a normal counterdiffusion process, during the solid-state re-
action between ZnO and Al;Os3[35]. By utilizing this characteristic,
ZnAl,04 powder that shares a particle size distribution with commercial
Al;03 powder was accessed through a simple solid-state reaction route
and is suitable for preparing transparent ceramics.
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Fig. 6. Effect of Y-doping concentration on the microstructure evolution of ZnAl,04 ceramic ASed at 1550 °C.
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Table 1

Chemical compositions of transparent ZnAl,O,4 ceramic samples, as determined
by EPMA-WDS (wt%).

Sample number ZnO Al,03

1# 44.18+0.21 55.82+0.21
2# 44.13+0.29 55.87+0.29
3# 44.19+0.23 55.81+0.23
4# 44.14+0.31 55.86+0.31
5# 44.20+0.28 55.80+0.28
Theoretical 44.387 55.613

3.1.2. Densification behavior

The thermal shrinkage curve of the undoped ZnAl;O4 green body is
shown in Fig. 2a. The maximum shrinkage rate appears before 1400 °C,
indicating good sintering activity. On this ground, isothermal sintering
was conducted at 1450, 1500 and 1550 °C (a higher temperature may
not be desirable due to the volatility of zinc) to observe the densification
behavior. As shown in Fig. 2b, after holding at 1450 °C for 2 h, the
relative density of the ZnAl,04 sintered body had exceeded 90 %, which
agrees with the shrinkage testing result. However, either extending the
holding time or increasing the sintering temperature to 1500 or 1550 °C
led to the increased relative density of the sample but failed to finish
pore closure (Fig. 2¢). Therefore, it was infeasible to eliminate residual
pores by subsequent HIP. This result is similar to the previous AS studies
of ZnAly04[1,2,26,27], where the pores cannot get completely closed
after keeping at 1300-1700 °C for 2 h or longer.
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Fig. 9. SEM images of Samples 1#, 2# and 3#. (a—c) Typical microstructure, on which the lengths of orange and light blue bars denote their average grain size and

those before HIP, respectively. (d—f) Pores are highlighted with ellipses.

Fig. 10. SEM images of Samples 4# and 5#. (a-b) Full view. (c-d) Fine-
grained region.

1#

800 Am

Fig. 11. TEM bright-field images of Samples 1# and 3# at low magnification
showing high-density stacking faults.

3.1.3. Microstructure evolution during air sintering

Fig. 3 illustrates the microstructure evolution of ZnAl,04 ceramics
during isothermal sintering at 1500 and 1550 °C. After soaking for 2 h at
1500 °C or 3 min at 1550 °C, the grain growth was moderate since the
open pore network in low-density samples effectively inhibited grain

800 nm

6602

boundary migration. However, as sintering proceeded, such pore-
pinning effect weakened as the density increased further, and thus,
abnormal grain growth tended to occur [25,36]. The significant surface
energy consumption of the powder by grain coarsening led to a lack of
driving force for the follow-up densification. As a result, the closure of
open pores in ZnAl,O4 ceramics can hardly be accomplished by
continuous AS.

3.2. Effect of Y-doping on the air sintering behavior of ZnAl,O4 ceramics

3.2.1. Densification under air sintering with constant heating rate

In Fig. 4a, the sintering shrinkage curves of Y300, Y600, and Y900
green bodies are compared. Y-doping noticeably decreased the initial
densification rate and raised the temperature to the peak of the densi-
fication rate. Below 1400 °C, the densification rate of the green body
decreased with the increase of yttrium concentration. However, when
the temperature rose to nearly 1500 °C, the densification rate of the
green body with a higher yttrium concentration was even higher, indi-
cating that a greater driving force for densification was reserved.

3.2.2. Densification under isothermal air sintering

According to the thermal shrinkage curve, the green bodies of Y300,
Y600, and Y900 were isothermally ASed at 1500 and 1550 °C to
investigate their sintering behavior further. Y900 was liable to differ-
ential sintering, which can be explained by the too-rapid and
temperature-sensitive densification rate in the later stage. The changes
in density during isothermal sintering of Y300 and Y600 are presented in
Fig. 4b—c, which agrees with the results of thermal shrinkage testing.
After a short dwell at 1500 or 1550 °C, a sample with a higher Y-doping
concentration was less densified, implying that yttrium ions may play a
similar role as in Al;O3 ceramic [29], namely, inhibiting diffusion in the
early stage of sintering. As the soaking time extended, Y-doped samples
could achieve higher density than the undoped sample. Another point
worth noticing is that as the Y-doping concentration increased, the
critical density (i.e., the density threshold for all open pores to get
closed) decreased markedly, as shown in Fig. 4d, which was a positive
factor for reaching pore closure earlier. Spusta et al. [37] studied the
dependence of open and closed porosity on the relative density of Al;Os3,
MgAly04, and ZrOy ceramics during AS to conclude that the critical
density is in large part a material characteristic and independent of the
green body microstructure. This study demonstrates that a minute
amount of sintering additive can also significantly affect the critical
density.
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Fig. 12. TEM study of Samples 1#. (a) Scanning TEM-high-angle annular dark-field (STEM-HAADF) image and (c-e) elemental maps. (f) HRTEM image of the
selected area marked in (a). (g-i) The FFT patterns of the selected areas in (f), where the diffraction points belonging to the ZnAl,04 grains on both sides are marked

by green and cyan circles, respectively.

3.2.3. Microstructure evolution during isothermal air sintering

The microstructure of Y300 and Y600 ceramics obtained by
isothermal AS at 1500 and 1550 °C are shown in Figs. 5 and 6, respec-
tively. Y300 and Y600 ceramics were free of abnormal grain growth at
the complete closing of pores. Based on the measured density and sta-
tistics of grain size, the sintering path of Y300 and Y600 was outlined in
Fig. 7. The trend line at low density was flatter with a higher Y-doping
amount. That is to say, Y-doping retarded the grain growth that
accompanied densification. Therefore, the surface energy consumption
of ZnAl,04 powder in the intermediate stage of sintering was reduced so
that the green body maintained a high densification rate to complete the
latest closure of pores without pore-grain boundary separation. This
explains why Y-doping broke the relative density limit of ASed ZnAl,O4
ceramic. However, since pores in a sample with a high relative density
tended to separate from the grain boundaries, sustained high-
temperature sintering led to abnormal grain growth[36]. Fortunately,
by doping yttrium, ZnAl;O4 ceramics with limited grain growth and
isolated intergranular pores were prepared by AS, which were expected
to be further densified via HIP at a lower temperature to fine-grained
TZAs.

3.3. Multiscale structure of transparent ZnAl,04 ceramics and sintering
behavior during HIP

After HIP posttreatment, the Y-doped ZnAl;04 ceramics with closed
pores and free of abnormal grain growth became transparent, as
exhibited in Fig. 8. The TZA samples are numbered 1# ~ 5#, and the
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underlying text indicates the doping concentration and AS conditions.
The stoichiometry of ZnAl,O4 was maintained in all these specimens,
according to the WDS data (Table 1). As illustrated in Fig. 9, under
suitable sintering conditions (Samples 1#, 2# and 3#), both Y300 and
Y600 ceramics obtained highly dense and homogeneous microstructure
(Fig. 9a—c), with a few residual pores in some areas (Fig. 9d-f). Ac-
cording to the statistics of grain size (visualized as colored bars in
Fig. 9a—c), additional grain growth was absent in Samples 1# and 2#
upon HIP. That is to say, Y-doping with a concentration of 300 ppm
froze microstructural coarsening in this period. By contrast, although
the Y600 samples were of somewhat finer grains before HIP, the average
grain size of Sample 3# was almost double after HIP, and Samples 4#
and 5# even exhibited significant abnormal grain growth (Fig. 10),
signifying the separation of the boundary from the pore upon HIP. The
above results suggest that under the HIP condition in this study, the rate
of grain boundary migration in a Y600 sample was higher than that in a
Y300 one.

The microstructure of Samples 1# and 3# was explored in more
detail using TEM. The high-density stacking faults (Fig. 11) suggest that
plastic deformation was a contributing mechanism for densification
during HIP [38,39]. In Sample 1#, triple-point pore with a very small
size was detected (Fig. 12a). EDS mapping analysis (Fig. 12b—e) proves
that the yttrium elements were concentrated at the grain boundaries
even though the doping concentration was only 300 ppm. Although
yttrium ions show a considerable solid solubility in ZnAl,O4 nano-
particles smaller than 10 nm [40], they could rarely substitute the
Zn?t/AI%" at the lattice sites in the highly ordered crystalline grains
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Fig. 13. HRTEM image near a grain boundary of Sample 3# and the corre-
sponding selected-area FFT patterns, in which the diffraction points belonging
to the ZnAl,0O4 grains on both sides are marked by green and cyan circles,
respectively.

because of the much larger radii [41]. HRTEM image (Fig. 12f) shows
that the width of the “transition zone” (Region II) near the grain
boundary is ~10 nm. By further analyzing the fast Fourier transform
(FFT) patterns (Fig. 12g-i), it can be found that the diffraction signals of
the grains on both sides overlap here, indicating that the interface be-
tween the two grains is not perpendicular to the observation direction,
and the thickness of the grain boundary should be much smaller than the
observed width. Apart from the diffraction signals belonging to the
ZnAl,04 grains, there were many additional diffraction spots with
centrosymmetric distribution. A similar phenomenon was also observed
in Sample 3# (see Fig. 13). The appearance of these spots indicates that
the yttrium ions at grain boundaries were not disorderedly distributed,
but rather contained within periodic structures.

Such Y-doped grain boundary nanostructures altered the mass
transport properties during the sintering of ZnAl,O4 ceramics. Dillon
et al. [42] revealed the direct correlation between the grain growth
behavior and the grain boundary structure in Al;O3 ceramic: the grain
boundary mobility is hindered by a sub-monolayer adsorbate whereas
enhanced by the dopants segregation as double or multiple layers; such a
relationship also works in other ceramics like Y503[43] and
MgAl;04[44-46]. According to the observed sintering behavior of Y300
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and Y600 ceramics, the possible mechanisms can be speculated as fol-
lows. In the early stage of presintering, when the grain size was small,
yttrium ions may not be enough to distribute throughout the grain
boundaries, a higher concentration meant a larger occupation area of
yttrium, and thus stronger suppression of grain boundary migration. A
relevant clue was found by the comparison between the microstructure
of the Y300 and Y600 ceramics before the complete closing of pores at
1500 °C (Fig. 5): the former was less homogeneous than the latter —
which may be the reason why higher Y-doping concentration led to a
lower critical density. The Y600 ceramics at critical density had finer
microstructure than the Y300 ones, but their difference in grain size was
not large, since Y-doping also reduced the densification rate at low
temperatures (Fig. 4a). As grains grew during sintering, the surface area
of grain boundaries gradually decreased. Accordingly, the grain
boundaries had to adjust their structure to accommodate the yttrium
ions. The grain boundaries in a Y600 sample were more prone to
transform into a thicker type than those in a Y300 one with a larger but
comparable grain size. In this way, the Y600 sample might overtake the
Y300 one in the grain boundary mobility.

3.4. Properties of transparent ZnAl,O4 ceramics

Fig. 14a shows the ultraviolet-visible-near infrared transmittance of
Samples 1# ~ 5#. The Rayleigh scattering caused by the Y-doped grain
boundary nanostructures is estimated to be very weak since its dimen-
sion (see Figs. 12 and 13) was much smaller than the shortest

Table 2
Relationship between hardness and grain size of TZAs.
Number/ Grain size  Vickers Testing Note
Reference hardness load
1# 3.0 ym 12.9 + 0.1 GPa 0.1 kgf
2% 3.2 um 12.9 4+ 0.2GPa  0.1kgf
3# 4.3 pm 12.5 + 0.2 GPa 0.1 kgf
4# Abnormal  10.8 + 0.3 GPa 0.1 kgf
5# Abnormal  11.0 + 0.3 GPa 0.1 kgf
[13] 10.1 nm 22.3 GPa 50 gf
[13] 60.3 nm 18.3 GPa 50 gf
[4] 0.54 pm 16.3 GPa 1 kgf Si0,
[2] 76 pm 10.5 GPa 0.3 kgf residual
stress
[14] Abnormal 10.5 GPa 2 kgf LiF
Table 3
Selected properties of TZA and comparison with those of MgAl;04.
Properties Value MgAl,O4
Refractive index, np (A = 589.3 nm) 1.7761 1.7150 [52]
Abbé number, Vp 51.2 60.5 [52]
Young’s modulus (GPa) 281.3 277 [53]
Shear modulus (GPa) 109.5 110 [53]
Thermal conductivity (W-m~1.K™1) 24.9 ~15 [51,53]

(b)100
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40
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0
3000 4000 5000 6000 7000 8000
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Fig. 14. Transmittance of the 1.5-mm-thick TZA discs. (a) Transmission spectra of Samples 1# ~ 5# in the ultraviolet-visible-near infrared region; the dashed line
gives the theoretical limit calculated from the measured refractive index. (b) Mid-infrared transmission spectrum of Sample 1#.
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wavelength in the transmittance measurement. The difference in
transmittance from the theoretical value was mainly attributed to the
scattering at the interface between residual pores (see Figs. 9, 10 and 12)
and grains. The maximum visible transmittance of Samples 1# and 3#
exceeds 65 %. In comparison, HIP at 1470 °C was less effective in
eliminating residual pores on Samples 2# and 5# which were pre-fired
at 1550 °C. The strategy that to obtain higher relative density at the end
of presintering by lengthening the holding time improved the trans-
parency of MgAION and LiAION ceramics [19,47]. However, in this
work, Sample 4# lost the advantage in densification over the other
samples HIPed at the critical density, due to the occurrence of abnormal
grain growth.

The relationship between hardness and grain size of Samples 1# ~
5# was investigated and compared with the results in the literature [2,4,
13,14], as shown in Table 2. The hardness of TZA was noted to exhibit an
evident Hall-Petch effect. In addition, the mechanical properties also
depend on the Y-doped grain boundary nanostructures[48,49] and the
high-density stacking faults in the grains [38,50]; a detailed visit on this
theme is in progress.

Taking Sample 1# as a representative, the physical properties of TZA
were evaluated. As shown in Fig. 14b, the spectral transmission window
(transmittance exceeds 60 %) of the 1.5-mm-thick TZA extends to 6.0
pm, which is slightly larger than the value of a 1.0-mm-thick MgAl;O4.
Considering that elevated temperature intensifies infrared absorption
[51], TZA is expected to maintain better mid-infrared transmitting
performance when it is thicker or operates at a higher temperature.
From Table 3, it can be seen that the refractive index of ZnAl,O4 is
higher than that of MgAl,04 while the Abbé number is smaller [52],
which coincides with the first-principles calculation [5]. The measured
elastic moduli agree well with the theoretical value [6] and the exper-
imental data of TZA obtained by SPS [12]; the Young’s modulus is
slightly higher than that of MgAl,04. The thermal conductivity is as high
as 24.9 W-m~ 1K™}, much higher than that of MgAl,04[51,53], which is
consistent with the predicted results [1,6]. The above combination of
properties endows TZAs with considerable competitiveness in the
application of infrared windows.

4. Conclusions

In conclusion, yttria is an effective dopant that allows the fabrication
of transparent ZnAl;O4 ceramics from a conventional powder by the
combination of air sintering and capsule-free hot isostatic pressing.
Yttrium ions were segregated between the ZnAl,O4 grains and partici-
pated in the construction of ordered grain boundary nanostructures,
which altered the matter transport properties during sintering. With a Y-
doping concentration of 300 or 600 ppm, abnormal grain growth could
be prevented in both air sintering at 1500 °C and hot isostatic pressing at
1470 °C, thereby ensuring sufficient densification for pore closure and
transparency, respectively. The thus prepared sample with a relatively
large size (¢ 31 mm x 1.5 mm) exhibited visible light transmittance
higher than 65 % and a red edge of 6.0 pm for transmittance above
60 %, with a high thermal conductivity (24.9 W-m’1~K’l), and
reasonable mechanical properties (Vickers hardness of 12.9 GPa and
Young’s modulus of 281.3 GPa), providing a good fit for the application
requirements of infrared windows.
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