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presence of twinned sphalerite (the two hexagons).........cccceceeeveeriieennnnne.

SEM image showing a typical Vickers hardness indentation for the
0.5ZnS-0.5CLS ceramic sintered at 950 °C under a uniaxial pressure
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SEM images (SE image and BSE image) of thermally etched
surfaces of the 0.5ZnS-0.5CLS ceramics sintered via hot pressing at
1000 °C, 1100 °C, 1200 °C, and 1300 °C, under a uniaxial pressure
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XRD patterns of the 0.5ZnS-0.5CLS ceramics sintered via hot
pressing at different temperatures, under a uniaxial pressure of
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(a) TEM image of the 0.5ZnS-0.5CLS ceramic sintered via hot
pressing at 1100 °C under a uniaxial pressure of 100 MPa for 2 h;
(b) HRTEM image showing the stripes (stacking faults and twins)
present in a ZnS grain within the 0.5ZnS-0.5CLS ceramic sintered
via hot pressing at 1100 °C; (c) SAED pattern recorded from the
circled area 1 in ZnS within the 0.5ZnS-0.5CLS ceramic sintered via
hot pressing at 1100 °C; (d) SAED pattern recorded from the circled
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area 2 in ZnS within the 0.5ZnS-0.5CLS ceramic sintered via hot
pressing at 1100 OC. ....viiiiiiiiiee e e 149
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ABSTRACT

Due to the favorable infrared transparency, zinc sulfide (ZnS) and calcium
lanthanum sulfide (CalLaxS4) are both attractive sulfide-based candidates for infrared
optical ceramics. In the current project, detailed studies were performed on the phase
development, microstructural evolution, sintering behavior and grain growth kinetics of
these sulfide-based ceramics under different pressure-assisted consolidation conditions, in
order to process ZnS, Cala2S4 and ZnS-CaLaxS4 infrared optical ceramics with improved
optical and mechanical properties.

The phase transition behavior between sphalerite and wurtzite of ZnS infrared
optical ceramics was investigated, by hot pressing and pressureless sintering of two
different ZnS powders. This work revealed that, during sintering of ZnS, the phase
transition behavior varied based on the starting powder particle size and magnitude of the
applied pressure. It was demonstrated that smaller particle sizes led to the more phase
transition from sphalerite to wurtzite at 1000 °C. Additionally, an applied uniaxial pressure
during hot press sintering could promote a reverse phase transformation from wurtzite to
sphalerite along with enhanced twining and densification, resulting in improved optical
and mechanical performances of the ZnS ceramics.

Another study developed hot-pressed Cr*" doped ZnS ceramics for potential mid-
infrared laser applications. Successful consolidation of Cr** doped ZnS infrared transparent
ceramics (maximum infrared transmittance of 67% at 11.6 um) were achieved by vacuum
hot pressing. Infrared absorption and photoluminescence measurements revealed that the
Cr*" ions were tetrahedrally coordinated within the ZnS host lattice.

Different synthetic routes with and without high-temperature sulfurization were
investigated and compared for optimization of the synthesis of CaLa2S4. It was found that
CaLla>S4 with the cubic phase could be successfully synthesized, by using a wet chemistry
method (single-source precursor method) followed by thermal decomposition, which
demonstrated the possibility to synthesize Cala2S4 without any hazardous sulfurization in
CS2 or HaS.

CaLaxS4 infrared optical ceramics were sintered via different pressure-assisted

sintering techniques (hot pressing and field-assisted sintering) at different temperatures.
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Through densification curves and microstructural characterizations, densification behavior
and grain growth kinetics of the CaLa2S4 ceramics were studied. Based on the established
models, densification was determined to be controlled by various mechanisms depending
upon temperature range. The infrared transmittance of the CalLa2S4 ceramics was observed
to reach a maximum of 48.1% at 9.2 pm. Furthermore, it was revealed that the hardness
was closely correlated with densification and grain growth.

In addition, ZnS and CalLa2S4 composite ceramics were consolidated via pressure-
assisted sintering of 0.5ZnS-0.5Cala2Ss4 (volume ratio) composite powders. The
consolidated composite ceramics were identified to be composed of sphalerite ZnS,
wurtzite ZnS and thorium phosphate-structured CalaxS4. The sphalerite-wurtzite phase
transition of ZnS was further demonstrated to be accompanied by formation of stacking
faults and twins in the ceramics. Grain boundary diffusion was determined to be the main
mechanism controlling grain growth for both phases within the composite ceramics. It was
also found that the addition of the CaLa2S4 phase improved the indentation hardness of the
ceramics relative to pure ZnS by homogeneous dispersion of ZnS and CalaxSs4 small
grains. Further studies on decreasing grain size and impurity removal are critical to

improving the infrared transmittance of the ZnS-Cala2S4 ceramics.

XV



I. INTRODUCTION

A. Infrared Optical Ceramics

1. Background on Infrared Optical Ceramics

Infrared optical ceramics refer to the ceramic materials employed in optical
applications, particularly in the infrared wavelength range. Specifically, these ceramic
materials correspond to infrared transparent polycrystalline ceramics as promising
candidates for infrared windows/domes/lenses, infrared solid-state lasers, infrared sensors
and thermal imaging devices.! In classical physics, light can be considered as a form of
wavelike electromagnetic radiation. The electromagnetic radiation also includes heat,
radar, radio waves, microwaves, x-rays and y-rays.> A certain form of electromagnetic
radiation has a certain specific wavelength range, corresponding to different photon
energies according to Planck’s equation. Figure 1 shows the spectrum of electromagnetic
radiation ranging from radio waves to y-rays. In terms of infrared light or infrared radiation,

the wavelength ranges from 700 nm to 1 mm.
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Figure 1. The spectrum of electromagnetic radiation, including wavelength
ranges for the various colors in the visible light spectrum.? Reprinted with

permission from Springer.

Several interactions, including absorption, reflection, and transmission, will occur
to light when it travels between two different media. The radiation intensity of an incident

light beam on the surface of a medium is equal to the sum of the intensities of the



transmitted, absorbed, and reflected beams. Thus, it is theoretically defined that materials
that are able to transmit light with relatively little reflection and absorption are transparent
materials.? In addition, low scattering loss is also crucial to achieving clear optical
transparency, especially for ceramics.>> The transparency of different materials is closely
correlated with the basic structural characteristics of materials. Due to the difference in
electron energy band structure and elastic vibration, absorptions of various materials are
different, which in turn leads to the differences in theoretical transmission wavelength
ranges, such as ultra-violet range, visible range and infrared range.> Moreover, based on
different infrared transmission ranges of host materials, infrared optical materials are
further divided into such categories as near infrared, short-wavelength infrared, mid-
wavelength infrared, long-wavelength infrared and far infrared optical materials, on which
their application fields are dependent.®

Similar to visible transparent materials, traditional infrared optically transparent
materials also primarily include glass and single crystal. Glass materials can be engineered
to possess desirable transmittance, through the systematic variation of glass compositions,
the selection of appropriate glass-melting techniques, and the utilization of specialized post
heat treatments, which makes them favorable candidates for optical applications in
different wavelength ranges.” Single crystal is a crystalline solid for which the periodic and
repeated atomic pattern extends throughout its entirety without interruption. Therefore,
single crystal has little scattering loss sources, such as pores, defects and grain boundaries,
which in turn allow single crystals to have comparable transparency with glass in visible
and infrared wavelength ranges. In addition, compared with glass, with an amorphous
structure, single crystals with a crystalline structure have superior mechanical strength,
more stable physiochemical property and better thermal stability. Thus, single crystals are
attractive candidates for optically transparent materials, especially for the applications in
harsh environments. However, even though single crystals have been tried to be fabricated
via various growth techniques, including Czochralski method, Bridgman method, edge-
defined film-fed growth method, and floating zone method, it is still very challenging to
process single crystals with large volumes and complex shapes. Additionally, all these
techniques need very complicated facilities, making the growth of single crystals expensive

and time-consuming. Moreover, the low concentration and inhomogeneity of doped laser-



active ions within single crystals also limit their applications, particularly in solid-state
laser gain media applications.>’

With the rapid development of ceramic science and engineering, polycrystalline
ceramics with excellent optical transmittance have emerged as alternatives of optical
materials with expanded capabilities, in order to overcome the technological and
economical issues of glass and single crystal optical materials.® Optical ceramics have been
demonstrated to possess the advantages of favorable mechanical properties, cost-
effectiveness, large volume production, and viability of controllable shapes. They are
extensively employed in various optical applications in different wavelength ranges, such
as windows, domes, lenses, lighting, armors, solid-state lasers, scintillators, and transparent
electro-optic devices.>!*!!

With regard to the optical ceramics applied in infrared wavelength range, the
specific infrared transmission wavelength range is highly dependent on the host material
in ceramics, due to the difference in absorptions caused by elastic vibrations. It is
acknowledged that most oxide ceramic materials have the cut-off wavelength only up to
near infrared and short-wavelength infrared region. In contrast, due to the low phonon
energy, ceramics that are composed of nonoxides, including fluoride, nitride, halide,
phosphide, and chalcogenide, have longer intrinsic infrared absorption edges."'> Among
them, chalcogenide optical ceramics have the broadest transmission wavelength range up
to long-wavelength infrared region, rendering them uniquely suitable for optical

applications in both infrared wavelength ranges of 3-5 um and 8-14 pm.!>!*

2. Research and Development of Infrared Optical Ceramics

It is well acknowledged that one of the most significant objectives of most research
on infrared optical ceramics is to achieve favorbale optical transmittance in infrared
wavelength range of polycrystalline ceramics. Infrared optical transparency in different
regions is a critical factor to determine practical applications of infrared optical ceramics.
As aforementioned, light transmission is not only related to absorption and reflection but
also extremely correlated with scattering. Due to the natural characteristics of
polycrystalline ceramics, possible scattering sources include residual pores, second phase,
grain boundaries, double refraction, inclusions, and surface roughness, all of which will in

turn contribute to the transmission loss. Figure 2 displays a brief schematic of the
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microstructure of conventional polycrystalline ceramics with different labeled possible
scattering sources.'>'® Among them, the porosity within grains and grain boundaries of
ceramics is the most crucial factor to affect in-line transmittance by increasing the
attenuation of incident light, which is mainly attributed to the dramatic difference in
refractive index between pores and ceramics. Large-sized pores or even a small number of
pores will effectively scatter light through refraction and reflection, which will lead to the
opacity of ceramics.!” Also, due to difference in optical behaviors between main phase and
second phase, the presence of second phase (at grain boundaries or inclusions) is another
main aspect contributing to scattering losses.>* In addition, surface roughness also affects
optical transmission because of the diffusive reflection. Based on Beer-Lambert Law,
transmittance is also influenced by the thickness of ceramics.

It is important to note that the selection of material systems is of importance for the
research and development of infrared optical ceramics. The difference in natural
characteristics, including refractive index, band gap, and vibration frequency, leads to
different transmission wavelength values and ranges. In addition, crystal structure of
ceramic materials plays a critical role in determining if a material system is suitable for
infrared optical ceramics. It is determined that the materials possessing a cubic, isotropic
crystal structure are more appropriate than those with an anisotropic crystal structure. As
shown in Figure 2, the birefringence or double refraction, on grain boundaries of the
ceramics with an anisotropic crystal structure, can also scatter light, resulting in a decrease
in the in-line transmittance. Figure 3 shows a diagram of different responses for ceramics
with anisotropic and isotropic crystal structures when light travels through. Ceramics are
usually composed of randomly oriented grains. Due to the difference in refractive index of
different directions of an anisotropic crystal structure, light will be refracted when it travels
through random oriented grains, which affect the transmission as a result.'® In contrast, the
ceramics with an optically isotropic cubic crystal structure do not have the scattering loss

caused by double refraction.
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Figure 2. Schematic showing the microstructure of conventional transparent
optical ceramics, light scattering and the attenuation of input power through
the ceramic body. Various sources of scattering loss owing to (1) grain
boundary, (2) residual pores, (3) second phase, (4) double refraction, (5)
inclusions and (6) surface roughness in ceramics lead to the decrease in
transmittance and prohibit applications in optics.!> Reprinted with permission
from Springer Nature.
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Figure 3. Diagram of different responses for ceramics composed of randomly
oriented grains, with anisotropic and isotropic crystal structures when light
travels through.'® Reprinted with permission from OSA Publishing.

In order to attain excellent infrared transmittance of the infrared optical ceramics,
tremendous studies on the optimization of ceramics processing have been performed to
avoid, minimize, or eliminate light scattering within the ceramics. Generally, processing
of infrared optical ceramics includes raw powder synthesis, green body forming, ceramic
sintering, and post treatment. As previously discussed, second phases and impurities within
ceramics can scatter light and affect the optical behavior. Therefore, it is required that the
raw powders need to be synthesized with high purity to avoid scattering losses due to the
presence of second phases or impurities. In addition, the microstructure and morphology
of the synthesized raw powders are closely correlated with sintering properties, and thus
very crucial for the subsequent sintering. Fine powders with favorable sintering properties
are beneficial for sufficient densification and efficient pore removal, which will in turn

contribute to the enhancement of optical transmittance. Various synthetic routes have been



investigated to process raw powders for infrared optical ceramics, including solid-state
reaction method, co-precipitation, sol-gel method, combustion synthesis, hydrothermal
synthesis, and flame spray pyrolysis. Compared with conventional solid-state reaction
methods, wet-chemistry methods have attracted more extensive research interests, due to
the capability of synthesizing highly pure, sinterable powders with controllable size,
microstructure, and morphology, which aid in the fabrication of infrared optical ceramics
with enhanced optical and machinal properties.

As the intermediate processing step between powder synthesis and sintering of
ceramics, green body forming is usually employed to compact ceramic powders with a
packing density. A high packing density can be of help for further densification and pore
removal during the sintering process of infrared optical ceramics. Cold isostatic pressing,
capable of loading equal hydrostatic high pressures simultaneously from all directions, is
a common forming route to achieve a higher initial packing density for infrared optical
ceramic green bodies. Plastic deformation and casting techniques (tape casting, gel casting,
and slip casting from slurries or suspensions) are also employed in the forming process to
reasonable packing densities, by adjusting rheological properties.!” In addition, as the
casting methods are capable of forming ceramic green bodies with complex shapes,
researchers have performed extensive studies on casting of infrared optical ceramics, to
meet the demands for infrared optical ceramics with more complicated shapes for various
applications.

Sintering is extremely important for the processing of infrared optical ceramics.
Through grain growth and grain boundary movement during the sintering process,
ceramics can be consolidated at elevated temperatures, and pores can thus be eliminated.
Due to the high demand for sufficient densification and low porosity, the sintering methods
for infrared optical ceramics commonly require some additional conditions, including
external pressure and atmosphere, to achieve better optical properties of various infrared
optical ceramics. Pressure-assisted sintering techniques including hot pressing and field
assisted sintering technique are extensively used in the sintering of infrared optical
ceramics. By simultaneous application of uniaxial pressure and heat, pressure-assisted
sintering can facilitate particle rearrangement and plastic flow between particles, which

leads to more densified microstructures with small grains and efficient pore removal in



ceramics. Field assisted sintering technique (FAST), known as spark plasma sintering
(SPS), is a rapid current-activated sintering route for consolidation, which can reduce
sintering time, lower sintering temperature, facilitate mass transport, accelerate the rate of
superplastic deformation, and retard grain growth.?® It has recently been researched for the
fabrication of various infrared optical ceramics because of its efficiency of accomplishing
enhanced densification. Some special atmospheres (inert, vacuum, hydrogen, oxygen, etc)
have also been applied during pressure-assisted sintering or convention sintering, to attain
high purity, present oxidation, promote densification, and eliminate defects, for the
optimization of optical properties of infrared optical ceramics. In addition, processing
routes including microwave sintering, chemical vapor deposition, ceramization, and solid-
state single crystal conversion have been investigated and utilized for consolidating
infrared optical ceramics. Concurrently, in order to further promote consolidation and
lower sintering temperature, various sintering additives are added to achieve liquid phase
sintering for the ceramics. Post treatments of infrared optical ceramics usually include hot
isostatic pressing (HIPing) and annealing. By employing a gas isostatic pressure that can
compress as-sintered samples from all directions at elevated temperatures, HIPing can
provide further densification and pore removal, so as to improve the infrared or even visible
transmittance of optical ceramics. Annealing is used for the restoration of transparency by
eliminating vacancies within infrared optical ceramics.

The past half-century has witnessed an increasing engagement in the research and
development of various infrared optical ceramics. In 1950s and 1960s, with the expanding
needs for infrared optical materials with larger scales, more complex shapes, and enhanced
optical/mechanical characteristics for military and commercial instruments, researchers
and scientists in various companies and research institutes started to explore the
possibilities to fabricate infrared optical polycrystalline ceramics. Researchers from Kodak
successfully managed to apply the hot pressing technique (in vacuum or inert atmosphere)
on powders with high purities, for the purpose of fabricating series of non-oxide, including
magnesium fluoride (MgF2), zinc sulfide (ZnS), zinc selenide (ZnSe), and calcium fluoride
(CaF2) polycrystalline ceramics with sufficient densification and good visible/infrared
transmittance for applications in infrared windows and domes.?!"?” Also, they further

developed vacuum-hot-pressed Dy?* doped CaF:> optical ceramics for laser



applications.?®?° Furthermore, it was revealed that this hot pressing route was able to be
extensively employed in the processing of more infrared optical ceramic materials
including magnesium oxide (MgO), lanthanum fluoride (LaF3), strontium fluoride (SrF2),
cadmium telluride (CdTe), cadmium sulfide (CdS), zinc oxide (ZnO), titanium dioxide
(TiO2), and cadmium selenide (CdSe).?>%-36 At the same time, D. Buckner et al. from
Bausch & Lomb company performed s detailed study on the hot pressing of MgF:
polycrystalline ceramics applied in infrared optical application.’” It was concluded that the
optimum condition was sintering at 650 °C under a pressure of 207 MPa for 15 minutes,
and physical properties of the obtained MgF» infrared optical ceramics demonstrated the
capability of withstanding severe environments. W. Stoller et al.® from RCA Laboratories
also reported the gallium arsenide (GaAs) optical ceramics with acceptable infrared
transparency, fabricated by hot pressing in vacuum, at 1000 °C under 298 MPa. By
conducting a study on the densification behaviour of the ceramics, they further found two
main overlapped densification mechanisms (plastic flow and diffusion) that occurred
during the hot-pressing process of the GaAs ceramics.*® Moreover, it was claimed by M.
Benecke et al. from the University of California, Berkeley that MgO infrared optical
ceramics could be fabricated from fine MgO powder mixed with lithium fluoride (LiF) as
the sintering additive, via vacuum hot-pressing at 775-975°C under 3.9-27.6 MPa for 1-5
hours and post heat-treatment at 1300 °C for 3 hours in air.** Researchers from Global
Electric, Sandia Laboratory, Army Materials and Mechanics Research Center, and Lehigh
University also managed to apply conventional sintering, hot forging, hot pressing, and
press forging to achieve desirable infrared transparency for yttrium oxide (Y203)
ceramics.*** In addition, R. Coble from Global Electric first demonstrated the feasibility
of fabricating polycrystalline optical ceramics of aluminum oxide (Al203), which can be
applied as an infrared window material, with an anisotropic crystal structure instead of an
isotropic crystal structure. Through doping with the sintering additive MgO combined with
sintering at temperatures higher than 1700 °C in vacuum and hydrogen, the Al2O3 ceramics
were reported to be translucent in the visible region and transparent in the infrared region,
which was attributed to the elimination of pores within the ceramics.**

Starting in the 1970s, as more and more studies were performed on sintering of

various infrared optical ceramics, polycrystalline optical ceramics composed of ternary
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compounds were also developed and researched. D. Roy et al. from Coors Porcelain
Company reported the preparation of highly dense cubic magnesium aluminate (MgAl204)
spinel ceramics for infrared windows, by calcining the mixture of Al203 and MgO and
subsequent sintering with the sintering additive LiF in reducing atmosphere at 1600-1900
°C.* Also, K. Mazdiyasni et al. from the Air Force reported the fabrication of yttria-
stabilized cubic zirconia (6mol%Y203+ZrO2; 6YSZ) infrared optical ceramics with
enhanced thermal stability, sintered via hot pressing of wet-chemistry processed powder.*>
4 A study on the phase diagram in the region of aluminum oxynitride (ALON) solid
solubility region was performed by J. McCauley et al.** from Army Materials and
Mechanics Research Center. Then, by referring to this newly determined phase diagram,
they further developed fully dense, single-phase ALON spinel optical ceramics via reactive
sintering of y-Al203 and aluminum nitride (AIN) in a nitrogen atmosphere.*’ Concurrently,
it was shown by scientists from Raytheon Company that the chemical vapor deposition
method followed by HIPing could result in ZnS and ZnSe optical ceramics with highly
improved visible and infrared optical performance. The development of these techniques
demonstrated the viability of using alternative processing routes for non-oxide infrared
optical ceramics.’%>!

In the 1980s, by employing hot pressing and pressureless sintering of AIN, with
CaO as the sintering aid, N. Kuramoto et al.’? succeeded in preparing AIN optical ceramics
with the maximum transmittance of ~40% in the infrared region, and reemphasized that
the purity and sinterability were essential to produce optical non-oxide ceramics.>
Similarly, M. Mitomo et al. developed the translucent B-SiAION (Si6-nAlnOnNs-n; n=0-4.2)
ceramics with the maximum transmittance of ~40% at 4.5 pm, reactively sintered via hot
pressing at 1700-1800 °C under 9.8-29.4 MPa.>® In order to develop ceramics for infrared
windows with higher mechanical strength and broader transmission, a group of rare-earth
alkaline-earth ternary sulfide materials were researched by scientists from Royal Signals
and Radar Establishment.>* Later, K. Saunders et al. from Raytheon Company proved that
calcium lanthanum sulfide (Cala>Ss) optical ceramics with desirable infrared
transmittance and resistance to rain erosion could be fabricated by sintering of sulfurized
powder in an atmosphere of hydrogen sulfide (H2S), followed by HIPing.”> It was also

demonstrated by G. de With et al. that translucent yttrium aluminum oxide (Y3AlsO12,
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YAG) with nearly full density could be processed via vacuum sintering of YAG powders
with SiO2 and MgO as the sintering aids.’® Then, in the year of 1995, A. Ikesue et al.
applied solid-state reaction in vacuum sintering (at 1800 °C for 5 hours) of high purity
Al203 and Y203 powders to develop YAG optical ceramics, with nearly equivalent optical
transmittance compared with single crystal in visible and infrared regions.’” Additionally,
they first demonstrated that the processed Nd** doped YAG highly-transparent ceramics,
possessing laser outputs with reasonable efficiencies, could be suitable for laser grain
media applications,® which paved the way for extensive research on ceramic laser
materials in various wavelength ranges.

Up till now, more materials including oxides and non-oxides with more complexed
composition have also been investigated, to explore the feasibility of the application as
cutting-edge infrared optical ceramics with innovative and attractive functional properties.
To meet the demands in commercial and military applications under varying environments,
extensive studies have been performed on powder synthesis, ceramic green body forming,
ceramic consolidation, and post treatment of infrared optical ceramics, for improving
optical, mechanical, and thermal characteristics. Moreover, fundamental studies on
scientific issues including sintering behaviour, microstructural evolution, and phase
transition have also been conducted to further elucidate and understand the correlation
between processing, microstructure, and properties of infrared optical ceramics.

A. Bertrand et al.”® developed a ceramization route for 12.5Bi203-12.5Nb20s-
75TeO2 glass, by glass melting at 850 °C for 30 min and subsequent crystallization at
510 °C for 90 min, to fabricate an innovative BiosNbo.sTe240Os tellurite infrared optical
ceramic, which exhibited high transparency in the near infrared range up to 5.5 pm.> In
addition to the excellent infrared optical transmittance, this cost-effective and rapid
ceramization process also resulted in good mechanical properties (hardness of 448 HV;
Young’s modulus of 79.5 + 0.7 GPa), high refractive index (2.24 = 0.05 at 1064 nm) and
low coefficient of thermal expansion (11.9 x 10° K). This glass-crystallization-
ceramization process was shown to be promising for the processing new optical ceramics
with tailored shapes.’® More recently, it was further demonstrated that the Nd**-doped
Bio.sNbo.sTe240s ceramics with desirable laser properties could also be processed via this

technique, which broadened their applications in laser gain media.®® In addition, by the
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ceramization of single crystals at 1100 °C for 6 hours under 100 MPa in vacuum, Y. Jiang
et al. succeeded in fabrication of Nd**-doped SroGdF21 infrared optical ceramics (average
grain size of 18 pm), with excellent mid- and far-infrared transparency (up to 9 um), and
high fracture toughness.!

It was proposed by A. Gallian et al.%? that the hot-pressed (hot pressing of ZnSe-
CrSe mixtures at 1127-1227 °C under 30-35 MPa) Cr**-doped ZnSe polycrystalline
infrared optical ceramics with an optical quality was sufficient for the first demonstration
of gain-switched lasing in the mid-infrared. The ceramic laser yielded 2 mJ of output
energy at a slope efficiency of up to 5%. The study further suggested that the mid-infrared
laser system, based on hot-pressed polycrystalline ceramics, had a promising future.%

N. Nishitama et al.** developed transparent cubic silicon nitride (y-Si3N4) ceramics
with a spinel structure via a special synthetic route under high pressure at 15.6 GPa and at
high temperatures between 1600-1800 °C.%* It was pointed out that the combination of
ultrahigh pressure and high sintering temperature significantly contributed to densified
nanostructured (~150 nm) SizsN4 ceramics, with phase transformation of hexagonal a-Si3N4
to cubic y-Si3N4 (at 1800 °C), which resulted in good transmittance in visible and near
infrared wavelength ranges. More importantly, the reported superior mechanical properties
of the ceramics showed the possibility of their potential applications under extreme
conditions.®

The researchers from Naval Research Laboratory synthesized MgAl204 spinel raw
powders via co-precipitation method using high-purity metal chloride or nitrate precursors
under base conditions. Chemical treatments, such as acid washing, were further
investigated and applied for purification of the MgAl2O4 spinel powders. MgAl2O4
infrared optical ceramics with different sizes and shapes were then processed by different
sintering routes for infrared window applications. In particular, it was revealed that the hot
pressing with nonreactive material spacers was beneficial for forming near-net-shape
spinel ceramics without any sintering additives.®*®> Moreover, silicon carbide (SiC)
powders were also prepared via the carbothermic reduction of a carbon containing a dried
sol-gel SiO2 precursor, and then sintered via FAST. The resulting B-SiC translucent
infrared ceramics indicated the potential of developing infrared ceramic window materials

with much higher mechanical strength than the traditionally applied materials.®®
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J. Cheng et al. studied the densification behaviors of AION ceramics consolidated
via microwave sintering at 1700, 1750, and 1800 °C for 1 h at a heating rate of
approximately 100 °C/min in a nitrogen atmosphere.’” They found that the densification
was enhanced, and the grain size increased apparently from 1-2 um to 40-50 pum, as the
sintering temperature increased. Additionally, it was further claimed that the ALON
ceramic sintered at 1800 °C had the best optical performance (~60% in infrared region at
2.5 um), which demonstrated that microwave sintering could lower sintering temperatures
and shorten sintering time, compared with traditional sintering processes for ALON
infrared optical ceramics.®’

It was reported by X. Mao et al.%® that the visible and infrared transmittances of
Al203 ceramics (doped with MgO as the sintering additive) could be significantly
improved, by using a magnetic-field-assisted slip casting method, followed by sintering in
Hz. The MgO doped Al203 suspension with 30 vol% solids was slip-casted in a 12 T
magnetic field, to orient the slurry along the optical axes. Then the ceramics were sintered
at 1850 °C in a H2 atmosphere for 3 h, which led to improved transmittance compared with
randomly orientated sample.%® The study provided a new concept for fabricating the optical
ceramic materials that possess anisotropic crystal structures. The grains within ceramics
could be aligned to a single direction, where the refractive index for each grain is
consistent. In this way, the influence of the birefringence can be significantly minimized.®

In addition, it has also been demonstrated that nanograins (much smaller than the
light wavelength) can be helpful for the optimization of optical properties for the infrared
optical ceramics that are composed of materials possessing anisotropic crystal structures.
Based on Rayleigh—Gans—Debye light-scattering, R. Apetz et al. further developed a light
scatting model for ceramics consisting of birefringent crystals, and concluded that the
nanograins in fully dense ceramics could effectively decrease the scattering efficiency.® It
was found by D. Jiang et al. that spark plasma sintering of high-purity Al2O3 powder with
an average particle size of 200 nm, at 1300 °C for 5 min under 90 MPa, could lead to
nanostructured, highly infrared transparent Al2O3 ceramics for short-wavelength infrared
window applications, due to the combination of small grains and enhanced densification.”
Furthermore, S. Grasso et al. performed a modification on the dies used in spark plasma

sintering, by using WC instead of graphite, which enabled the loading of high pressure
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during the sintering process. Then, they developed fully dense Al2O3 nanoceramics with
no considerable grain growth (average grain size of ~200 nm) and improved in-line
transmittance, by sintering at much lower temperatures (1000 °C or 950 °C) under 500 MPa
with less sintering time.”! Tetragonal ZrO: infrared transparent ceramics’? and hexagonal

strontium fluoride phosphate (Srs(PO4)3F) laser ceramics’

with nanograins were
demonstrated by applying the similar methods and mechanism. In addition to the
improvement in optical performance of non-cubic ceramics, the infrared optical
nanoceramics including MgAl20a, sintered under ultrahigh pressure up to several GPa,
were revealed to possess better mechanical hardness.”*7¢

In order to improve the mechanical properties without affecting the excellent
optical transmittance for the 3-5 um mid-wave infrared window for demanding aero-
thermal applications, researchers from Rutgers University and Raytheon fabricated
submicron-grained infrared transparent 50vol%Y203-50vol%MgO composite ceramics.”’
Plasma melting technique was applied to process the composite powders. Then, they
employed cold isostatic pressing (under 200 MPa) and HIPing (at 1400 °C for 2 h under
200 MPa) to consolidate the composite optical ceramics, with the maximum infrared
transmittance of 55% at 6 um and enhanced fracture toughness.”’ The optical transmittance
was further improved in the 50vol%Y203-50vol%MgO nanocomposite ceramics,
demonstrating that scattering could be minimized or eliminated in composite ceramics, as
long as the grain size of the individual phases is significantly smaller than the wavelength
of light passing through.”®

K. Morita et al.”’ performed a study on the discoloration of the MgAl204 spinel
optical ceramics sintered via spark plasma sintering through spectroscopies and
transmission electron microscopy. The discoloration, which affects the optical
transmittance of the ceramics, was explained by the combined effect of carbon
contamination and color centers (F"). Carbon contamination was determined to be
attributed to COs and the evaporation of graphite foil/die, which were correlated with the
sintering conditions. Based on the ESR analysis, F'-centers were shown to be related to the
oxygen vacancies, which were dependent on the rate of sintering/deformation. The

concentration of the F+-center was enhanced with the heating rate, and reduced with the

sintering temperature.””
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1.8 summarized fundamental studies on the densification

I. Reimanis et a
mechanisms and the microstructural development for spinel optical ceramics processed by
free sintering. It was concluded that the complex final-stage sintering of transparent spinel
proceeded by a number of mechanisms, where the stoichiometry and concentration of
oxygen vacancies played an important role. As a sintering additive, LiF resulted in a liquid
phase formation at lower temperatures (up to ~ 1000 °C), which strongly promoted grain-
boundary mobility and densification. It was also revealed that LiF could alter the
stoichiometry and concentration of oxygen vacancies during densification. In addition, LiF
might react with impurities trapped at grain boundaries such as carbon and sulfide to form

volatile fluoride species, making the ultimate removal of excess LiF important for

achieving high visible and infrared transparency.®

B. Sulfide-Based Infrared Optical Ceramics

Due to the intrinsic weak chemical bonds and resulting low vibrational frequencies,
sulfides have longer infrared transmittance wavelength ranges than most oxides and
fluorides, making the sulfide-based optical ceramics suitable for the infrared optical
applications in both mid-wavelength infrared (3-5 pm) and long-wavelength infrared (8-
14 um) regions, such as the two-color infrared windows.!*! Among all the sulfide-based
ceramic materials, ZnS and CalaxSs4 infrared optical ceramics are most widely

investigated.

1. ZnS Infrared Optical Ceramics

As a well-known wide bandgap II-VI semiconductor, ZnS has been extensively
employed in various applications, such as infrared windows/lenses, mid-infrared lasers,
phosphors, electroluminescence, sensors and photocatalysts, because of its unique physical
and chemical properties. In particular, due to its desirable infrared transparency in 8-12 um
and acceptable mechanical/thermal properties, ZnS has been researched as an attractive

candidate for the infrared optical ceramics in commercial and military applications.’!%?

a ZnS Crystal Structures and Phase Transition
It is well-acknowledged that ZnS has two primary crystal structures: sphalerite
(zinc blende, B-ZnS) with the face center cubic (FCC) structure and wurtzite (a-ZnS) with
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the hexagonal close-packed (HCP) structure. In addition, it has been reported that ZnS
sphalerite can transform to another cubic, metastable ZnS phase with a rocksalt structure

under pressures of 15.0-24.5 GPa.®3% Figure 4 displays the two well-characterized crystal

structures of ZnS. Sphalerite belongs to the cubic space group F 4 3m, with the prototype
of B-3 structure, while wurtzite belongs to the hexagonal space group P6smc, with the
prototype of B-4 Structure. The two crystal structures of ZnS are both close-packed
structures with an atomic packing factor of 0.74. The zinc atoms and sulfur atoms are
tetrahedrally coordinated with a coordination number of 4 for both phases. However, the
atoms stacking patterns within the two crystal structures are different. ZnS sphalerite has
the close-packed atomic arrangement of ABCABC pattern on the {111} plane along the
[110] axis, while wurtzite has the close-packed atomic arrangement of the ABABAB

pattern on the {0001} plane along the [1120] axis.®”
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Figure 4. Two well-characterized crystal structures of ZnS (ZnS, in mineral
form at ambient pressure, experiences a phase transition at 1020 °C from the
cubic sphalerite phase to the hexagonal wurtzite phase).

Since the two structures are very similar, ZnS sphalerite and wurtzite can often
easily transform to each other. The reversible ZnS phase transition between sphalerite and
wurtzite is believed to be martensitic, accompanied by the involvement of deformation
faults (twinning) in closed-packed planes.®®% It is widely acknowledged that, in a mineral
form at ambient pressure, ZnS experiences a phase transition from cubic sphalerite to
hexagonal wurtzite at 1020 °C, as shown in Figure 4.° The phase transition temperature of
the natural sphalerite ZnS minerals can be shifted by variations in stoichiometry (by
changing sulfur fugacity) and metal impurities.”’*> It has also been reported that the
application of external stresses or deformation to ZnS minerals and single crystals can lead
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to a reverse phase transition at room temperature, from wurtzite to sphalerite, through the
introduction of stacking faults.?*°

Also, the trivial difference in ZnS two main crystal structures leads to difference in
optical and electronic properties, resulting in different preference between the two ZnS
phases in different applications. Experiments and simulations indicate that the two phases
of ZnS are both semiconductors with direct band gaps. The ZnS sphalerite phase has a band
gap of ~3.72 eV, while wurtzite has a higher band gap as ~3.77 eV.”’ In terms of the
properties desired for electronic and optoelectronic applications, wurtzite is a more
attractive phase than sphalerite due to its wider intrinsic band gap. Thus, in applications
where wurtzite is the desired phase, its stability can be increased by decreasing particle size
to the nanometer-scale, which lowers the effective transition temperature at which ZnS
transforms from sphalerite to wurtzite.”®'% Moreover, surface area, morphology and
doping can be adjusted to promote the formation of the wurtzite during different
syntheses.!”!"1% However, for infrared optical ceramic applications, cubic sphalerite is
preferred, as it is optically isotropic. The presence of wurtzite in primarily sphalerite ZnS
reduces transparency, due to the difference in refractive index and the anisotropic nature
of the hexagonal structure of wurtzite. Thus, the processing of high-quality ZnS infrared
optical ceramics not only requires the high purity of raw powders and sufficient
consolidation of ceramics, but also needs the preservation of sphalerite phase in the ZnS

ceramics.

b Research and Development of ZnS Infrared Optical Ceramics

In the 1950s, scientists from Kodak started to apply hot pressing technique to
develop ZnS infrared optical ceramics, as an alternative to ZnS single crystals for infrared
windows. This work resulted in the commercialization of ZnS infrared optical ceramics,
named IRTRAN® 2.°! It was claimed that the ZnS polycrystalline optical ceramics with
high relative density (higher than 99%) were fabricated via hot pressing of ZnS powder,
with the particle size of less than 5 um. The specular transmission in the visible and infrared
region of the electromagnetic spectrum of the processed yellow ZnS ceramics could be
achieved.?>* E. Carnall (Kodak) then further reported a positive logarithmic trend of the
relative density of ZnS ceramics sintered via hot pressing at 750 °C (using Mo-alloy dies
for 20 min) versus increased applied pressure. Extensive twinning was then confirmed
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through the photomicrograph observation of the optically transparent ZnS sample sintered
under 289.5 MPa, and Carnall claimed that the densification of ZnS proceeded primarily
by twinning in the studied pressure-temperature range, but provided no further detailed
evidence.?

In the 1970s, Raytheon Company began using a dynamic chemical vapor deposition
(CVD) method to process ZnS polycrystalline transparent materials. ZnS was grown via
the reaction of Zn and H2S gas at high temperatures in a mandrel.’®! To achieve better
optical properties of the CVD-processed ZnS infrared optical ceramics, post HIPing was
then employed to perform further densification and pore removal, which in turn led to
improved visible transmittance. Due to the capability of producing large pieces of high-
purity ZnS with lower optical scattering losses, the CVD-processed ZnS optical ceramics
gradually replaced hot-pressed ZnS ceramics.'"”’

Researchers have conducted many studies on CVD processed ZnS infrared optical
ceramics. It was revealed by Z. Fang et al. that the CVD technique using simple substances
of Zn and S could also effectively fabricate ZnS optical ceramics with desirable infrared
transmittance (average transmittance of 75% in the range of 8-10 pum).'”® Y. Drezner
investigated the correlation between microstructure, composition and optical transparency
of CVD-processed ZnS. They found that the increase in deposition temperature led to
improved transparency, due to the reduction of residual pores. The density of pores
decreased with increasing vertical distance from the substrate until a steady state was
reached, due to a decrease of the effect of substrate on the thermal conductivity and heat
capacity of the growing film.!” It was suggested by P. Biswas et al. that the hot isostatic
press (HIP) process resulted in a preferred crystallographic orientation along the (111)
plane of ZnS sphalerite, based on X-ray diffraction (XRD) analysis. The HIP process was
demonstrated to be effective for removing the Zn-H absorption band and enhancing near-
infrared and visible transmittances.!!”

E. Karaksina et al.!'!

further investigated the recrystallization behavior during the
HIP process of CVD-processed ZnS. They found that the recrystallization process followed
a diffusion mechanism at low HIP temperatures (810-985 °C), while the diffusion
mechanism was accompanied by plastic deformation at high temperatures (985-1100

°C)."! J. McCloy et al.!'> performed a detailed study on the CVD-processed ZnS after the
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HIP process, through investigating the effects of temperature, pressure, and metal promotor
on the recrystallized microstructure and optical transmission. It was revealed that the
presence of metal foils could promote the HIP-induced recrystallization at low HIP
temperatures. The HIP process, with the simultaneous combination of temperature and
isotropic pressure, led to crystallographic texture change and reduction in hexagonality,
which in turn contributed to improved optical performance.''> According to the

1113—115

microstructural analysis via EBSD, T. Zscheckel et a observed twining with >3

twin boundaries in the CVD-processed ZnS crystals. The lamellar twining disappeared
during the recrystallization induced by HIP. In addition, they discovered that this
recrystallization resulted in a notable grain coarsening, and a change in the grain orientation
as well as the texture of the processed ZnS infrared optical ceramics.'!3!15

Although the CVD process for fabricating ZnS infrared optical ceramics is highly
effective, it is very costly and time-consuming. In addition, HIP causes a decrease in
mechanical strength and hardness due to recrystallization and grain growth. Thus, with the
rapid development of chemical synthesis of diverse nanostructured ZnS materials,”’-!!¢
researchers and scholars have been attempting to use various facile wet-chemistry-based
(solution-based) approaches to synthesize single-phase ZnS particles with controllable
sizes and microstructures, in order to achieve better sintering properties. Then, they again
began applying pressure-assisted sintering techniques to consolidate different ZnS powders
to form ZnS infrared optical ceramics. Extensive studies have been performed to elucidate
the correlation between processing, phase composition, microstructure, and property of the
sintered ZnS infrared optical ceramics.

In the late 1980s and early 1990s, A. Celikkaya et al.''” conducted an investigation
into the synthesis of uniform spherical ZnS submicron-sized particles, via the solution-
based reaction of zinc ion sources (zinc acetate, zinc sulfate, zinc chloride and zinc nitrate)
with a sulfur ion source (thioacetamide, TAA) in an acidic condition. Hot water bath and
post quenching were applied to control the particle size of ZnS. By characterizing the
homogeneously precipitated ZnS powders synthesized using different zinc ion sources,
they postulated that the ZnS particles, synthesised in nitrate solutions, had superior

characteristic than others, including bimodal or continuous size distribution, good phase

purity and easily-controlled morphology.!!” It was further discussed that the mechanism of
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the ZnS particle formation followed a two-step process, nucleation and aggregation. The
particle size distribution was believed to be controlled by two competing processes, rate of
sulfide ion generation and rate of growth of agglomerates.!'® Furthermore, the authors
made a following-up study on hot pressing of the process ZnS powders. It was
demonstrated that ZnS translucent ceramics with high relative densities and uniform
submicron grains could be fabricated via hot pressing of synthesised monodispersed
powders. The Power-law creep model was the dominate mechanism during the initial
densification stage, while boundary diffusion dominated the final stage.'!*-!?°

In addition, by observing the sintering behaviour of ZnS powders during
pressureless sintering in argon at 900-1250 °C, Y. Kim et al.">! found that the
monodispersed ZnS powders showed a high sinterability, compared with other
agglomerated or aggregated ZnS powders, and ZnS powders with particle size of 0.1 pm
could be densified to above 98% of relative density, by pressureless sintering at 1000 °C.
Concurrently, the phase transition from sphalerite to wurtzite was also observed at sintering
temperatures higher than 1000 °C.!?!

It was proposed by L. A. Xue et al.!?? that the ZnS infrared optical ceramics could
be successfully processed, via hot pressing of high-purity commercial ZnS powder at 900-
1130 °C under 200 MPa (using a die made of Ti-Zr-Mo alloy) for 15-480 min in an
atmosphere of He + 4% Hz. They further investigated the ZnS sphalerite-wurtzite phase
transition during hot pressing, by quantitatively plotting content of ZnS wurtzite versus
sintering temperature. It was revealed that ZnS phase transition occurred apparently at
temperatures above 1020 °C, and the presence of the ZnS wurtzite was detrimental to the
optical transmittance of the ZnS ceramics due to the difference in refractive index between
the two phases. They further concluded that higher hot pressing temperature (at above 1020
°C) led to higher contents of wurtzite and larger grain sizes, which resulted in more
significant scattering losses, as illustrated in Figure 5.'%? Furthermore, they investigated the
deformation-dependent phase transition in hot-pressed ZnS ceramics in the temperature
range of 900 °C to 1150 °C, near the phase transition temperature (1020 °C). The
researchers proposed that the in situ deformation resulted in the strain-dependent phase

transition from wurtzite to sphalerite, at temperatures lower than the transition temperature,
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and the high strain rate and flow stress would promote phase transition from sphalerite to

wurtzite.!23124
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Figure 5. Influence of content and grain size on infrared transmission spectra
of ZnS (thickness of 1mm).!?? Reprinted with permission from AIP
Publishing.

Years later, a research group from CNRS/University of Rennes carried out some
systematic studies on ZnS infrared optical ceramics, from powder synthesis to ceramics
consolidation. S. Zhu et al.!* applied three wet-chemistry methods to synthesize ZnS
nanopowders, and to examine the influence of synthetic routes on the resulting ZnS
particles. Then, homogeneous and find ZnS powder, synthesized via fast homogeneous
precipitation method using TAA as the sulfur source, was sintered via hot pressing at 950-
1200 °C under 25 MPa. Sodium sulfide (NazS), as a sintering aid, was also added to
decrease the sintering temperature and prevent the phase transition. The ZnS ceramics have
the relatively low infrared transmittance (maximum infrared transmittance of ~40%,
thickness of 0.4 mm), due to the presence of wurtzite and impurities induced by Na»S.!%°

Chilique et al. performed a comparative study on the sintering of two types of ZnS
powders, synthesized and commercial, by using hot uniaxial pressing and spark plasma
sintering.'?® It was revealed by them that the degree of optical scattering was dependent on
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the presence of the second phase (wurtzite), the ceramic grain size, and the graphite
contamination during the experiments, independent of powder used. The ZnS ceramic
sintered via hot uniaxial pressing using the commercial powder exhibited the best optical
performance (near 70%) in the range of 8-12 pm. In addition, it was also demonstrated that
SPS can lead to the densification of ZnS at a lower sintering temperature as 750 °C due to
the inhibition of grain growth and the maintenance of the initial powder granulometry.'?°
Then, they conducted some follow-up research on the hot pressing of ZnS ceramics
with high transmittance using the synthesized monodisperse ZnS nanopowders.'?’ They
developed a more efficient wet-chemistry synthesis procedure (using ZnClz as the zinc
source and TAA as the sulfur source) and post treatment for the precipitated powders,
which greatly improved the chemical purity and the size distribution of the precursor
powders. By hot-pressing of the ZnS powders at 950°C for 2 h under a pressure of 50 MPa,
the ZnS ceramics (composed of both sphalerite and wurtzite) with homogeneous
microstructure, smooth grain boundaries, and an excellent infrared transmission of about
70% in the 11 um region were fabricated, as shown in Figure 6. It was observed that the
infrared transmittance of the ZnS ceramics was improved with the increase in dwell time
during hot pressing, which might be attributed to the decrease in the amount of the optically

anisotropic ZnS wurtzite, due to the prolonged heating under the applied pressure.'?’
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Figure 6. Infrared transmission of ZnS hot-pressed ceramics (950°C, 30 min
and 2 h, 50 MPa) from synthesized powders (thickness: 1 mm), and
photograph of ZnS ceramic processed for 2 h.'?’

Concurrently, researchers from different commercial companies performed several
processing studies on ZnS infrared optical ceramics. D. Gao et al. from Nanocerox Inc.
reported the fabrication of ZnS optical ceramics with excellent visible and infrared
transmittance.'?® The ceramics were consolidated in an inert atmosphere, by using ZnS
nanopowders synthesized via aqueous synthesis techniques, to achieve a relative density
of approximately 95% and closed porosity. After post treatment via HIP, the ZnS infrared
optical ceramics were shown to have comparable optical and mechanical properties with
the commercially available CVD-processed ZnS.!?

K. Rozenburg et al.'’ from Schott Corporation pointed out that highly infrared
transparent ZnS ceramics with improved mechanical strength were prepared, by
consolidating ZnS powders with compromising particle sizes. The particle needed to be
fine enough to promote sintering but coarse enough to prevent the early phase transition
from sphalerite to wurtzite at low temperatures. The ZnS optical ceramics with fine grains
were reported to be processed via uniaxial hot pressing at 900-1000 °C under 40-60 MPa,
followed by HIPing at 900-1000 °C under 180-230 MPa.'?

By using powder metallurgical technology, T. Ueno et al.!** developed a processing
route consisting of sintering and net-shape molding process, to precisely fabricate
economical ZnS ceramic lens with spherical, aspherical and diffractive optical element lens
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shapes. The developed ZnS ceramic lens exhibited excellent optical characteristics for
thermal camera applications, including desirable infrared transmittance in 8-12 pm and
remarkable modulation transfer function performance.'*

Additionally, it was claimed by D. Ravichandran et al."*! from Texas Biochemicals
Inc. that the ZnS ceramics, with nanograins and pure sphalerite phase, could be sintered
via spark plasma sintering of ZnS synthesized nanopowders at low temperatures (600-750
°C). Different zinc sources and sulfur sources were used to synthesize ZnS monodispersed

131 Moreover, they proposed that the hot

nanopowders via homogeneous precipitation.
pressing (at 1000 °C) and vacuum sintering (at 800-1010 °C, followed by HIP) of ZnS
green bodies, which were formed by cold isostatic pressing of ZnS nanopowders, could
also result in ZnS infrared optical nanoceramics and different shapes, for various infrared
optical applications.'3?

As spark plasma sintering method was extensively investigated and employed more
intensely in the field of infrared optical oxide ceramics, its capability in processing of ZnS
infrared optical ceramics was also widely explored. Y. Chen et al.!* investigated the spark
plasma sintering of ZnS ceramics using heat treated ZnS commercial powder. They
concluded that the ZnS samples sintered at 840 °C at a heating rate of 5 °C/min had the
optimized optical performance reaching ~65% in the wavelength range of 5.0-12.0 um.
Figure 7 shows the photos and infrared transmittance curves of the ZnS samples. Through
the study on the effect of heating rate on the processed ZnS ceramics consolidated via SPS,
it was revealed that the relative density increased, and the content of wurtzite reduced, as

the heating rate decreased from 100 °C/min to 5 °C/min.!
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Figure 7. Appearance and transmission plots of the mirror-polished
specimens sintered with different heating rates ((A) 5 °C/min, (B) 10 °C/min,
(C) 20 °C/min, (D) 50 °C/min, and (E) 100 °C/min).!** Reprinted with
permission from Elsevier.

Also, M. Isogai et al.'**

recently reported the fabrication of ZnS infrared optical
ceramics by optimizing sintering conditions during SPS. Different commercially available
ZnS powders were pre-heat-treated to remove outgassing at 400 °C. It was also found that
lower heating rate and longer soaking time were beneficial for densification. The ZnS
ceramics experienced at sphalerite-wurtzite phase transition at 800 °C, which was assumed
to be driven by the deformation faults in raw powder. The sample sintered at 900 °C under
optimized conditions had high infrared transmittance and good mechanical properties.'**
By using the ZnS nanopowder processed through mechanochemical synthesis, H.
Ahn et al.'*® applied SPS to sinter ZnS infrared optical ceramics with sintering additives.
The ZnS ceramics, sintered at 920 °C for 10 min under 50 MPa, using the optimized ZnS
powder added with LiF, were shown to have the best optical properties (maximum infrared
transmittance of ~ 55%) and most sufficient densification (99.8% of relative density) The

high degree of the sphalerite-wurtzite phase transition and large grain sizes were reported

to be due to the actually high SPS temperature applied on the sample.'3’
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Y. Li et al. performed a processing study on the wet-chemistry synthesis of ZnS
nanopowders using various sulfur sources under different pH conditions. It was revealed
that the colloidal processing method, including precipitation and subsequent water baths,
was beneficial for obtaining homogenously-distributed spherical ZnS particles with
controllable sizes. ZnS infrared optical ceramics were then sintered via SPS and hot
pressing using the synthesized powders, to study and compare consolidation behaviors.!*
The ZnS powders with homogeneous spherical particles were shown to have a favorable
sinterability. It was also demonstrated that the hot pressing method was a more effective
way to process ZnS optical ceramics. Although particle size-induced early phase transition
from sphalerite to wurtzite was partially observed, the hot-pressed ZnS ceramic sintered
using the spherical particles still exhibited excellent infrared optical transmittance (as
shown in Figure 8(a)), due to the enhanced densification.'?” In addition, the sintered ZnS
ceramics exhibited photoluminescent characteristics, with a weak blue emission peak and
strong green emission band. It was postulated that the blue emission was due to the zinc
vacancies, while the green photoluminescence was attributed to sulfur defects and
elemental sulfur species.*”!*® However, as J. McCloy et al. discussed in the
photoluminescence study on CVD-processed ZnS, the photoluminescence data suggested
an extremely complicated picture of electronic defects, with copper defects or oxygen

complexes likely responsible for the dominant green photoluminescence. ¥4
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Figure 8. (a) Infrared transmittance spectrum of the hot-pressed ZnS ceramic
(sintered at 1000 °C under 50 MPa for 3 hours) and a photograph of the ZnS
pellet (inset) with a diameter of 18.75 mm and a thickness of 0.60 mm; (b)
Photoluminescence emission spectrum for the hot-pressed ZnS ceramic with
an excitation wavelength of 365 nm and a photograph of a ZnS pellet after
UV light exposure (inset).'%’

C. Li et al. studied the densification, phase transition and preferred orientation of
ZnS infrared optical ceramics.'*! ZnS nanopowders were synthesized via a precipitation
method to be prepared for consolidation. It was reported that transparent ZnS ceramics with
maximum densification could be fabricated via hot pressing of heat-treated synthesized
ZnS powder composed of pure wurtzite, at 900 °C under a high pressure of 250 MPa (using
tungsten dies). They also observed a reverse phase transition from ZnS wurtzite back to
ZnS sphalerite as the sintering temperature increases in the range of 750-900 °C. In
addition, it was found that the presence of wurtzite orientation along [0001] direction was
beneficial for the reduction of the scattering loss caused by secondary phase scattering and
birefringence.'*! Moreover, by adopting a similar processing method combined with the
post HIP process, they succeeded in fabricating Fe?* doped ZnS infrared optical ceramics,
with the maximum in-line infrared optical transmittance of 65% at 4.5 um.'*? Alternatively,
they applied a route with a combination of wet-chemical precipitation and solvothermal
synthesis to fabricate ZnS nanopowders, for subsequent hot pressing of ZnS infrared
optical ceramics. It was emphasized that the solvothermal treatment was useful for
controlling phase composition and removing impurities, which in turn led to the

improvement of infrared transmittance.!'*?
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Recently, K. Lee et al.'** and S. Yeo et al.'** conducted processing studies on hot
pressing of ZnS infrared optical ceramics, by using ZnS nanopowders synthesized via
hydrothermal method.'**!** It was proposed in both studies that the appropriate pre-heating
treatment of the as-synthesized ZnS powder was of great importance for the removal of
impurities (carbon and sulfate) and the sufficient densification of ZnS ceramics. The
resulting hot-pressed ZnS ceramics were reported to have the maximum transmittance of
60%-70% in the mid-infrared wavelength range.

Researchers also demonstrated the feasibility of applying hot pressing to process
ZnS optical ceramics with complex shapes. X. Mao et al. modified the hot- pressing die
into a dome shape for the production of ZnS infrared ceramic domes. The powders were
cold-isostatically pressed under 200 MPa, and then hot-pressed at 750-950 °C under 200-
400 MPa for 30-120 min. The ZnS ceramic domes exhibited desirable, uniform infrared
optical properties, which could be further improved by using HIP.!4®

Apart from the ZnS infrared optical ceramics for their applications in infrared
windows/domes, ZnS polycrystalline materials doped with transition metals (Cr and Fe)
are excellent candidates for mid-infrared laser grain media. S. Mirov et al. conducted
tremendous research on the lasing performances of Cr**:ZnS and Fe?*:ZnS materials.!4"-15?
It was reported that they applied CVD or chemical vapor transport (CVT) methods
followed by thermal diffusion to fabricate Cr**:ZnS and Fe?":ZnS transparent ceramics
with desirable mid-infrared lasing performances. CVD combined with HIP was also used
to prepare polycrystalline ZnS host ceramics prior to the thermal diffusion of Cr** ions.
The processed ZnS infrared optical ceramics doped with Cr*" and Fe?* exhibited unique
spectroscopic (absorption and emission) characteristics of mid-infrared region, due to the

SE«>>T> transitions in the tetrahedral crystal field of ZnS ceramics.

2. CaLa)S4 Infrared Optical Ceramics

Due to its favorable optical performance and mechanical properties, the rare earth
and alkaline earth ternary refractory sulfide compound CalaxS4, crystallizing in the cubic
thorium phosphate (ThsP4) crystal structure, has received intense research interest as a
promising candidate for infrared optical ceramics.’*!3!3 It has been reported that CaLa2S4
not only displays a broad infrared transmittance range of 8-14 um, but also has superior

hardness and better rain erosion resistance compared with conventional infrared ceramic
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materials such as ZnS and ZnSe, suggesting that it has the potential as an advanced infrared
optical ceramic.’>!5>!5 Table I shows a comparison of some physical properties of
CaLaxS4 and ZnS. It is demonstrated that CalaxS4 has better mechanical properties than
those of ZnS.

Table 1. Some Physical Properties of CalLa2S4 and ZnS.!3157:158

CalaxS4 ZnS
Flexural Strength (MPa) 86-106 60-103
Young’s Modulus (GPa) 95.8 74.6-87.6
Poisson’s Ratio 0.26 0.29
Knoop Hardness (GPa) 5.59 2.45
Thermal Expansion (10/K) 14.7 7.4
Thermal Conductivity (Cal/cm-sec-°C) 0.006 0.041
Refractive Index 2.70 2.35
Absorption coefficient, at 10.6 um (cm™) 0.2 0.1

a Crystal Structure of CaLa,S,
The crystal structure of Cala2S4 bears a strong resemblance to that of y-lanthanum
sesquisulfide (y-La2S3), which exhibits a cubic-defect ThsP4 structure; a variation of the
Th3P4 structure, but with a small fraction of metal vacancies. Figure 9 shows the crystal

structures of La>S3 with the cubic-defect ThsPs structure, and Cala>S4 with the ideal ThsP4

structure. The La2S3 unit cell is composed of 16 sulfur atoms and 10% lanthanum atoms,

with metal vacancies being randomly arranged in such a way that every ninth position is
vacant. It has been reported that the addition of small amounts of large divalent cations
(such as Ca?") into the metal vacancy sites of the La2S3 lattice stabilizes the cubic structure
by producing a near-ideal cation-to-anion ratio, which is 3:4 for the ThsPs structure.!> In
this ideal Th3P4 structure, calcium and lanthanum atoms occupy the twelve point sites
corresponding to Site Symmetry 4, while the sulfur atoms fully occupy the sixteen point

sites corresponding to Site Symmetry 3. Thus, CalLaxS4 has the stabilized cubic structure
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with Ca?" ions occupying the metal vacancies and a portion of La sites in the ThsPs

structure.'6°

Cala,S, (Th;P,)

Figure 9. Crystal structures of La2S3 with the cubic-defect ThsP4 structure
and CaLa>S4 with the ideal ThsPa4 structure.

b Research and Development of CalL.a,S4 Infrared Optical Ceramics
In the 1980s, to find suitable airborne ceramic window materials for 8-12 um
thermal systems resistant to harsh environmental conditions, including aerodynamic
heating, thermal shock, and rain erosion, a family of alkaline rare earth ternary sulfide
(AB28S4), which could offer the potential for exhibiting better thermal and mechanical

properties than ZnS, was investigated to ascertain its feasibility for the application.>* The
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refractory compound Cala>S4 with the cubic Th3Ps structure attracted much research
interest, due to its enhanced mechanical hardness and extended infrared transmission
range.'®!

Since then, many studies have been performed on Cala>S4, mainly focusing on the
preparation of CalLaxS4 powders and consolidation of CaLaxS4 infrared optical ceramics.
In general, the Cala>S4 pure powders were reported to be synthesized through long-time
and high-temperature sulfurization of CaLa>S4 precursors in H2S or CSz atmosphere, which
were previously prepared with various processing variables via different routes including
carbonates coprecipitation, alkoxide method, evaporative decomposition of solutions and
mixed oxide/carbonate/hydroxide method. The as-synthesised, single-phase CalaxS4
powders were subsequently consolidated via different pressure-assisted sintering
techniques to form Cala2S4 infrared optical ceramics.

In the United Kingdom, K. Lewis et al. and J. Beswick et al. explored the processing
methods for the CaLa2Ss synthesis and consolidation.!>*!%? They first applied the slow
evaporation of Ca/La nitrates at 900 °C for 24 hours to form oxides, followed by
sulfurization in H2S/N2 at 1150-1350 °C. However, the relatively high sulfurization
temperature resulted in partially sintered powders with 5-20 um grains, and this method
led to non-uniformity in composition and color. Then, four improved synthetic routes,
including oxalate route, organic route, rapid decomposition of solution, and evaporative
decomposition of solution, were developed to successfully synthesize the Cala>Ss4
precursors for sulfurization at lower temperatures (900-1000 °C). Hot pressing at 1100-
1500 °C was used for consolidation of the ceramics, and the effect of sintering aids
(PbLa2S4 and LiF) was also later investigated. It was revealed that the CalLaxS4 sample
sintered at 1346 °C (or 1350 °C) could achieve the theoretical density, but it exhibited dark
black color with no infrared transparency, due to the sulfur loss and deficiency during the
hot-pressing process. Thus, the post-annealing process in H2S considerably improved the
infrared transmittance of CalaxS4 ceramics (with a maximum infrared transmittance of
~60%; thickness of 0.33 mm). Nevertheless, broad absorption peaks were evidently

observed in 9-11 um region of the infrared transmittance curve, due to the presence of

SO; and SO; . Another consolidation method, a combination of pressureless sintering in
H>S followed by HIPing, was demonstrated to be more promising for the fabrication of
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CaLaxSs infrared optical ceramics with both favorbale transmittance and hardness.'*> In
addition, through a study on the CalaxS4-LaxS3 solid solution system, J. Savage et al.
managed to fabricate CaS45mol%-LaxS355mol% ceramics, with the elimination of oxygen
impurity induced absorptions and enhanced infrared transmittance. '3!3

Concurrently, researchers in the United States also performed tremendous

164 synthesized

processing studies on CalaxS4 infrared optical ceramics. W. White et al.
CaLaxS4 powders by reacting carbonates of the alkaline earth elements with either oxides
or hydroxides of the lanthanide elements at 1050-1100 °C in flowing H2S for 3-7 days. It
is found that it was difficult to achieve the exact stoichiometry. CaS was also detected as
an impurity in the processed powder, but it could be removed by washing, and the powder
needed to be sulfurized again at 800 °C. Two sintering routes were investigated and applied
to consolidate the milling-processed synthesized CalLa2S4 powders. Sintering in flowing
H>S at 1500 °C for 300 min could lead to the maximum densification of 95%. In contrast,
with the assistance applied pressure, hot pressing at 1450 °C under 20-40 MPa for 30 min
could result in the Cala2S4 with high densification of 99.9%. However, hot pressing was
limited by the tendency of CalLaxS4 to drift off stoichiometry, which would in turn affect
the optical properties. The CalaxSs ceramics exhibited the best infrared optical
transmittance of ~50% at ~13 pm, with a pronounced absorption feature at ~10.6 pm due
to oxygen impurities. Post HIPing of hot-pressed samples was demonstrated to result in
theoretically dense Cala2S4 ceramics with high Vickers hardness.!®* Alternatively, they
employed an improved processing route to prepare oxide precursors for subsequent
sulfurization, by the evaporative decomposition (spray pyrolysis) of nitrate salt
solutions.'®® The resulting Cala2S4 powders with smaller grain size were shown to have
better sinterablities, which in turn led to denser CaLa2S4 and Cala2S4-La2S3 ceramics. 6167

K. Saunders et al.®> from Raytheon used an aqueous carbonate co-precipitation
method using nitrate salts and ammonium carbonate, to synthesize carbonate precipitates
as Cala2S4 precursors. Then, the carbonates were subsequently sulfurized at 900-1000 °C
in flowing H2S for 1-20 hours to prepare CaSO4/La20:2S or CaLaxS4. After being ball milled
to break the necking formed during the high-temperature sulfurization process, the powder

was cold isostatic pressed under 172 MPa and normally sintered at 1050-1150 °C in a H2S

atmosphere. The as-sintered ceramics composed of single-phase CalLaxS4 were found to
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have approximately 95% of relative density with isolated closed porosity. Fully dense
CaLaxS4 ceramics were achieved using HIP at 990 °C under 172-200 MPa in argon for 3
hours and the absorption coefficient at ~10.6 um was significantly decreased. Since
CaLla2S4 and LaxSs3 could form a complete series of solid solutions, non-stoichiometry was
commonly found in the processed CalLa2S4 ceramics. The researchers further investigated
the correlation between chemical compositions and optical properties of the CalaxS4
(CaLa2S4-LaxS3) infrared optical ceramics. It was revealed that the sample with a La/Ca
ratio of 2.7 had the best infrared optical performance, as shown in Figure 10. In addition,
the Cala>S4 ceramics (La/Ca ratio: 2.7) were measured to have superior mechanical

harness and water drop impact resistance but inferior thermal properties than ZnS

ceramics.>>168-170
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Figure 10. Photo and in-line transmittance curves of the Cala2S4 samples
with varying La/Ca ratios.” Reprinted with permission from SPIE Press.

Researchers from Naval Weapons Center developed another synthetic route to

prepare CalazSa. A stoichiometric mixture of calcium and lanthanum nitrates was either
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mixed with acetone to form a paste or dissolved in concentrated nitric acid. Then the
materials were evaporated to dryness in a vacuum oven. The grinded mixed nitrates were
sulfurized at 900 °C in HaS to form CaLa2S4. They applied two sintering procedures (hot
pressing in vacuum or HzS; sintering in HaS followed by HIPing in argon) to consolidate
the CaLa>S4 infrared optical ceramics. A detailed investigation was conducted to determine
the cause of the remaining extrinsic absorptions, in order to further optimize the optical
properties of the ceramics. The presence of CaS, rhombic-sited Fe**, and octahedral-sited
Mn?*/Cr**/V?>* was demonstrated by using electron paramagnetic resonance and
excitation/emission spectroscopies. In addition, the calcium deficiency in CalLa2S4 could
lead to the formation of LazS4 due to the sulfur loss of La>S3, which resulted in the observed
infrared absorptions.!”!"172

In the 1990s, Y. Han et al. performed a processing study on the preparation of
CaLa2S4 powders via sulfurization of methoxides of calcium and lanthanum.'”® Alkoxide
mixtures of various La/Ca ratios (2.4-3.1) dispersed in methanol were reacted with H2S at
25-85 °C, and the amorphous gels obtained after the removal of methanol were heat treated
in H2S for sulfurization at 200-950 °C for 5-10 h. It was found that single-phase Cala>S4
powders were obtained with the La/Ca ratios of 2.41 and 2.68 in the temperature range of
650-750 °C, where the formation of cubic LaS: promoted the formation of CaLaxSa.
Tetragonal La>S3 was detected as a secondary phase in the CalLaxS4 powders with higher
La/Ca ratios. Infrared spectra did not show any significant absorption features, indicating
that synthesized Cala2S4 powders were free of oxygen contamination.'”

L. Wang et al.’*!7 also applied a similar synthetic route for fabricating
stoichiometric submicron CalLaxS4 powders with high sinterability, by high-temperature
sulfurization of metal alkoxides (modified metal methoxides) in H2S. The synthesized
CaLa>S4 powders were then densified via normal sintering followed by HIP/annealing in
H>S. It was shown that 1050 °C was the optimum sulfurization temperature to obtain
CaLaxS4 powders with less impurities and resulting ceramics with higher near-infrared
transmittance. Furthermore, by conducting several processing studies, they demonstrated
that 1400 °C was the optimum sintering and HIP temperature for fabricating highly dense
CalaxS4 infrared optical ceramics (with the maximum infrared transmittance ranging from

55%-60%).174-176
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Concurrently, they also made several further investigations into the synthesis of
Cala>Ss via decomposition and sulfurization of carbonates precipitates. Various
processing conditions, including stoichiometric ratio of La/Ca, pH value of the solvent,
solvent type, titration rate, decomposition atmosphere, drying conditions, were investigated
to form and to optimize CaLa2S4 powders with better homogeneity and sinterability.!”’-17
It was revealed that the optimized powders could lead to translucent CalLa>S4 infrared
optical ceramics (62% at 13 pm; thickness of 0.55 mm) in thin sections, via sintering, HIP
treatment, and annealing in a H2S atmosphere at 1400 °C.!” In addition, an acetate route
was developed to synthesize CalLaxS4 precursors. The resulting densified Cala2S4 ceramic
sintered using the sulfurized powders was shown to achieve theoretical density, with the
infrared transmittance of 40% at 13 pm (thickness: 0.45 mm).'*

Through a study on the powder (via sulfurization of carbonate precipitates) and

1.182.183 sycceeded in

ceramic fabrication of CalLa2S4-PbLa2S4 solid-solution, L. Wang et a
the fabrication of Pbo.1Cao9La2S4 infrared optical ceramics, with the infrared transmittance
of 50% at 13 um (thickness: 0.47 mm). It was concluded that the limited addition of Pb
could eliminate the CaS second phase, lower the sulfurization temperature, and improve
the transmittance and reproducibility, due to low melting and high diffusivity.'8! Later, B.
Tsay et al. from the same group employed the alkoxide sulfurization method to synthesize
Pbo.1CaoslaxSs (Pb:Ca:La=0.1:0.9:12) powders in different sulfurizing atmospheres
including CS2 and HzS. The sample (thickness of 0.86 mm) sintered via normal sintering
followed by HIPing (200 MPa) and annealing at 1350 °C in Hz2S exhibited the best infrared
transmittance of 60% at 14 um. The characteristic absorption bands of sulfate and sulfite
at 9.2 um and 11 pm were reduced by eliminating the oxygen content in the sulfide
ceramics, using powders with optimized sulfurization conditions.!8>!8?

M. Tsai et al.!8%!85 studied the effects of sulfurizing agent (atmosphere) and La/Ca
stoichiometric ratio on the formation of CalLa2S4, synthesised via sulfurization of carbonate
precipitates. It was determined that CS2 was beneficial for decreasing the temperature and
soaking time for sulfurization of pure CalLa2S4 with uniform particles, as the cubic binary
sulfide LaS> was the intermediate phase, while higher temperature and longer time were

needed for sulfurization when sulfur or H2S was used as the sulfurizing agent, due to the

presence of intermediate phase of oxysulfide LaxO2S. In addition, the formation
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temperature of CaLa2S4 increased as the La/Ca ratio increased.'®*!85 Then, hot pressing
followed by annealing in CS2 was applied to consolidate the synthesized CalLa2S4 powders
with different La/Ca ratios (2 and 15) to form Cala:Ss4 infrared optical ceramics. The
ceramic sample with the La/Ca ratio of 15 hot pressed at 1050 °C was shown to exhibit
better infrared optical transmittance. However, the presence of extrinsic impurities

including CO3~, SO, and C-S bond resulted in apparent absorption peaks, affecting the

optical performance. 86187

Recently, O. Merdrignac-Conanec et al.'®® developed a novel patented method to
synthesize Cala2S4 powders in a shorter time, by sulfurization (in Hz2S at 1000 °C) of
precursors processed via solution combustion of metal nitrates and TAA. It was revealed
that the powder with the La/Ca ratio of 2.7 could lead to the pure phase of CalLa2S4, while
the ratios of 5 and 9 would contribute to the presence of f-LaxSs as the second phase, which
might be attributed to a less efficient stabilization of the cubic Cala>S4 phase by lowering
Ca content. Pressureless sintering and hot pressing were applied for consolidation, and
different sintering variables were investigated to achieve more densified ceramics with
favorable optical transmittance. The most densified sample (99.8%, thickness of 1.2 mm)
sintered at 1350 °C for 12 in Hz2S followed by hot pressing a BN powder bed at 1000 °C
for 6h exhibited the infrared transmission of 51% in the 12-14 um range. The Cala2S4
compounds were shown to be very sensitive to oxygen contamination and stoichiometry
deviation, which were dependent on different processing conditions.!®®

By using different methods for the preparation of CalLa>S4 precursors, researchers
from Naval Research Laboratory managed to process fine powders of Cala2S4 with high
Brunauer-Emmett-Teller (BET) surface areas.'®’ It was proposed that co-precipitation and
separate precipitation could be used to prepare precursors through reactions of
calcium/lanthanum nitrates with different sources including ammonium bicarbonate and
ammonium oxalate. Alternatively, flame spray pyrolysis was employed to synthesize
CaLax04 nanopowders as the precursor. The precursor high-temperature sulfurization in
H:S at 900 °C for 24 hours to form CalLa>S4 nanopowders. The researchers also performed
a study on Pr’* doped CaLa>S4infrared optical ceramics, which demonstrated the potential
of rare earth doped CaLa2S4 as a promising mid-infrared laser gain material.'*>!"! The

synthetic route from Naval Weapons Center was used for the powder synthesis, and the
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ceramics were densified using hot pressing followed by HIPing. The Pr*" doped CaLa2S4
ceramics exhibited desirable broad infrared transmittance, but the absorption at about 9.5
um was observed, indicative of the presence of oxygen impurities. The strong and broad
emission at 4.5 um with the lifetime of 9.7 ms, corresponding to the *Hs—> *Ha transition,
was not only favorble for tunable CW pulsed laser operation, but also for ultrashort pulse

lasing in the mid-infrared.!”*!*!

3. Sulfide-Based Composite Infrared Optical Ceramics

It is well acknowledged that nanocomposite ceramics can offer improved
mechanical properties over those of singe-phase materials or micro-crystalline composite
ceramics. Significant enhancements of mechanical properties have been observed in
different systems of structural nanocomposite ceramics, including SiC/Al203, Al203/ZrOz,
SiC/MgO, and SiC/SizN4, due to different possible strengthening mechanisms.”® For
infrared optical composite ceramics, in recent years, several studies have focused on MgO-
Y203 nanocomposite infrared optical ceramics, to improve mechanical strength and
hardness through toughening. The 50vol% MgO-50vol% Y203 nanocomposite ceramics,
sintered via various pressure-assisted sintering methods using various lab-processed
powders, were shown to have superior mechanical properties than the two individual
materials without expense of the infrared optical performance.””-’%19%1%8 It was proposed
that the grain size needed to be much smaller than the wavelength (less than about A/20 or
A30) to attain more favorable optical transmittance, which could reduce the scattering
induced by the difference in refractive indices between the two phases.!”® In addition,
strengthening in optically transparent spinel/SisN4 nanocomposite ceramics was
demonstrated by A. Gledhill et al. The composite ceramics were shown to possess >70%
infrared transmittance in 3-4.5 pum, with enhanced average strength and indentation
toughness.??

As discussed previously, despite their superior infrared transmittance suitable for
infrared window applications, due to their intrinsically weak chemical bonds and poor
mechanical properties, ZnS infrared optical ceramics have low durability and resistance to
erosion caused by rain and sand exposure, which limits their application as infrared
windows and domes in harsh environments.!*® Thus, some attempts have been made to

enhance the mechanical properties of ZnS infrared optical ceramics, similarly by
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introducing a second phase with a similar refractive index and better mechanical properties,
to form ZnS-based composite materials.

Fundamental investigations of the partial equilibrium phase diagrams of ZnS-GaxSs
(700-900 °C) and ZnS-CdS (700-950 °C) were conducted by B. Dunn et al. via phase
analysis using XRD.?*!2%2 A eutectoid reaction occurred at 818+5 °C, where wurtzite (161
mol%) decomposed to sphalerite (9+£1 mol%) and thiogallate (40+1 mol%). The solubility
of Ga2S3 in ZnS was shown to increase with increasing temperature below the eutectoid
temperature.?’! It was determined that the solubility of CdS in ZnS was extensive in both
the sphalerite and wurtzite phases, with CdS stabilizing the wurtzite phase.?? Furthermore,
the researchers developed ZnS-GaxSs3 (8, 12, and 16 vol% of GazS3) ceramic composites
sintered via hot pressing at 900 °C under 138 MPa in vacuum. The incorporation of GazS3
into ZnS enhanced both the hardness and fracture toughness of ZnS. The hardness was
observed to increase as the grain size decreased for all the composite and pure ceramics,
which was consistent with the Hall-Petch relation.?®

R. Raj et al. performed a comprehensive study on ZnS-diamond composite infrared
optical ceramics.?**2% It was suggested that the addition of 10 wt% diamond particles to
the hot-pressed ZnS ceramics improved the mechanical properties, and the fracture
toughness was most significantly, approximately doubled, which was explained by elastic
interaction of the crack-tip stress field with the dispersed stiff diamond particles. The
infrared transmittance of the ZnS-diamond ceramics depended significantly on the quality
of diamond dispersion, which was closely correlated with the green state processing
conditions. They found that a combination of ultrasonic, shear mixing and freeze milling
of the ZnS-diamond powders was beneficial for effective diamond dispersion and
preservation of favorable infrared optical properties.?** Hot-pressing parameters were also
optimized to refine the grain size of ZnS-diamond and to reduce the hexagonal ZnS
wurtzite to minimize scattering. The hot pressing at 900-1000 °C under 200 MPa for 30
min could lead to the ZnS-10wt%diamond micro-grain ceramics with good long-wave
infrared transmittance at 10 um comparable to pure ZnS. EMA model was used to explain
the absorption in the two phase media, based on the microstructure observation, displaying

that grains of the two phases were similarly interconnected in the composite ceramics.?%
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Also, A. Fujii et al*” reported that the hot-pressed ZnS-diamond composite
ceramics with increased hardness, fracture strength and Young modulus could improve the
durability against rain erosion for the ZnS infrared optical ceramics. Transmittance tended
to decrease as diamond content increased. It was confirmed that two-layer constructed
diamond-ZnS composites were improved in mechanical properties while maintaining
effective optical property, suggesting that a multi-layer structure and/or gradient content
structure would be desirable practically for ZnS-diamond composite infrared optical
ceramics.?"

M. Akinc’s group investigated the chemical synthesis of chemical synthesis of
ZnS/GaP nanocomposite powders. Two synthetic routes, flash pyrolysis and chemical
vapor transport, were used to impregnate GaP nanoparticles into to ZnS powders with
uniform, spherical, and submicrometer particles, which were synthesized via homogenous
precipitation.?!®?!! Densified by cold isostatic pressing followed by hot isostatic pressing
at 900 °C under 207-276 MPa, the composite ceramics showed increases in both
indentation hardness and fracture toughness, compared with pure ZnS. The increase in the
hardness was postulated to be due to the addition of reinforcing harder phase GaP. The
presence of nanosized dispersoids might deflect crack propagation or plastic deformation,
which in turn led to the increase in fracture toughness.?'?

Moreover, J. Wahl et al.?!* uniformly mixed ZnS and CalLa2S4nanopowders by ball
milling, and applied pressureless sintering at 1100 °C for 6 hours, followed by HIPing at
990 °C for 12 hours, to consolidate the layered (thickness of 0.1 mm) 74vol%ZnS-26%
CaLla2S4 nanocomposite material. Microstructural analysis showed that the Cal.a2S4 phase
incorporated into the ZnS matrix was needle-like. The nanocomposite exhibited a
maximum transmittance of 45% in the long-wave infrared wavelength range and had
evidently improved hardness. In addition, they also applied magnetron radio frequency
sputtering to generate nanocomposite coatings of ZnS-Y2S3 with enhanced hardness and
durability, while preserving the relevant optical properties. These ZnS-based composites

showed potential for long-wave infrared optical window and coating applications.?'?
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C. Goals and Organization of the Thesis

Tremendous numbers of studies have been performed on the fabrication of sulfide-
based infrared optical ceramics, mainly on ZnS and Cala>S4. However, few studies have
been systematically conducted to propose rational discussions to fundamentally elucidate the
correlation between the processing, phase composition, microstructure and properties of the
pressure-assisted sintered sulfide-based infrared optical ceramics, which will be of significance
to effectively process these sulfide based optical ceramics with improved performances for
future demanding applications.

The primary goal of the proposed project is to develop both individual and
composite sulfide-based infrared optical ceramics with favorable optical properties and
enhanced mechanical properties. To achieve this goal, this study aims to acquire an
enhanced understanding of the phase development, microstructural evolution, sintering
behavior and grain growth kinetics of sulfide-based ceramics under different pressure-
assisted sintering conditions. In this work, wet chemistry methods will be used to
synthesize ZnS and CalLazS4. ZnS-Cala2S4 composite powders will also be obtained using
high-energy ball milling of commercial CaLa>S4 powders together with lab-processed ZnS
powders. Then, pressure-assisted sintering techniques (hot pressing and field assisted
sintering) will be applied to consolidate the powders into sulfide-based ceramics. Various
characterization techniques will be employed to qualify and quantify the phase
composition, microstructure, and property of the sulfide-based ceramics.

In this thesis, Chapter I has introduced the basic background information of infrared
optical ceramics, including unique characteristics, processing requirements, development,
and cutting-edge research, with a specific emphasis on the literature review of sulfide-
based (ZnS and Cal.a>S4) infrared optical ceramics.

The author’s master thesis work discusses the synthesis of ZnS nanopowders via
different wet chemistry methods, sintering behaviors of ZnS infrared optical ceramics
sintered via hot pressing and field-assisted sintering, using different lab-processed and
commercial powders, and photoluminescent characteristics of the as- sintered ZnS
ceramics.'*® Thus, Chapter II of this thesis investigates the phase transition behavior
between sphalerite and wurtzite of ZnS infrared optical ceramics, based on phase

composition and microstructure analyses using XRD, scanning electron microscopy (SEM)
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and electron backscatter diffraction (EBSD). The influence of microstructural features of
starting particles and applied pressure during hot pressing on the ZnS phase transition is
evaluated to provide discussions on the correlation between the control of phase
composition and resulting optical/mechanical properties of ZnS ceramics.

Chapter III explores the possibility of the processing of hot-pressed chromium
doped ZnS infrared optical ceramics for potential mid-infrared laser applications.
Successful consolidation of highly dense Cr*" doped ZnS infrared transparent ceramics is
demonstrated, through hot pressing of colloid-processed ZnS powder mixed with Cr2S3
powder. The location sites of the incorporated Cr** within ZnS host lattice is determined
using infrared absorption and photoluminescence spectra.

Chapter 1V is a processing study on the synthesis of CalLaxS4 powders. Different
synthetic routes with and without high-temperature sulfurization are investigated and
compared, to develop a time-saving, cost-effective, and environmentally friendly method
for the synthesis of CalLaxSs. The phase composition, crystallization behavior, and
microstructural features of the heat-treated precursors are studied via XRD and SEM, in
order to unveil the reaction mechanisms associated with different employed synthesis
routes, chelating agents, and sulfur sources. Spectroscopic characterizations are employed
to correlate the optical properties to the inherent characteristics of the processed
oxysulfates, oxysulfides, and sulfides.

In Chapter V, consolidation of Cala>Ss4 infrared optical ceramics via pressure-
assisted sintering (field assisted sintering and hot pressing) is discussed. Microstructural
features of the CalaxS4 ceramics sintered via different sintering routes are compared.
Densification behavior and grain growth kinetics of the samples sintered via field assisted
sintering are systematically studied through densification curves and microstructural
characterizations through applying established models. The infrared optical transmittance
and mechanical indentation hardness is correlated with the microstructural properties and
densification of the CalaxS4 ceramics.

Chapter VI investigates the phase transition and consolidation of ZnS-CalaxS4
ceramics sintered via pressure-assisted sintering of 0.5ZnS-0.5 Cala>S4 (volume ratio)
composite powders. XRD and transmission electron microscopy (TEM) are applied to

study the sphalerite-wurtzite phase transition of ZnS within the composite ceramics. Based
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on microstructure observation and sintering curve measurements, densification and grain
growth of the composite ceramics sintered via field-assisted sintering are discussed, as a
function of temperature to determine the sintering stages and grain growth mechanism. The
infrared optical transmittance and indentation hardness of the ZnS-Cala>S4 ceramics are

characterized and compared with the individual ZnS and Cala2S4 infrared optical ceramics.
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II. PHASE TRANSITION BETWEEN SPHALERITE AND
WURTZITE IN ZnS OPTICAL CERAMIC
MATERIALS

A. Introduction

ZnS, a [I-VI semiconductor with a wide band gap, has been widely investigated and
utilized in many applications. As previously discussed, ZnS has two main crystal structures:
cubic sphalerite and hexagonal wurtzite. The ZnS phase transition between sphalerite and
wurtzite is believed to be martensitic, accompanied by the involvement of deformation
faults (twinning) in closed-packed planes. In mineral form at ambient pressure, the phase
transition from the cubic sphalerite to hexagonal wurtzite occurs at 1020° C,” and this
temperature is the well-acknowledged phase transition temperature for the sphalerite-
wurtzite phase transition at normal conditions.

The phases of ZnS are closely correlated with its potential applications. In terms of
the properties desired for electronic and optoelectronic applications, wurtzite is a more
attractive phase than sphalerite, due to its wider intrinsic band gap. Thus, in applications
where wurtzite is the desired phase, its stability can be increased by decreasing particle size
to nanometer-scale, which lowers the effective transition temperature at which ZnS
transforms from sphalerite to wurtzite. Various researchers have performed extensive
experimental and simulation-based studies on the influence of particle size on the ZnS
phase transition during various nanosynthesis processes. S. B. Qadri et al. first proposed
that reducing particle size could significantly lower the phase transition temperature of
ZnS,'% which led to numerous investigations into low-temperature syntheses of nanoscale
wurtzite. F. Huang et al. developed a new model to account for the size-dependent
sphalerite-wurtzite phase transition kinetics in hydrothermally synthesized nanocrystalline
ZnS, based on the collective movement of atoms across sphalerite-wurtzite crystallite
interfaces.”® In addition, S. Li et al. and C. S. Tiwary et al. explained the effects of particle
size and pressure on the ZnS phase transition, by considering the energetic contributions
of surface energy, surface stress and external pressure to total Gibbs free energy, in a
thermodynamic analysis of the phase transition.?!*?!> In addition to the effect of particle

size, in situ XRD measurements have demonstrated that pressure (ranging from 0.5 GPa to
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11.5 GPa, dependent on the particle size) can also induce the phase transition from wurtzite

85,99,101

back to sphalerite in both ZnS nanocrystals and nanobelts. Moreover, the

adjustments of surface area, morphology, and doping can also promote the formation of
wurtzite during different synthesis processes.'°!-106

For infrared transparent ceramic applications, the cubic sphalerite phase is preferred,
as it is crystallographically (and thus optically) isotropic. The presence of wurtzite in
primarily sphalerite ZnS reduces transparency, due to the difference in refractive index
between the two phases and the anisotropy of the hexagonal wurtzite structure. Since
researchers at Kodak first demonstrated in the 1950s that highly dense ZnS infrared
transparent ceramics could be achieved through hot pressing of ZnS powders, the method
has become the desirable processing method for fabricating optical-grade ZnS ceramics for
infrared applications.?!'® With the simultaneous application of heat and pressure, hot
pressing (in a vacuum or inert atmosphere) is capable of consolidating ZnS optical ceramics
at relatively low temperatures.''™!?” Alternatively, another fabrication route, involving
CVD followed by HIPing, has also seen significant exploration, which could produce ZnS
ceramics with excellent transmittance in both the visible and infrared regions.>!97

Scholars have performed tremendous studies on the phase transition in ZnS optical
ceramics processed via different routes. L. Xue et al. reported that the fraction of ZnS
wurtzite formed during hot pressing was a function of sintering temperature. They observed
that the phase transition from sphalerite to wurtzite occurred apparently at temperatures
above 1020 °C, and concluded that the increase in hot pressing temperature (>1020 °C) led
to higher wurtzite fractions and larger grain sizes, both of which resulted in more
significant scattering losses.!?* They also investigated the deformation-dependent phase
transition behavior of the hot-pressed ZnS ceramics, reheated in the temperature range of
900-1150 °C (near the sphalerite-wurtzite transition temperature: 1020 °C). It was proposed
that in situ deformation resulted in a strain-dependent phase transition from wurtzite to
sphalerite, at temperatures lower than the typical transition temperature, with the high
strain rate and flow stresses promoting the phase transition from sphalerite to
wurtzite.'?>!24 J. McCloy et al. studied the CVD-processed ZnS followed by HIP, and they
further postulated that the strain-assisted recrystallization induced by HIP provided

additional driving force for the reduction in hexagonality (martensitic transformation) and
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crystallographic texture change (plastic deformation) of CVD-ZnS, both of which were
beneficial for the improvement of optical transmittance as a result.'’”!'? In addition, Chen
et al. investigated SPS of ZnS ceramics using heat-treated commercial ZnS powder.
Through examination of the effect of heating rate on the properties of the end ZnS ceramics,
it was revealed that optical transmittance and relative density were improved, and wurtzite
content was reduced, as the heating rate decreased from 100 °C/min to 5 °C/min."3* A later
study by C. Li et al. reported that transparent ZnS ceramics with maximum densification
could be fabricated via hot pressing at 900 °C under a high applied pressure of 250 MPa.
They also observed a reverse phase transition from wurtzite back to sphalerite, as the
sintering temperature increased from 750 to 900 °C.!?2!41.142 Through XRD and TEM
analyses, our previous studies on ZnS optical ceramics processed via hot pressing and SPS
have also indicated an “early” phase transition from sphalerite to wurtzite during sintering,
which was attributed to the small particle size of the employed colloid-synthesized ZnS
powders. To summarize, the phase transition between ZnS sphalerite and ZnS wurtzite has
been extensively observed and investigated in various processing studies of ZnS infrared
optical ceramics. Nevertheless, few studies have been conducted with an emphasis on the
influence of starting particle size and hot pressing pressure on the phase transition behavior
of ZnS optical ceramics.

In this chapter, the phase transition behavior of ZnS during both pressureless and
hot press sintering of two different ZnS powders was investigated by using XRD, SEM and
EBSD analyses. In detail, the effects of starting particle size and sintering pressure on the
phase transition between 3C-sphalerite and 2H-wurtzite transition of ZnS were studied.
Optical and mechanical properties of the ZnS ceramics were also characterized to correlate
to microstructural features induced by sintering and phase transition. The current report is
intended to serve as a thorough reference and interpretation of the phase transformation
behavior of ZnS ceramics processed via pressure-assisted and pressureless sintering

methods.

B. Experimental Procedures

Two ZnS powders with different particle sizes and morphologies were employed in

this work. Commercial ZnS powder (Sigma Aldrich, 99.99%) was used as received without
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additional purification. ZnS powder was also synthesized through a colloidal synthetic
route via precipitation in a hot water bath under acidic conditions, using zinc nitrate
hexahydrate (>99.0%, Sigma Aldrich) as zinc source and thioacetamide (TAA, Sigma
Aldrich, >99.0%) as sulfur source, as reported in our previous study.'*’” Both the
commercial and synthesized ZnS powders were first heat treated at 1000 °C for 4 hours in
flowing argon in a fused silica tube for impurity removal. The annealed ZnS powders were
then sintered via hot pressing at 1000 °C for 2 hours at a heating rate of 5 °C/min under an
applied uniaxial pressure of 50 MPa. To make a controlled comparison with ceramics
sintered without pressure, both ZnS powders were dry pressed and subsequently sintered
at 1000 °C for 2 hours at a heating rate of 5 °C/min in flowing argon. In order to examine
the effect of applied pressure on phase transition behavior, the colloid-synthesized ZnS
powder was also sintered under 10 MPa pressure for 2 hours at 1000 °C. In all cases, the
samples were allowed to cool to room temperature at an uncontrolled rate after the dwelling
process.

The phase composition of the ZnS powders and bulk ceramics was determined via
XRD (D2 PHASER, Bruker) equipped with a CuKa radiation (30 kV, 10 mA), with the
microstructural features of the powders characterized with SEM (Quanta 200, FEI). A
Tristar IT 3020 system (Micromeritics) was employed to measure the surface area of the
ZnS powders using the BET method. The powders were degassed at 25 °C for 10 min and
at 150 °C for 1 hour prior to measurement. In order to prevent preferred orientation effects
from interfering with phase composition analysis of the sintered ceramic pellets, the
ceramics were ground into fine powders prior to XRD measurements for quantitative
analysis. Quantitative phase analysis was performed by Rietveld refinement using Topas
XRD analysis software (version 4.2, Bruker), with the Pseudo-Voight function method
used to fit the measured patterns. EBSD measurement of the sample’s surface was carried
out by tilting the polished sample at 70° towards an EDAX Hikari Plus EBSD camera
(EDAX, Inc., Mahwah, NJ, USA), equipped in a JEOL JSM-7800F field emission scanning
electron microscope (JEOL USA Inc., Peabody, MA, USA). All the EBSD data were
collected from the polished surfaces of the ZnS ceramic samples. EBSD patterns were
collected at an accelerating voltage of 15 kV in high vacuum, and analyzed using TSL OIM

DC 7 EBSD analysis software, which automatically indexed the measured patterns to the
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hexagonal and cubic *.bmt files. The files were compiled from the crystallographic
information on ZnS in the International Center for Diffraction Data (ICDD) database. The
Archimedes method was adopted to measure the density of the as-sintered ZnS ceramics,
with relative density subsequently calculated based on the quantitative phase composition
analysis. Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher)
was applied to measure the infrared transmittance of the polished ZnS ceramic pellets.
Vickers hardness measurements were performed on a micro-hardness test apparatus (HM V-

200, Shimadzu) with an applied load of 0.05 kgf and loading time of 10 s.

C. Results and Discussion

SEM micrographs of the two ZnS powders employed in this study are shown in
Figure 11. The commercial powder is observed to be composed of separate,
inhomogeneous, micron-scale agglomerates that consist of smaller, submicron/micron-
scale ZnS particles. In contrast, the ZnS powder prepared by the colloidal synthesis consists
of monodispersed, spherical, submicron-scale agglomerates of ZnS nanoparticles, as
shown in the inset of Figure 11 (b). The use of both hot and cold water baths during the
colloidal synthesis process allows for better control over the particle growth, which results
in the observed homogeneous morphology. Figure 12 shows the SEM images of the ZnS
powders after heat treatment at 1000 °C in flowing argon for 4 hours. Both powders exhibit
apparent coarsening after heat treatment, with the heat-treated commercial powder
remaining larger in particle size. In addition, necking between adjacent particles can also
be observed, indicative of the onset of sintering, which is very likely attributed to the
relatively high temperature of the heat treatment. As detailed in Table II, which includes
data on the specific surface area of the ZnS powders before and after heat treatment, the
powder with a smaller average size in SEM measurements have a larger BET surface area.
A larger surface area usually corresponds to higher surface energy, which will be beneficial
during the sintering processes. Additionally, it is noted that an apparent decrease in the
samples’ specific surface area is caused by the necking and particle growth induced by the

heat treatment.
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Figure 11. SEM images of the (a) commercial ZnS powder and (b) colloid-
synthesized ZnS powder used in this study.

Figure 12. SEM images of the (a) commercial and (b) colloid-synthesized
ZnS powders after heat treatment at 1000 °C for 4 hours in flowing argon.

Table II. BET Specific Surface Area Data of the Commercial and Colloid-
Synthesized ZnS Powders before and after Heat Treatment.

Sample BET surface area Estimated standard
(m?/g) deviation (m?/g)

Commercial 19.76 0.03

Commercial, post heat treatment 0.16 0.02

Colloid-synthesized 59.53 1.36

Colloid-synthesized, post heat treatment  4.59 0.28
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Figures 13-14 display the XRD patterns of the commercial and colloid-synthesized
ZnS powders before and after heat treatment. Significant peak broadening is apparent in
the XRD pattern of the colloid-synthesized powder, which results from the small crystallite
size of the powder. Peak broadening occurs as crystallite size decreases, according to the

Scherrer Equation:

094
Bcosé@

(1

where L is the crystallite size, A is the wavelength of the incident X-ray radiation, B is the
full width at half maximum (FWHM) of a peak, in units of radians, and € is the Bragg angle
of a peak.?!” The observed peak broadening corresponds qualitatively to the broadening
expected from the nano/submicron-scale particles observed by SEM. While the
pronounced peak broadening is apparent in the XRD patterns of the starting powders, this
broadening disappears after the heat treatment, as particles grow and coarsen to larger ones,
resulting in a much narrower peak FWHM.

XRD phase composition analysis of the powders determines that the colloid-
synthesized ZnS consists of single-phase sphalerite. However, a small amount (~6.43 wt%)
of wurtzite ZnS is detected in the commercial ZnS powder. After the heat treatment at

1000 °C for 4 hours in argon, the powders are both composed of a mixture of cubic

sphalerite (ICDD no: 04-001-6857; F 4 3m; a=5.400 A) and hexagonal wurtzite (ICDD no:
04-008-7254; P63mc; a=3.823 A, c=6.261 A). As noted previously, the annealing
temperature is 1000 °C, which is below the reported temperature (1020 °C) for the
sphalerite to wurtzite phase transition in bulk ZnS.'?* Therefore, the XRD results suggest
a phase transition occurring earlier during the heat treatment process, at lower temperature,
which is attributed to the significantly reduced particle size of the ZnS powders relative to
the typical grain size of bulk ZnS. It has been proposed by multiple authors that the
activation energy for the sphalerite to wurtzite phase transition is dependent on particle
size 8218219 [t°s also likely that the kinetic mechanism by which the phase transition occurs
during the sintering of powders with small particle sizes is different from that for bulk ZnS.
In addition, the surface Gibbs free energy difference, which contributes to the energetic
favorability of a phase transition, has also been reported to be dependent on particle

size.!%1220 The energetic barrier for the propagation of a phase transition is very small when
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particle size is small. Thus, the increased surface energy of nano/submicron-scale ZnS
powder facilitates the phase transition from sphalerite to wurtzite, which in turn renders
the transition to occur at lower temperatures.”® Furthermore, qualitative assessment of
phase content, performed by examining the relative intensities of the (100) peak of wurtzite,
clearly indicates that the colloid-synthesized ZnS with smaller particles shows a greater
degree of transformation from sphalerite to wurtzite after heat treatment. This provides
further evidence that the phase transition is particle size dependent, and that smaller
particles will facilitate the nucleation and growth of the wurtzite phase during the heat

treatment process.
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Figure 13. XRD patterns of the commercial ZnS powder before and after heat
treatment at 1000 °C for 4 hours in flowing argon.
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Figure 14. XRD patterns of the colloid-synthesized ZnS powder before and
after heat treatment at 1000 °C for 4 hours in flowing argon.

The XRD patterns of the ZnS ceramics sintered via both pressureless sintering and
hot pressing using the two heat-treated powders are shown in Figures 15 and 16. The XRD
patterns of the ZnS powders after heat treatment are also included in the figures, to allow
for direct comparison between the phase compositions of the powders being sintered and
corresponding ceramics. Same with the heat-treated powders, the sintered ZnS ceramics
are determined to be also biphasic, with the phases indexed to sphalerite ZnS and wurtzite
ZnS. Qualitative assessment of phase content by observing the relative peak intensities of
the two phases indicates that the relative levels of the two phases vary for different samples,
suggesting a difference in the phase transition behavior. Rietveld refinement was
performed to quantify phase contents of the powders and consolidated ceramics, with the
results shown in Table III. The analysis reveals that the pressurelessly-sintered ceramics
have a quantitative composition similar to that of the corresponding heat-treated powders
used for sintering, with only a small increase in the wurtzite fraction, which is assumed to
be due to the early phase transition during sintering at 1000 °C. In contrast, both hot-pressed
samples sintered under a uniaxial pressure of 50 MPa experience a reverse phase transition,
from wurtzite to sphalerite, as the sintered ceramics exhibit a lower wurtzite content than
the starting heat-treated powders. The reduction in hexagonality observed after hot pressing
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is similar to other authors’ reports of ZnS optical ceramics fabricated via hot pressing!*!
and ZnS fabricated through CVD and subsequent HIPing.!'? Based on the stark difference
in phase composition between the powders and ceramics sintered with and without pressure,
it is concluded that applied pressure promotes the reverse wurtzite-sphalerite phase
transition during the hot pressing process. Additionally, Rietveld analysis reveals that
greater degrees of phase transition between sphalerite and wurtzite occur in the ceramic
samples sintered using colloid-synthesized powder with smaller particle size. As discussed
in the aforementioned analysis, this is likely due to the differences in both surface energy
and the energy barrier for phase transformation propagation for powders with different
particle sizes. It can be postulated from these results that the degree of transformation
between sphalerite and wurtzite during sintering is closely correlated to particle size and

applied pressure.
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Figure 15. XRD patterns of the heat-treated commercial ZnS powder, and the
resulting ceramics sintered without pressure and via hot-pressing under
50 MPa.
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Figure 16. XRD patterns of the heat-treated colloid-synthesized ZnS powder,
and the resulting ceramics sintered without pressure and via hot-pressing
under 50 MPa.

Table III. Rietveld Refinement Results of the Phase Composition of the Heat-
Treated ZnS Powders and Corresponding ZnS Ceramics Consolidated via
Pressureless and Hot Press Sintering.

Sphalerite Waurtzite Estimated standard
Sample o

(Wt%) (Wt%) deviation (wt%)
Commercial

88.24 11.76 0.36
(post heat treatment)
Commercial

o 87.02 12.98 0.62

(pressureless sintering)
Commercial

93.21 6.79 0.43
(hot pressing, 50 MPa)
Colloid-synthesized

78.62 21.38 0.52
(post heat treatment)
Colloid-synthesized

75.76 24.24 0.46
(pressureless sintering)
Colloid-synthesized

89.27 10.73 0.63

(hot pressing, 50 MPa)
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SEM and EBSD analyses were employed to characterize the microstructure of the
sintered ZnS ceramics and gain further insight into the phase transition. Figure 17 shows
the SEM image of the ZnS ceramics sintered without pressure at 1000 °C for 2 hours in
flowing argon, using different heat-treated ZnS powders. EBSD phase maps with a
grayscale image quality (IQ) map overlay and the corresponding inverse pole figure (IPF)
maps of the ZnS ceramics sintered via hot pressing under 50 MPa using the two different
ZnS powders are shown in Figures 18 and 19, respectively. It can be observed that both
ZnS ceramics sintered via pressureless sintering are poorly densified, with the presence of
large amounts of residual pores. The sintered ceramic using heat-treated commercial
powder exhibits larger grains than that sintered using heat-treated synthesized powder,
which is likely attributed to the larger starting particle size of the heat-treated commercial
powder. In contrast, as can be observed from the EBSD phase+IQ maps in Figures 18 (a)
and 19 (a), both hot-pressed ZnS ceramics are sufficiently consolidated with little residual
porosity and smaller grains, compared with the samples sintered without pressure, which
may be due to the effect of applied pressure. The phase+IQ maps qualitatively further
illustrate that both the hot-pressed ceramics are primarily composed of sphalerite ZnS as
the major phase and wurtzite ZnS as the minor phase, which is in agreement with the
Rietveld refinement analysis based on XRD.

Detailed observations of the hot-pressed ZnS ceramics reveal five typical different
types of grain microstructures, which are indicated by the circled regions labeled 1-5 in
Figure 19 (b). As shown in areas 1 and 2, the grains are composed of pure sphalerite and
pure wurtzite, respectively, suggesting that some entire grains remain as cubic sphalerite
throughout the heat treatment and hot pressing processes, while some other grains fully
transform to hexagonal wurtzite. Other grains, shown in areas 3 and 4, contain a mixture
of both sphalerite and wurtzite, indicating partial conversion between sphalerite and
wurtzite in the ZnS grains. It is interesting to note that in biphasic grains, the wurtzite
phases exist as lamellae, with thicknesses ranging from submicron to micron-scale. The
grain in area 4 is selected for more detailed analysis, with the phase+IQ and IPF maps
shown in Figures 19 (c) and (d), respectively. In this type of grain, lamellae of both wurtzite

and sphalerite are present, intersecting the ZnS grain. Additionally, lamellae of sphalerite
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show two different two colors, indicative of the presence of two orientations of sphalerite
within the grain. According to the EBSD data, the misorientations between the wurtzite
and the sphalerite lamellae are both calculated to be 56.6°. Moreover, the lamellar structure
with two different orientations is also observed in grains composed solely of sphalerite
(area 5). The angle between the two orientations in sphalerite is determined to be
approximately 60° (56.6°), with the two orientations sharing a parallel {111} plane, which
is the close-packed plane of sphalerite ZnS. This discovery provides further evidence for
the notion that these sphalerite lamellae are the result of twinning, with the boundaries
between the lamellae being Y3 twin boundaries.!'> Due to the difference in stacking
sequence of sphalerite and wurtzite, a change in stacking sequence is associated with the
phase transition between the two phases, which results in the formation of stacking faults.”?
The subsequent expansion of stacking faults during the phase transition between sphalerite
ZnS and wurtzite ZnS can lead to the formation of twins in the sphalerite phase, as shown
in the lamellar structure revealed by EBSD mapping. The types of grain observed in areas
2, 3, and 4 seems to indicate that some sphalerite twins can further transform to wurtzite,
which in turn leads to the evolution to either entire wurtzite grains or wurtzite lamellae in

ZnS biphasic grains, depending on the degree of phase transition that the grain undergoes.

Figure 17. SEM images of the ZnS ceramics sintered without pressure at
1000 °C for 2 hours in flowing argon using (a) heat-treated commercial
powder and (b) and heat-treated colloid-synthesized powder.
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Figure 18. (a) EBSD phase map with a grayscale IQ map overlay and (b)
corresponding IPF map of the ZnS ceramic sintered via hot pressing at
1000 °C for 2 hours under 50 MPa, using the heat-treated commercial ZnS
powder. The two ZnS phases can be identified from the EBSD phase+IQ
map, with the green areas corresponding to sphalerite and the red areas
corresponding to wurtzite.
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Figure 19. (a) EBSD phase map with a grayscale IQ map overlay and (b)
corresponding IPF map of the ZnS ceramic sintered via hot pressing at

1000 °C for 2 hours under 50 MPa, using the heat-treated colloid-synthesized
ZnS powder. The regions designated by the circles labeled 1-5 represent the
five typical types of grain microstructures and phase compositions observed
in the hot-pressed ZnS ceramic. An EBSD phase map and the corresponding
IPF map of the grain in area 4 are shown in (c¢) and (d), respectively.

In order to further investigate the influence of pressure on the ZnS phase transition,
the heat-treated colloid-synthesized ZnS powder was sintered via hot pressing at 1000 °C
for 2 hours under 10 MPa, for comparison with the previous sample sintered under the
same conditions but under 50 MPa. Figure 20 shows the results of XRD, SEM, and EBSD
analyses of the sample. Rietveld refinement based on XRD reveals that the sample is
composed of 84.59+0.17 wt% sphalerite and 15.41+0.17 wt% wurtzite, and this
composition that is intermediate to the quantitative phase compositions of the ceramics
sintered via pressureless sintering and by hot pressing under 50 MPa. As can be observed
from the SEM image and EBSD maps, the sample is well-densified, but with some residual
pores remaining at grain boundaries, resulting in an overall lower densification compared
with the ceramic sintered under 50 MPa. EBSD mapping of the sample further reveals

similar grain microstructures to those observed in the other ceramics consolidated via hot
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pressing. However, it is interesting to note that the average grain size is larger than the
sample sintered under 50 MPa. Additionally, the phase+IQ map suggests an increased
wurtzite fraction relative to the analogous material sintered under 50 MPa, which is
consistent with the phase composition analysis based on XRD results. It is thus further
postulated that the application of uniaxial pressure during hot pressing induces the reverse
phase transition from wurtzite to sphalerite. Thus, the higher sintering pressure is beneficial
not only, in the conventional sense, for suppressing grain growth, producing reduced grain
sizes, achieving pore removal, and increasing densification in the ZnS ceramics, but also

for promoting the ZnS wurtzite-to-sphalerite phase transition.
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Figure 20. (a) XRD pattern, (b) SEM image, (c) EBSD phase map with 1Q
map overlay, and (d) corresponding IPF map of the ZnS ceramic sintered via
hot pressing at 1000 °C for 2 hours under 10 MPa, using the heat-treated
colloid-synthesized ZnS powder.

EBSD analysis of the hot-pressed ZnS ceramics also reveals that the ZnS wurtzite
grains have preferred orientation on the surfaces of the samples, while the ZnS sphalerite
grains on the surfaces are randomly oriented, as depicted in Figures 18-20. Figure 21 shows
the {0001} pole figures of the wurtzite phases within the hot-pressed ZnS ceramics sintered

under different pressures using different starting heat-treated powders. Certain preferred
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orientation regions on the close-packed plane {0001} of ZnS wurtzite are observed in all
the ceramics consolidated via hot pressing, which is attributed to the fact that the growth
and movement of grains on the close packed atomic planes of the surface perpendicular to
the stress direction are more energetically favorable, especially with the assistance of
applied pressure, such as during hot pressing. In addition, based on comparison of the pole
figures of different samples, it can be further suggested that the extent of texturing increases
with the increase in hot pressing pressure.'*!?21:222 As discussed in aforementioned phase
composition analysis of hot-pressed and pressureless-sintered ZnS ceramics, higher
uniaxial sintering pressure can lead to more reverse phase transition from wurtzite to
sphalerite. Bearing in mind that the sphalerite grains in the ZnS ceramics are randomly
oriented, it is hypothesized that a specific sequence of events may be involved in the
development of preferred orientation on the {0001} plane of ZnS wurtzite, during the
pressure-assisted reverse phase transition from wurtzite to sphalerite. As the applied
sintering pressure increases, ZnS wurtzite grains with some certain orientations will first
transform to ZnS sphalerite grains, leading to the observed preferred orientation in
untransformed ZnS wurtzite. Further research on the pole figures of the hot-pressed ZnS
ceramics consolidated under a wider range of applied pressure values is required to confirm
the hypothesis concerning the sequence, by which the texture develops during the phase

transition process.
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Figure 21. {0001} pole figures of the wurtzite phases within the hot-pressed
ZnS ceramics sintered under different pressures using different powders: (a)
under 50 MPa using heat-treated commercial powder; (b) under 50 MPa
using heat-treated synthesized powder; and (c) under 10 MPa using heat-
treated synthesized powder.
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As previously discussed within the introductory literature review and the
experimental results presented herein, the application of pressure during sintering has a
significant effect on the ZnS phase transition. Figure 22 shows a schematic view of the
crystal structure transformation that occurs during the ZnS phase transition between
sphalerite and wurtzite. It is known that both the cubic sphalerite and hexagonal wurtzite
forms of ZnS are close-packed structures, with sphalerite possessing the close-packed
ABCABC atomic arrangement on the {111} plane along the [110] axis, and wurtzite
possessing the ABABAB pattern on the {0001} plane along the [1120 ] axis.?’ For the solid
state phase transition between sphalerite and wurtzite, glide-induced stacking faults, which
exist between these two different stacking sequences, are necessary to alter the stacking
sequence.’” During the phase transformation, the stacking faults will further evolve to form
twins, with the ZnS phase transformation completed by the expansion of stacking faults
and twins. It has been reported that the stacking faults and twinning that occur during the
ZnS phase transition between sphalerite and wurtzite are deformation faults and

deformation twinning,®%:8107

which can be induced by thermal and mechanical stresses,
such as those induced by heating/cooling and uniaxial pressure during the hot pressing
process.”?* According to the aforementioned XRD results, the sintering of ZnS ceramics
without applied pressure at the temperature of 1000 °C leads to a minor increase in wurtzite
content, suggesting that the thermal stress applied during hot pressing at 1000 °C may be
enough to promote the early phase transition from sphalerite to wurtzite, through the
induction of deformation faults. In contrast, the wurtzite content apparently decreases with
increasing uniaxial pressure from 0 to 50 MPa (0, 10 and 50 MPa), indicating that the
reverse phase transition from wurtzite to sphalerite can be driven by pressure. As the ZnS
phase transition between sphalerite and wurtzite is described as martensitic (displacive and
diffusionless), driven by reduction of bulk-free energy per unit volume with additional
shear and dilatational stress components,'???* the ZnS phase transition can be induced by
applied pressure. Here, it has already been demonstrated by the current report that the
application of pressure is more favorable for the wurtzite to sphalerite phase transition in
ZnS, rather than the sphalerite to wurtzite phase transition, which is consistent with
previous reports. This is assumed to be due to the relatively low stacking fault energy

required to form sphalerite deformation faults/twinning from wurtzite, induced directly by
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mechanical stress.?>>2>” However, further research involving in-situ characterizations is
required to advance this hypothesis, and to determine the type of stacking faults and twins
induced by heating/cooling and applied pressure during the sintering process. In addition,
sphalerite ZnS has a smaller specific volume (Vs < V) and a denser structure compared
with wurtzite ZnS, as illustrated in Figure 22. The phase transition from ZnS wurtzite to
ZnS sphalerite produces a lattice contraction that manifests itself macroscopically as
volumetric contraction. It is thus appropriate to conclude that the application of pressure,
which will presumably cause contraction of the ZnS lattice, will increase the favorability
of forming the sphalerite phase, by promoting the wurtzite-sphalerite phase transition.
Additionally, according to a study that modeled the thermodynamics of the ZnS phase
transition by taking into consideration the combined effects of temperature, pressure and
particle size on the Gibbs free energy difference between the two ZnS phases, phase
transition temperature will decrease with decreasing starting particle size, and the phase
transition from wurtzite ZnS to sphalerite ZnS can be driven by the application of external

pressure.?'4
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Figure 22. Schematic diagram depicting the crystal structure transformation
during the ZnS phase transition between sphalerite and wurtzite.

The hot-pressed ZnS ceramics were measured using FTIR to investigate the
infrared optical transmittance. Figure 23 shows the in-line infrared transmittance spectra
of the two ZnS ceramics sintered via hot pressing at 1000 °C for 2 hours under 50 MPa,
using various starting heat-treated powders. It is shown that both ceramics exhibit excellent
optical transmittance in the near- and mid-infrared wavelength ranges, with maximum
transmittances of 74.8% at 6.76 pum for the sample using the heat-treated colloid-
synthesized powder, and 68.6% at 9.78 pum for the sample using the heat-treated
commercial powder, due to sufficient densification. The overall spectra of the two hot-
pressed ZnS ceramics are similar, indicative of similar vibrational bondings in the two
samples. Absorption peaks observed at 3.4 pm and 4.2 pum correspond to atmospheric
absorptions of H20 and COz, respectively, while the absorptions at 15.2 um, 16.7 pm and
18.1 um correspond to Zn-S characteristic vibrations. It is important to note that a small

degree of carbon contamination may be present in the hot-pressed ZnS ceramics, which
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manifests itself as weak absorptions located at 7.9 pm, 11.0 pym and 12.2 pm.
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Figure 23. Infrared transmittance spectra and photos of the ZnS ceramics
sintered via hot pressing at 1000 °C for 2 hours under 50 MPa, using heat-
treated commercial and colloid-synthesized powders.

Comparison of the spectra of the two hot-pressed ceramics shows that the infrared
optical transmittance of the ceramic sintered using the heat-treated commercial powder is
inferior to that of the ceramic sintered using the heat-treated colloid-synthesized powder.
This can be attributed to the slight difference in densification of the two samples (98.3%
of relative density for the commercial powder ceramic vs 99.5% of relative density for the
colloid-synthesized powder ceramic), an artifact of the different particle sizes and
correspondingly different sinterabilities of the powders. Higher densification corresponds
to lower porosity, which in turns leads to higher transmittance of the ZnS ceramic, through
a reduction in the scattering loss caused by the difference in refractive index between ZnS
and air. A similar reduction in transmittance is caused by the scattering loss induced by the
difference in refractive index between phases possessing different refractive indices, such
as between the primary sphalerite phase and secondary wurtzite phase of ZnS. In this study,

the scattering loss in the ZnS consisting of two phases can be described as follows:!?>14!
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where Qs is the scattering efficiency, & is the wave vector that is inversely proportional to
the wavelength (1) of incident radiation, r is the average radius of the second phase, and #s
and nx are the refractive indices of the matrix (sphalerite ZnS) and the embedded second
phase (wurtzite ZnS), respectively. Thus, to minimize the scattering effect induced by the
second phase wurtzite, the grain size of the second phase needs to be significantly less than
the wavelength of incident light. In addition, the reduction in the grain size of the wurtzite
phase with an anisotropic hexagonal crystal structure will also be beneficial for minimizing
the scattering loss induced by the difference in refractive index of varying direction of the
anisotropic crystal structure. In the current study, it is determined from XRD results that
both ceramic samples include a measurable amount of wurtzite. Moreover, EBSD
characterization reveals that ZnS wurtzite exists as both entire grains and grains that have
partially transformed to wurtzite lamellae. Figure 24 shows the grain size distribution
histograms of ZnS wurtzite in the hot-pressed ZnS ceramics sintered under 50 MPa, as
obtained from EBSD analysis. The analysis suggests that in both samples, more than 95%
of the wurtzite grains have an average diameter less than 325 nm. Therefore, the infrared
transmittance of the hot-pressed ZnS ceramics sintered under 50 MPa will not be
significantly affected by the second phase wurtzite, while the transmittance in the visible
region, which has smaller wavelengths, may greatly be affected. The inferior visible
transmittance of the hot-pressed ceramics can be observed by the naked eye in the photos
of the samples shown in the insets of Figure 23, which is likely due at least in part to the
effect of the wurtzite second phase. In addition, due to the lamellar structure of ZnS
wurtzite, the larger value of length of the wurtzite lamellae may also affect the visible
transmittance of the hot-pressed ZnS ceramics in other ways. According to the
aforementioned analysis of phase transition behavior, the application of sintering pressure
is demonstrated to lead to a reduction in wurtzite content through the facilitation of the
wurtzite- sphalerite phase transition. Thus, it is reasonably expected that higher sintering

pressures will result in ceramics with improved optical properties.
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Figure 24. Grain size distribution histograms of ZnS wurtzite within the hot-
pressed ZnS ceramics sintered under 50 MPa pressure, obtained from EBSD
analysis: (a) using heat-treated commercial powder; (b) using heat-treated
colloid-synthesized powder.

The mechanical property of the hot-pressed ZnS ceramics was also investigated by
measuring the Vickers hardness of the ceramics using indentation tests. The sample
sintered using the commercial powder has a hardness of 2.96 + 0.30 GPa, while the sample
sintered using the colloid-synthesized powder exhibits a hardness of 3.06 + 0.26 GPa. Both
ceramics have higher mechanical hardnesses than the value (1.5-2.6 GPa) reported for
commercial ZnS optical ceramics.??® This is likely a result of the enhanced densification
and small grain size imparted by pressure-assisted sintering (hot pressing). In addition, the
twinning induced by the pressure-promoted phase transition from wurtzite to sphalerite
during hot pressing may contribute to the enhanced hardness through deformation
strengthening.?® It is expected that further studies, such as sintering conducted under
appropriate ultra-high pressures, are promising to lead to more enhanced densification and
promoted phase transition from wurtzite to sphalerite, which will in turn further improve

the optical and mechanical properties of ZnS optical ceramics.

D. Conclusions

A thorough investigation of the effects of starting particle size and sintering
pressure on the phase transition behavior between sphalerite and wurtzite of ZnS ceramics
was performed. Qualitative and quantitative phase composition analysis of the

pressurelessly-sintered and hot-pressed ZnS ceramics revealed that the ZnS phase
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transition behavior was closely related to the starting particle size of powder being sintered
and the applied pressure during sintering. The ceramics fabricated from smaller starting
particle sizes underwent an “earlier” phase transition at lower temperatures, which was
attributed to both the increased surface energy and the smaller energetic barrier for the
propagation of phase transition associated with decreasing particle size. Due to the
expansion of sphalerite deformation faults/twinning and the compressive effect on the
crystal lattice, the phase transition from wurtzite to sphalerite was promoted by the
application of uniaxial pressure during hot pressing. Furthermore, the application of
uniaxial pressure during sintering was demonstrated to promote the wurtzite-to-sphalerite
phase transition, along with enhanced densification and twinning, which contributed to the

improved optical and mechanical properties of the ZnS ceramics.
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III. HOT-PRESSED Cr?>* DOPED ZnS INFRARED
TRANSPARENT CERAMICS

A. Introduction

As an extensively characterized II-VI wide bandgap semiconductor, zinc sulfide
has been of significant interest for a long time due to its promising applications in various
fields, including optical ceramics, phosphors, quantum dots, photocatalysts, and
sensors. 7230231 When doped with transition metals and rare earth elements, ZnS can
exhibit a wide range of luminescence behaviors in the visible and infrared regions.>*?23¢ In
addition, due its exceptional performance as a material for room-temperature tunable solid
state laser gain media in the mid-infrared region, transition metal doped ZnS has inspired
a tremendous amount of interest for researchers within past decades.

In 1996, researchers at Lawrence Livermore National Laboratory demonstrated the
potential of divalent transition metal doped zinc chalcogenides as materials for mid-
infrared laser applications.*” Various divalent transition metals (Co**, Ni*', Fe** and Cr*")
were doped into ZnS/ZnSe/ZnTe hosts, and their room temperature mid-infrared lasing
performances were examined. It was determined that the tetrahedral substitution sites,
rather than the octahedral sites, are more favorable doping sites for transition metals in the
zinc chalcogenides. The tetrahedral coordination of dopants might contribute to the
observed intense low-energy transitions, due to small crystal field splitting. Among the Zn
chalcogenides, Cr** doped ZnS/ZnSe showed exceptionally strong room-temperature
absorption and emission in the mid-infrared region. In addition, temperature-dependent
lifetime measurements indicated that these materials revealed high (close to 80 and 100%
for Cr:ZnS and Cr:ZnSe, respectively) luminescence quantum yield at room temperature
due to weak non-radiative relaxation process.'#’?3” It was demonstrated that Cr>" doped
ZnS/ZnSe crystals were the most promising candidates for room-temperature tunable mid-
infrared laser applications. Since then, chromium doped ZnS has attracted more and more
extensive attention.

Mirov et al. have conducted tremendous investigation into the lasing performances
of Cr?*:ZnS materials.'*"!> It has been reported that they applied chemical vapor transport
(CVT) methods followed by thermal diffusion to fabricate Cr*":ZnS transparent ceramic
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microchips with desirable lasing performances (optical and slope efficiency).?*® It was also
demonstrated by Wang et al. that Cr**:ZnS thin films with promising properties for mid-
infrared applications could be prepared by pulsed laser deposition.?*® In addition,
Martyshkin et al. investigated and demonstrated the effective photoluminescence and
lasing properties of Cr?*:ZnS nanoparticles in the mid-infrared region.?*” Meanwhile, by
using Cr:ZnS single crystals , Tolstik et al. obtained Kerr-Lens passive mode-locked
Cr:ZnS femtosecond lasers, with distinguished pulse duration and energy.?*"**> The output
characteristics of Kerr-lens-mode-locking were significantly improved with the use of
Cr:ZnS polycrystalline gain media.?**?* Besides studying the lasing performance of
Cr**:ZnS, a significant amount of research has been conducted towards understanding the
material, including the theory surrounding its crystal field splitting and local structure, as
well as its potential applications in other fields such as cathodoluminescence and solar cell
applications 24624

The most commonly reported method to fabricate Cr’":ZnS transparent materials
for laser applications is CVT method followed by thermal diffusion.'*? In addition, based
on the method employed to process ZnS transparent ceramics, CVD combined with HIP
has also been used to prepare polycrystalline ZnS host ceramics prior to the thermal
diffusion of Cr** ions.?*® However, these methods are expensive and time-consuming, and
have poor repeatability. As a common consolidation method, it is well known that hot
pressing has been proven to be an effective and a viable way to prepare various optically
transparent non-oxide and oxide ceramics, such as ZnS, CaF2, Y203, Lu203, and
MgAl>Qq 4:64127:137.251-254 Tt hag also been demonstrated that Cr’*:ZnSe transparent
ceramics with suitable properties for laser applications can be fabricated via hot pressing.®
However, few studies have been reported on the hot pressing of Cr**:ZnS transparent
ceramics.

In the present chapter, Cr**:ZnS infrared transparent ceramics were fabricated via
high vacuum hot pressing (VHP) using homogeneous ZnS powders synthesized using a
wet chemical precipitation route, which were subsequently mixed with commercially
sourced Cr2S3 powders. It was determined that the sintered Cr*:ZnS ceramics were
primarily composed of cubic sphalerite phase, with hexagonal wurtzite as a minor phase.

The ceramics were studied using SEM, and found to be well-consolidated and highly dense.
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The spectroscopic properties of the material were characterized to investigate the mid-

infrared absorption and photoluminescence behavior induced by doping with Cr**.

B. Experimental Procedures

The synthesis of ZnS powders was performed through a facile colloidal processing
method, which was reported in our previous studies.'*” Aqueous solutions of thioacetamide
(TAA, >99.0%, Sigma Aldrich) and Zn(NOs)2 *6H20 (>99.0%, Sigma Aldrich) with
stoichiometric ratios of Zn:S were mixed together by stirring, and HNO3 (70%, Sigma
Aldrich) was added to the mixed solution to adjust pH to 2. The solution was then heated
in a hot water bath to encourage particle growth. After sufficient time, the suspension of
ZnS colloids was cooled in an ice water bath to halt particle growth. The precipitates were
then washed by both DI water and ethanol (Reagent alcohol, 100%, Decon) to remove
reaction residues, and then dried in an oven in air. The precipitates were then finely ground
and mixed with an addition of 0.1 mol% Cr2S3 (99%, Alfa Aesar) in an agate mortar and
pestle. The mixed powders were then heat treated at 900 °C for 4 hours in flowing argon to
prepare for sintering. The ceramic samples were prepared for VHP by loading the powders
into a graphite die with a diameter of 10 mm, with layers of graphite foil (thickness of 0.5
mm) used to separate the sample powders from the punches. The powders were
consolidated at 1000 °C for 2 hours under a uniaxial pressure of 50 MPa under a vacuum
of 10 mbar (OTF-1200X-VHP4, MTI).

The phase composition of the sintered Cr**:ZnS ceramics was determined using
XRD (Bruker D2 PHASER) with a CuKa (A= 0.154 nm) radiation at a voltage of 30 kV
and a current of 10 mA. Measurement conditions of 0.03 °20 step size and 0.2s count time
were employed over a measurement range of 10-75 °26. The morphological and structural
features of the Cr:ZnS powders and sintered ceramics were investigated using SEM (FEI
Quanta 200) at an accelerating voltage of 20 kV. Archimedes’s method density
measurements were adopted to determine the density of the as-sintered ceramics. The
infrared transmittance of the polished pellet was measured using FTIR (Nicolet 6700,
Thermo Fisher). Photoluminescence spectra and kinetics characterizations were performed
using an acousto-optically Q-switched Er:YAG laser under an excitation at 1.645 pm with

~60 ns pulse duration. Photoluminescence spectra were collected by using a
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monochromator (Acton Research ARC-300i). A Thorlabs PDA 20H PbSe detector, in
addition to a fast PVI-3TE-5 (HgCdTe, VIGO systems) detector with a response time of
~200 ns were employed for signal detection. A polycrystalline Cr**:ZnS sample with a
chromium concentration of 8-10'® cm™, fabricated by a post-growth thermal diffusion

method,'*® was used for the comparison of optical properties with the Cr**:ZnS ceramics.

C. Results and Discussion

Figure 25 (a) shows the SEM image of the synthesized ZnS powders mixed with a
0.1 mol% addition of Cr2S3 powders. The powders appear to be composed of well-
dispersed, homogenous, spherical particles with a size of approximately 100-200 nm, the
small size of which is attributed to the use of both hot and cold water baths to achieve better
control of particle growth during colloidal processing. The microstructure of the thermally
etched surface of the polished Cr**:ZnS ceramics is shown in Figure 25 (b). It can be
observed that the VHP-consolidated ceramics have an average grain size of about 1-2 pym
and is highly dense, likely due to the homogenous morphology of the raw powders and the
effectiveness of applied VHP technique. The relative density was measured to be 98.8%,
which is in agreement with SEM observations of a highly consolidated microstructure.
Figure 25 (c) displays the XRD pattern of the Cr*":ZnS ceramics consolidated via VHP.
The sample is composed of a mixture of mainly cubic sphalerite (JCPDS no: 65-5476; F 4
3m; a=5.40 A) with a small amount of hexagonal wurtzite (JCPDS no: 02-1310; P63mc;
a=3.82 A, c=6.25 A). In addition, no Cr2S3 impurity peaks can be detected in the XRD
measurement, likely because of the low added level of Cr2Ss. Due to the high surface
energy of the small particles of the raw powders, during consolidation the Cr*":ZnS
ceramics experience an early phase transition from the cubic phase to hexagonal phase at

1000 °C, which is lower than the reported phase transition temperature of 1020 °C.
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Figure 25. (a) SEM image of the synthesized ZnS powders mixed with

0.1 mol% Cr2S3 powders. (b) SEM image of the thermally etched surface of
the VHP-sintered Cr>*:ZnS ceramics. (¢) XRD pattern of the Cr**:ZnS
ceramics consolidated via VHP.

Figure 26 (a) shows the infrared transmittance curve of a polished Cr**:ZnS ceramic
pellet, obtained by FTIR measurement over a wavelength range of 2.5-16.0 um. Due to the
effective consolidation via VHP, the Cr?*:ZnS polycrystalline ceramic sample exhibits high
transmittance in the infrared region, with a maximum transmittance of 67% at 11.6 um,
while the theoretical maximum transmittance according to the Fresnel’s equations is 75%
in the infrared range. It is important to note that the transmission curve shape near the
infrared edge is very similar for the VHP-consolidated ceramic sample and the
polycrystalline sample fabricated via the post-growth thermal diffusion method. The

reduced transmission observed in the VHP-consolidated ceramic sample in the near-
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infrared spectral range is likely due to scattering effects within the ceramic. As can been
observed from the inset photo, the sample is translucent even in the visible region, with the
green color of the sample believed to result from the incorporation of Cr*" ions into the
ZnS lattice. Based on comparison of spectra from measurement of the samples and
measurement of the ambient atmosphere, it is determined that the absorption peaks in the
3.2-7.0 um range are due to atmospheric absorptions. Specifically, the absorption bands
between 3.4, 3.5 and 6.2 pum are attributed to water adsorbed from the atmosphere, and the
small peaks at 4.2, 5.7, and 7.0 um correspond to the C=0 stretching modes of CO2
adsorbed from the ambient atmosphere. ZnS characteristic vibrations lead to the band at
15.2 um.**¢ In addition, the absorption peak at 9.1 and 10.9 pm can be probably attributed
to ZnS precursor residuals in the colloidal processing route or carbon contamination from
graphite during the VHP process.'?”-137

The near-infrared transmittance curve of the sample is shown in Figure 26 (b).
Dotted line shows the baseline from the FTIR measurement of the ambient atmosphere. As
can be determined from the transmittance plot, the VHP-sintered ceramic sample features
a very strong scattering effect. It is important to note that the broad band at 1690 nm
corresponds to the >T2—°E absorption band from the split ground state °D of Cr**, which
confirms that some Cr**(3d*) is incorporated into the lattice of the ZnS host in a site with
tetrahedral coordination.?> In addition, the Cr*" concentration of the Cr**:ZnS ceramic can
be estimated from the absorption peak at 1690 nm. First, the active absorption coefficient

at 1690 nm can be obtained according to Beer Lambert Law:
a=-Ln(T)/d 3)

where a is the active absorption coefficient, 7 corresponds to the normalized transmittance
ratio, and d is the thickness of the sample (0.07 cm). Here, we can estimate 7 to be 0.88,
based on comparison of the actual measured transmittance at 1690 nm with the estimated
baseline of the transmittance curve between 1400 nm and 2000 nm. After obtaining the
active absorption coefficient at 1690 nm, the concentration of Cr** can be estimated by the

following relation:

N=alo 4)
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where N is the concentration of the ion, and o refers to the absorption cross-section. It has
been reported that the absorption cross-section of Cr?*:ZnS at 1690 nm is 1.0x10'8 cm?.!°!
Thus, the Cr*" concentration can be calculated as 1.8:10'"® cm™ (sufficient for laser
materials). However, the concentration is much smaller than the total concentration of Cr
originally introduced into the material, which suggests that the incorporated Cr ions may
have different valence states other than 2+. Due to the reducing nature of the high vacuum
and carburizing environment due to the presence of graphite in the VHP chamber, some
Cr*" ions from the added Cr2S3 are reduced to Cr?* ions, which are then incorporated into
the ZnS host lattice, but a portion of the Cr** ions from the Cr2S3 may still persist in the
material. In addition, it is also revealed by a preliminary X-ray photoelectron spectroscopy
characterization that there are some mixed valence states of Cr ions including 2+ and 3+

within the VHP-sintered ceramic. Future research is required to determine the location and

valence states of the chromium ions in VHP-sintered Cr:ZnS ceramics.
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Figure 26. (a) Room-temperature infrared transmittance spectrum of the
mirror-polished Cr:ZnS ceramic, with a photograph of the sample (inset) with
a diameter of 10 mm and a thickness of 0.7 mm. (b) Room-temperature near-
infrared transmittance spectrum of the Cr:ZnS ceramic.

Further characterization of the VHP-sintered Cr’**:ZnS ceramic sample’s mid-
infrared optical behaviors was performed to investigate the infrared photoluminescence
emission and corresponding emission kinetics of the Cr**:ZnS. Figure 27 (a) shows the
room-temperature non-calibrated infrared photoluminescence spectrum of the VHP-
sintered ceramic under 1645 nm excitation. The sample exhibits the characteristic Cr**
infrared photoluminescence band from 2000 nm to 2200 nm, which is attributed to the "E—
5Tz electronic transition, as a result of the cubic tetrahedral crystal splitting of the 3d-levels

of Cr** (3d*) in ZnS.?*° In addition, as discussed in the aforementioned XRD analysis, both
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the cubic ZnS sphalerite phase and the hexagonal ZnS wurtzite phase are present in the
ceramic. The difference in crystal structure and symmetry of these two phases may lead to
polarization dependence of fluorescence,®’ which in turn results in the asymmetric
photoluminescence band shown in the emission spectrum.?>¥2* Figure 27 (b) shows the
infrared photoluminescence kinetics of the VHP-sintered Cr>*:ZnS sample measured at
room temperature under 1645 nm excitation. The red curve shows the detector response
time measured at the excitation wavelength for comparison. From the blue fit (Equation
(5)) exponential decay curve shown in the spectrum, it is revealed that the sample exhibits
a single exponential decay process with a lifetime of t=5.5 ps, which is consistent with

previously reported decay times of the Cr** >E— T2 electronic transition in Cr**:ZnS.?*
1(t)= Aexp(-t /1) ®))

where /(?) refers to the time-dependent luminescence intensity, 4 is a pre-exponential
weight factor, and ¢ corresponds to the actual time, and 7 is the decay time. This further
demonstrates that the Cr?* ions are tetrahedrally coordinated in the VHP-sintered Cr**:ZnS

ceramic.
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Figure 27. (a) Room-temperature infrared photoluminescence spectrum and
(b) room-temperature infrared photoluminescence kinetics of the VHP-
sintered Cr**:ZnS ceramic sample excited under 1645 nm excitation.

D. Conclusions

In summary, Cr**:ZnS infrared transparent ceramics (67% transmittance at 11.6
um) was successfully fabricated via vacuum hot pressing by consolidating colloidally
processed ZnS powders mixed with commercially sourced Cr2S3 powders. The Cr**:ZnS
ceramics were determined to be primarily composed of cubic ZnS sphalerite phase, with
hexagonal ZnS wurtzite as a minor phase. It was demonstrated that the well-dispersed and
homogenous morphology of the raw powders combined with the effects of VHP led to
highly effective consolidation of the Cr**:ZnS powders into high-transparency ceramics.

infrared absorption analysis demonstrated that Cr** ions were incorporated into the ZnS
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lattice, and the concentration of Cr*" in the VHP-sintered Cr**:ZnS ceramic was estimated
to be 1.8:10'® ¢cm?. Characterization of the infrared photoluminescence emission and
kinetics of the VHP-sintered ceramic revealed the corresponding >E— T2 characteristic
bands of Cr** in ZnS, and further confirmed the existence of tetrahedrally coordinated Cr**
within the ZnS host lattice. Further studies focused on decreasing scattering effects in
VHP-sintered Cr?*:ZnS are required to improve the optical performance of the material to

increase its suitability for mid-infrared laser applications.
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IV. SYNTHESIS AND CHARACTERIZATION OF CaLa;S4
NANOPOWDER

A. Introduction

Due to its favorable optical performance and mechanical properties, CalLaxS4 (CLS)
crystallizing in the cubic ThsPs4 crystal structure, has been extensively studied as a
promising candidate for infrared optical ceramics.’*!>* Since the 1980s, researchers have
developed various methods to synthesize CLS powders. It has been reported that the CLS
synthesis procedures employ different preparation routes, including evaporative
decomposition of solutions, alkoxide method, carbonates coprecipitation, and mixed oxide
methods, to prepare CLS precursors, which is typically followed by high-temperature
sulfurization in a sulfur-containing atmosphere of H2S or CS, for long time periods.!>173
175,181,183,185-187.189 [ hag been reported that optical-quality CLS powders can be synthesized
via an alkoxide method followed by the sulfurization of precursors at high temperature in
an atmosphere of H2S or CS2.!73-175183 Alternately, by adopting a carbonate precipitation
route, M. Tsai et al. fabricated CLS powders via CS: sulfurization, and subsequently
investigated the influence of varying the Ca/La stoichiometric ratio on the phase
composition of the CLS powders.!8:185-187 W White et al. developed an evaporative
decomposition of solution (EDS) route for producing CLS, consisting of spraying an
aqueous solution of Ca and La nitrates into a hot furnace and heating the resulting oxide
powder in flowing H2S.'®> Through flame spray pyrolysis of calcium and lanthanum
nitrates, followed by sulfurization at elevated temperatures in HaS, researchers from the
Office of Naval Research have developed another method to fabricate CLS powders with
large BET specific surface area and high purity.'*® In addition, single-phase CLS powders
have recently been successfully prepared, by a novel solution-based combustion method
with a La/Ca molar ratio of 2.7 for the starting La/Ca nitrates, followed by sulfurization in
HaS at 1000 °C. In summary, the previously investigated CLS synthesis procedures have
mainly employed different methods to prepare the calcium lanthanum precursors, followed
by sulfurization at elevated temperatures in an atmosphere of CS: or H2S. However,

sulfurization is a very slow and time-consuming process, which requires the use of highly
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toxic and flammable gases such as CS2 and HaS, rendering it a costly and environmentally
harmful route for synthesizing CLS.

In contrast, wet chemistry methods have been employed to synthesize high-quality
metal sulfide nanomaterials with controllable morphologies and sizes over the past
years.®%2%1 The application of wet chemistry methods can allow for direct wet chemical
precipitation or pyrolysis of the sulfur-containing precursors in protective atmospheres,
either of which suggests the potential for the synthesis of sulfide materials without high-
temperature sulfurization. Different sulfur sources and sulfur-containing precursors, such
as organometallic compounds, dithiocarbamate salts, trithiocarbonate salts, xanthate salts,
and metal dialkyldithiophosphates have been employed to chelate metal ions with sulfur
ions during wet chemical processes, with the corresponding sulfides subsequently obtained
by pyrolysis of the precursors.?®? However, few studies have reported the synthesis of CLS
through the use of a wet chemistry method followed by thermal decomposition.

In this chapter, two general processing routes were employed in an attempt to
synthesize CLS powders: the high-temperature sulfurization (in an atmosphere of CS2/Ar)
of oxygen-containing precursors produced by wet chemistry processing, and the thermal
decomposition (in an atmosphere of Ar) of sulfur-containing precursor materials prepared
via wet chemistry methods. The phase composition, crystallization behavior, and
microstructural features of the heat-treated precursors were investigated and observed in
order to unveil the reaction mechanisms associated with different employed synthesis
routes, chelating agents, and sulfur sources. Spectroscopic characterizations were also
performed to correlate the optical properties with the microstructural, morphological, and
phase composition characteristics of the resulting oxysulfate, oxysulfide, and sulfide

product materials.

B. Experimental Procedures

All the chemicals employed in this study were of analytical grade and were used as
received without any purification. For the first approach with high-temperature
sulfurization, oxygen-containing precursors were first synthesized via different wet
chemistry routes, including coprecipitation, carbonate precipitation, and combustion.

Figure 28 shows the schematic of the synthesis process via wet chemistry methods and
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subsequent sulfurization. 2.5 mmol calcium nitrate tetrahydrate (Ca(NO3)2:4H20, 99%,
Alfa Aesar) and 5 mmol lanthanum nitrate hexahydrate (La(NO3)3-6H20, 99.9%, Alfa
Aesar) were first dissolved in separate 100 ml deionized (DI) water (Millipore Automatic
Sanitization Module), respectively. Next, the aqueous solutions of calcium and lanthanum
nitrates were mixed by vigorous stirring. For the coprecipitation method, 7.5 mmol
ethylenediaminetetraacetic acid (EDTA, ACS reagent, 99.4-100.6%, Sigma-Aldrich) was
added to 100 ml DI water, with ammonium hydroxide (NH4(OH), ACS reagent, 28.0-
30.0% NH3 basis, Sigma-Aldrich) subsequently added to change the pH value to 9-10, in
order to dissolve the EDTA. The EDTA solution was then added dropwise into the mixed
solution of lanthanum and calcium nitrates under stirring, yielding white precipitates. After
1 hour of reaction, the precipitates were washed and centrifuged (Allegra X-12 Centrifuge,
Beckman Coulter) three times with DI water and anhydrous ethanol (Reagent alcohol,
100%, Decon), and then dried in air at 55 °C for 24 hours. For the carbonate precipitation
method, 7.5 mmol ammonium carbonate ((NH4)2COs, puriss., meets analytical
specification of NF, Ph. Franc., Sigma-Aldrich) was dissolved in 100 ml DI water.
Subsequently, the aqueous (NH4)2CO3 solution was added to the mixed solution of
lanthanum and calcium nitrates, under stirring. After 1 hour of reaction, the resulting white
precipitates were washed and centrifuged three times with DI water and anhydrous ethanol,
and then dried in air at 55 °C for 24 hours. For the combustion method, 7.5 mmol citric
acid (ACS reagent, > 99.5%, Sigma-Aldrich) was dissolved in 100 ml DI water. The citric
acid solution was then added to the mixed solution of lanthanum and calcium nitrates under
stirring, yielding a colorless and transparent solution. The solvent in the solution was then
evaporated by heating on a hot plate at approximately 150 °C under vigorous stirring, until
a sol (cation-polymer complex) was formed. The temperature was then elevated to
approximately 300 °C to initiate the combustion reaction. For all three of the
aforementioned wet chemistry methods, the resulting precursor materials were then
calcined in a muffle oven at 600 °C for 2 hours in air. Finally, the heat-treated precursors

were sulfurized in a CS2/Ar atmosphere at 1000 °C for 8 hours.
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Figure 28. Schematic of the synthesis process via wet chemistry methods and
subsequent sulfurization.

For the second method, the thermal decomposition/non-sulfurization approach,
two wet chemistry methods, including wet-chemical precipitation and single-source
precursor method, were applied to synthesize the sulfur-containing precursor for
subsequent thermal decomposition. Figure 29 displays the schematic of the synthesis

process via wet chemistry methods and subsequent thermal decomposition.
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Figure 29. Schematic of the synthesis process via wet chemistry methods and
subsequent thermal decomposition of sulfur-containing precursors.

For the wet chemical precipitation, 2.5 mmol calcium chloride dihydrate
(CaCl2:2H20, 99%, Alfa Aesar) and 5 mmol lanthanum chloride heptahydrate
(LaCl3-7H20, 99%, Alfa Aesar) were first dissolved in separate 100 ml volumes of
anhydrous ethanol (Reagent alcohol, 100%, Decon), respectively. The alcoholic solutions
of calcium and lanthanum chlorides were then mixed together by vigorous stirring. Four
different reagents, thioacetamide (TAA), thiourea, sodium sulfide (Na2S), and ammonium
sulfide ((NH4)2S) were employed as sulfur sources. 10 mmol TAA (>99.0%, Sigma
Aldrich) was first dissolved in 100 ml anhydrous ethanol. The same solution preparation
procedure was employed with 10 mmol thiourea (ACS reagent, >99.0%, Sigma Aldrich),
10 mmol sodium sulfide nonahydrate (Na2S-9H20, ACS reagent, >98.0%, Sigma Aldrich),
and 10 mmol (NH4)2S (20 wt. % in H20, Sigma-Aldrich). Ammonium hydroxide was
subsequently added to the TAA and thiourea solutions to adjust the pH value to 9-10. Next,
the mixed solution of calcium and lanthanum chlorides was added dropwise to each
solution of sulfur source, while being stirred and yielding precipitates that were washed

and centrifuged three times with anhydrous ethanol, and then dried in air at 55 °C for 24
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hours. Finally, the dried precursors were heat treated at 1000 °C for 5 hours in flowing
argon to achieve thermal decomposition.

For the single-source precursor method, 20 mmol sodium diethyldithiocarbamate
trihydrate (Na(Ddtc)-3H20, Sigma-Aldrich) and 20 mmol 1,10-phenanthroline trihydrate
((Phen)-3H20, > 99%, Sigma-Aldrich) were first dissolved in separate 100 mL anhydrous
ethanol (Reagent alcohol, 100%, Decon), respectively. The alcoholic solutions of Na(Ddtc)
and Phen were then mixed by vigorous stirring. In addition, 5 mmol lanthanum chloride
heptahydrate (LaCls-7H20, 99%, Alfa Aesar) and 2.5 mmol calcium chloride dihydrate
(CaCl2-2H20, 99%, Alfa Aesar) were also dissolved in separate 100 ml anhydrous ethanol,
respectively. Next, the lanthanum and calcium chlorides solutions were added dropwise
into the mixed solution of Na(Ddtc) and Phen, while being stirred and yielding a yellowish
solution. Thioglycolic acid (TGA, > 98%, Sigma-Aldrich) of 2 mL was dissolved into 10
mL of anhydrous ethanol, and then added into the previously mixed yellowish alcoholic
solution as a capping agent. After 1 hour of reaction, the resulting yellow precipitates were
washed and centrifuged (Allegra X-12 Centrifuge, Beckman Coulter) several times with
anhydrous ethanol and then dried in air at 55 °C for 24 hours. Finally, the dried precursor
material was heat treated at 1000 °C for 5 hours in flowing argon to achieve thermal
decomposition and reaction.

The phase compositions of the sulfurized and thermally decomposed precursors
were determined using XRD with Cu Ka (A= 0.154 nm) radiation (Bruker D2 PHASER)
operated at a voltage of 30 kV and current of 10 mA. Measurement conditions of 0.03 °26
step size and 0.2 s count time were employed over a measurement range of 10-75 °26. MDI
Jade 9 integrated with ICDD database was employed for phase composition analysis. The
morphological and microstructural features of the as-synthesized precursors and heat-
treated precursors were investigated by SEM (FEI Quanta 200) with an acceleration
voltage of 20 kV and TEM (JEOL 2100F) with an acceleration voltage at 200 kV. A Tristar
IT 3020 system (Micromeritics) was employed to measure the surface area and adsorption-
desorption curve of the synthesized CLS powder using BET and Barrett-Joyner-Halenda
(BJH) methods, respectively. The powder was degassed at 25 °C for 10 min and at 150 °C
for 1 hour prior to the measurement. Thermogravimetry (TG) and differential thermal

analysis (DTA) (SDT Q600, TA Instruments) were conducted in a nitrogen (N2)
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atmosphere at a heating rate of 10 °C/min from room temperature to 1100 °C, with a-Al203
as reference. The band gap of the materials was determined using an ultraviolet-visible
(UV-Vis) spectrophotometer (Perkin-Elmer Lambda 900) to measure UV-Vis diffuse
reflectance spectra, which were collected at 25 °C. FTIR (Nicolet 6700, Thermo Fisher)
was applied to obtain information regarding the functional groups present in the precursors.
Photoluminescence was investigated using photoluminescence spectra measurements

(Jobin Yvon Fluorolog-3, Horiba) collected at 25 °C with a xenon lamp as the light source.

C. Results and Discussion

1. Synthesis with High-Temperature Sulfurization

The SEM images of the as-synthesized oxygen-containing precursors obtained via
different wet chemistry routes are displayed in Figure 30. It is observed that the
coprecipitated precursor is composed of needle-like nanoparticles. The precursor
synthesized via coprecipitation exhibits the smallest particle size of all three samples,
which can be attributed to the dispersion effect of EDTA. The precursor fabricated via
carbonate precipitation is composed of micron-scale particles with a plate-like
morphology, while the combustion synthesis method generates the precursor with a
floccule-like morphology, which is likely due to the formation of a cation-polymer
complex resin. During the combustion synthesis, upon removal of excess water a solid
polymeric resin forms, consisting of metal atoms bonded through oxygen to organic
radicals, thus interconnecting the reactive species. It is readily apparent that the different
synthesis methods and chelating agents generate precursors with significantly different

morphologies and microstructures.
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Figure 30. SEM images of the as-synthesized precursors obtained via various
wet chemistry routes: (a) coprecipitation, (b) carbonate precipitation, and (c)
combustion.

Figure 31 displays the SEM images of the sulfurized CLS precursors processed via
different wet chemistry routes. It can be observed that all three samples consist of micron-
scale and submicron-scale agglomerates, which undergo growth during high-temperature
sulfurization. For the precursors synthesized via coprecipitation and carbonate
precipitation, the morphologies remain almost unchanged after sulfurization, while the
morphology of the sample synthesized via the combustion method changes from floccule-
like to particle-like after sulfurization. During the sulfurization process, the polymeric resin
is broken down by thermal decomposition of the polymers that compose the resin, which

in turn leads to the transformation from floccules to particles.

Figure 31. SEM images of the CLS precursors synthesized via various wet
chemistry routes after sulfurization in a CS2/Ar atmosphere at 1000 °C for
8 hours: (a) coprecipitation, (b) carbonate precipitation, and (c) combustion.

In order to investigate the feasibility of using the employed methods to effectively

synthesize CLS powders, XRD was used to determine the phase compositions of the
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sulfurized CLS precursors. Figure 32 shows the XRD patterns of the CLS precursors
sulfurized in a CS2/Ar atmosphere at 1000 °C for 8 hours. Analysis of the patterns reveals
that all three samples are mainly composed of the cubic Th3P4 CLS phase (ICDD card no.
00-29-0339, I 4 3d, a=8.6830 A). Thus, it is concluded that the high-temperature
sulfurization of the wet chemistry-processed precursors is effective in preparing CLS
powders. For the precursor synthesized via carbonate precipitation, a small amount of CaS
impurity phase is detected in the sample, which may be due to insufficient reaction during
the carbonate precipitation process. Compared with the diffraction peaks of the as-
synthesized precursor powders, the peaks of the sulfurized precursors are sharper and
exhibit higher intensities, indicative of both crystallization and crystallite growth during

the high-sulfurization treatments.
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Figure 32. XRD patterns of the CLS precursors sulfurized at 1000 °C in a
CS2/Ar atmosphere for 8 hours.

The elemental composition of select areas of the sulfurized CLS precursors
synthesized via different routes is shown in the EDS spectra in Figure 33. For each sample,
six areas were selected for measurements, and it was found that the six spectra for each
sample are similar, indicative of relative elemental homogeneity throughout the sulfurized

precursors. The presence of the primary elements (Ca, La and S) expected in CLS is
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revealed by the EDS measurements. The presence of oxygen can be attributed to oxygen
attached to the pores and surfaces of the sulfurized CLS precursors. The presence of a
significant carbon peak indicates that some residual carbon, likely from the CS»-
sulfurization process, persists in the samples. It is important to note that, based on the peak
intensities corresponding to Ca, La, and S, only the sulfurized CLS precursor processed via
the combustion method exhibits a Ca/La/S stoichiometric ratio close to the expected
theoretical value of CLS. Thus, the combustion method with citric acid as chelating agent
is demonstrated to be the most effective method to obtain stoichiometric CLS. The other
two samples are observed to be Ca-deficient, which is likely due to the difference in the
ability of the chelating agents to bind Ca and La ions during wet chemistry synthesis. Due
to the high similarity of the crystal structures of CLS and LaxS3, the XRD patterns of the
two materials are nearly identical, and the non-stoichiometric and Ca-deficient CLS
fabricated in this study can alternately be considered to be Ca-doped LaxSs3, where Ca ions

are doped to stabilize the cubic ThsPa structure of LaxS3. (CaxLa2S4x, 0<x<1).
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Figure 33. EDS spectra of the CLS precursors synthesized via varying wet
chemistry routes after sulfurization in a CS2/Ar atmosphere at 1000 °C for
8 hours: (a) coprecipitation, (b) carbonate precipitation, and (c) combustion.

Figure 34 (a) displays the UV-Vis spectra (300-700 nm) of the sulfurized CLS
precursors in terms of absorbance versus wavelength. In this plot, the measured diffuse
reflectance is converted to absorbance, and is shown along the y-axis. In order to determine
the direct band gap of the obtained CLS powders, the curve can be replotted based on the

equation for the Tauc relation, shown as follows: 2%

(ahv)" = A(hv—E,,) (6)
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where A4 is a constant and the band gap of the studied material is denoted as Egn. The
exponent m depends upon the specific type of transition in which an electron is excited to
the conduction band: m may have values of 1/3, 2/3, 1/2 and 2, corresponding to the
forbidden indirect, forbidden direct, allowed indirect and allowed direct transitions,
respectively. The Tauc plots of the sulfurized precursors are shown in Figure 34 (b). An
absorption energy can be determined by extrapolating the value of Av to a=0, which
corresponds to the band gap energy Erg. The band gap energies of the sulfurized precursors
are estimated to be 2.04, 2.53 and 2.87 eV for the samples processed via coprecipitation,
carbonate precipitation, and combustion, respectively. According to the aforementioned
XRD and EDS results, the sulfurized precursor synthesized via the combustion method
exhibits a stoichiometric CLS phase, while the sulfurized precursors synthesized via
coprecipitation and carbonate precipitation are non-stoichiometric CLS, or Ca-doped
LaxSs. It has previously been reported that the theoretical band gaps of La>S3 and CLS are
2.00 and 2.70 eV, respectively. Here, it is revealed that the prepared CLS and Ca-doped
LaxS3 powders both have higher band gaps than predicted theoretically (2.70 eV for CLS
and 2.00 eV for LaxS3). This phenomenon is attributed to the nanometric scale of the
crystallites composing the precursor agglomerates, which produces a pronounced quantum
size confinement effect that leads to the apparent band gap enhancement in Ca-doped LaxSs3

and CLS.
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Figure 34. (a) UV-Vis absorption spectra and (b) Tauc plots of the sulfurized
CLS precursors, with the UV-Vis diffuse reflectance spectra collected at
25 °C.

2. Synthesis without High-Temperature Sulfurization

Figure 35 shows the SEM images of the CLS precursors synthesized via wet
chemical precipitation using different sulfur sources. It can be observed that all the
synthesized precursors are composed of agglomerates of small nanoparticles, with the
agglomerates exhibiting relatively similar morphology in all four samples. Figure 36
displays the SEM images of the precursors after thermal decomposition in an Ar
atmosphere at 1000 °C for 5 hours. All the agglomerates experience apparent particle
growth during heat treatment, but the thermally decomposed precursors have smaller

particle sizes, compared with the sulfurized precursors. It is also observed that some
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neckings have formed between particles in the samples processed using TAA and thiourea,

which is likely due to the onset of sintering at high temperature.

Figure 35. SEM images of the CLS precursors synthesized via wet chemical
precipitation, using (a) TAA, (b) thiourea, (c) (NH4)2S, and (d) NazS as sulfur
sources.

91



Figure 36. SEM images of the precursors synthesized via wet chemical
precipitation after thermal decomposition in an Ar atmosphere at 1000 °C for
5 hours; using (a) TAA, (b) thiourea, (c) (NH4)2S, and (d) NazS as sulfur
sources.

Phase composition analysis was performed to investigate the feasibility of using the
employed synthesis routes to fabricate CLS. Figure 37 shows the XRD patterns of the CLS
precursors synthesized via wet chemistry precipitation after thermal decomposition in an
Ar atmosphere at 1000 °C for 5 hours. Analysis of the patterns reveals that the use of
different sulfur sources lead to different product phases after thermal decomposition. For
the samples using TAA and (NHa4)2S as sulfur sources, the primary resulting phase is
La202(SO4) (ICDD card no. 00-016-0501, P4/mmm, a=6.882 A, ¢c=12.300 A). For the
precursor synthesized using thiourea, the main phase is La2O3 (ICDD card no. 01-01056-
0602, P3m1, a=3.037 A, c= 6.130 A), while for the precursor synthesized using Na2S as
sulfur source, the resulting main phase is La202S (ICDD card no. 04-001-7885, P3 1m,
a=4.052 A, ¢c=6.942 A). It is revealed that the thermal decomposition of various CLS
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precursors tends to generate oxides, oxysulfides, or oxysulfates as resulting main phases,
rather than the ThsP4 phase of CLS. In addition, some minor peaks present in the XRD
patterns of the thermally decomposed precursor products indicate the presence of CaSOs.
According to the Hard-Soft-Acid-Base theory,?** the La®" and Ca®' ions are hard acid
species, and thus have a tendency to react faster and form stronger bonds with O*, a hard
base, compared with S*, a soft base. Thus, to effectively synthesize the ternary sulfide
CLS, it is essential for the employed sulfur sources or chelating agents to have strong
chelating ability, not only to bond La with Ca, but also to bond La/Ca complexes with S.
The presence of oxygen-containing phases, and the segregation of La and Ca-containing
phases can likely be attributed to the weak chelating ability of the employed sulfur
sources/chelating agents to bind La and Ca ions together, and to bind La and Ca with S
ions, during the wet chemistry precipitation process. This in turn leads to large
inhomogeneities in the as-synthesized precursors and prevents the materials from forming

the desired CLS phase upon high-temperature sulfurization.
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Figure 37. XRD patterns of the CLS precursors after thermal decomposition
in an Ar atmosphere at 1000 °C for 5 hours.

Figure 38 displays the FTIR spectra of the precursors synthesized via wet chemical
precipitation using different sulfur sources. The FTIR spectra show similar trends in the

samples synthesized using NazS and (NH4)2S. However, more absorption peaks are present
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in the FTIR spectra of the precursors synthesized using TAA and thiourea, indicating the
presence of more functional groups. Specifically, the broad absorption peaks in the 2900-

3700 cm™! range and at ~1630 cm’!

correspond to the v3 asymmetric and vi symmetric
stretching and bending modes of H20. The strong absorption peaks at 1380-1590 cm™ are
due to the C=0 stretching modes of carbonate groups. The absorption bands at 520-720
cm! and 1000-1250 cm™! are attributed to the S-O vibrational bands of sulfate species.'®3
For the samples synthesized using TAA and thiourea, the absorption bands at 2350-2850
cm’! correspond to the C=S and N-H stretching modes within the polymers composing the

samples.
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Figure 38. FTIR spectra of the precursors synthesized via wet chemical
precipitation using different sulfur sources.

The TG/DTA curves of the precursors synthesized via wet chemical precipitation
using different sulfur sources are shown in Figure 39, which illustrate the thermal behavior
of the precursors during heat treatment. All the precursors experience weight loss with
increasing temperature up to 1000 °C, with a maximum weight loss of ~80 % observed for
the sample synthesized using thiourea. The broad exothermic peak accompanied by rapid
weight loss over the entire temperature range corresponds to the thermal decomposition of
polymers and raw materials in the samples. In the low temperature range below 400 °C,

the present small endothermic peaks may be due to the release of water of hydration. As
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temperature increases, the rate of weight loss gradually decreases. A number of
endothermic peaks are present in the 400-1000 °C temperature range, which correspond to

the formation of the oxide, oxysulfide and oxysulfate species identified previously by
XRD.
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Figure 39. TG/DTA curves of the precursors synthesized via wet chemical
precipitation, using (a) TAA, (b) thiourea, (c) (NHa4)2S, and (d) NazS as sulfur
sources.

The product prepared via single-source precursor method followed by subsequent
thermal decomposition was also characterized and investigated. Figure 40 shows the XRD
pattern of the CLS precursor material after thermal decomposition and reaction at 1000 °C.
The material is mostly single phase, with the main phase indexed to cubic calcium
lanthanum sulfide (ICDD card no. 00-29-0339, 143d, a = 8.6830 A). Through Rietveld
refinement, the lattice parameter of the material is refined to be 8.6814 A, which is very
close to the standard PDF card data. In addition, it should be noted that some minor peaks

exist in the XRD pattern, which correspond to residual carbon remaining in the powder
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after thermal decomposition. The fact that the main phase of the powder is cubic CLS
demonstrates that the route applied in this research is a feasible method to prepare CLS
without the use of any long sulfurization treatments using sulfur-containing gases. It also
suggests that Na(Ddtc) and Phen are effective at chelating the La and Ca ions with sulfur
ions during wet chemical precipitation, with the schematic of the reaction is displayed in
Figure 41. The effective chelation of the Ca, La, and S ions allows for the ternary sulfide
CLS to be obtained using subsequent thermal decomposition and reaction of the precursor
material. Due to the relatively high temperature at which the thermal decomposition and
reaction is performed, the material experiences particle growth, and as such the crystallite
size of the reaction products is relatively high, apparent as the narrow peaks observed in

the XRD pattern in Figure 40.
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Figure 40. XRD pattern of the synthesized CLS powder after thermal
decomposition at 1000 °C for 5 hours in flowing argon.
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Figure 41. Schematic of the reaction to synthesize CLS via a wet chemistry
method followed by thermal decomposition.

The TG/DTA curves of the CLS precursor material obtained via the wet chemistry
route are displayed in Figure 42, which illustrates the various thermal reactions that the
material goes through during the heat treatment in Ar. In the temperature range between
room temperature and 400 °C, the broad exothermic peak accompanied by >50% weight
loss corresponds to the rapid thermal decomposition of the polymers in the precursor. The
two endothermic peaks in this range are likely due to the release of the waters of hydration
from the hydrated nitrate raw materials used in the precursor. As temperature increases, the
precursor material’s rate of weight loss decreases. The weight loss of the CLS precursor
becomes approximately stable with a total weight loss of 79%, at the final temperature of
1000 °C, with an endothermic peak at 1000 °C corresponding to the formation of CLS. The
TG/DTA curves shown here provide a basic reference for the thermal decomposition

profile of the precursor to synthesize CLS.
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Figure 42. TG/DTA curves of the CLS precursors synthesized via the wet
chemistry method.

The SEM image displayed in Figure 43 (a) shows that the CLS powder obtained by
thermal decomposition of the precursor consists of inhomogeneous submicron-sized
agglomerates of particles. It is further suggested by TEM (Figure 43 (b)) that the CLS
particles are nanoscale, with an approximate average particle size of ~50 nm. Detailed
observations of the powder reveal neckings between adjacent particles, which can be
attributed to the powder beginning to sinter at the relatively high heat treatment
temperature. In addition, EDS measurements of the powder (shown in Figure 43 (c)) reveal
the presence of the main cations and anions expected in CLS. The oxygen peak is due to
the oxygen attached to the pores and surface of the CLS powder. The presence of carbon
indicates that some carbon species survive the thermal decomposition heat treatment of the
CLS precursor. The powder needs to be further purified to remove carbon impurities for

infrared optical ceramic applications.
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Figure 43. (a) SEM image, (b) TEM image, and (c) EDS spectrum of the CLS
powder synthesized via a wet chemistry method followed by thermal
decomposition.

Figure 44 (a) presents the N2 adsorption-desorption isotherm curve of the
synthesized CLS powder measured using the BJH method. The hysteresis loop shown in
this typical irreversible type IV thermo curve is due to pore condensation,?®® suggesting the
presence of mesopores within the CLS powder, which are believed to form primarily
during the thermal decomposition of the CLS precursor. It is of interest to notice that no
mesopores are shown in the particles in the TEM image. However, from the agglomerates
observed in the SEM micrograph, we assume that the mesopores are due to interspaces
within the small nano-sized particles during the process of particles’ stackings and
agglomerations. The BET specific surface area of the sample was measured to be

75.82+0.26 m?/g, which is attributed to the submicron-scale agglomerates of the
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nanoparticles, in combination with the effect of the mesopores. The pore size distribution
curve displayed in Figure 44 (b) indicates that the sample has a narrow pore size
distribution approximately at 23 nm, which also supports the notion that extensive

mesopores exist within the sample.
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Figure 44. Adsorption-desorption isotherm curve (a) and pore size
distribution curve (b) of the synthesized CLS powder.

The UV-Vis spectrum of the synthesized CLS powder is shown in terms of
absorbance versus wavelength in Figure 45 (a). The measured diffuse reflectance is

converted to absorbance in this plot. The maximum wavelength required to promote an
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electron to the conduction band of the material is dependent on the material’s band gap,
and was estimated from the curve to be 429 nm. To determine the direct band gap of the
CLS powder, the curve can be replotted based on the equation for the Tauc relation. Figure
45 (b) shows the Tauc plot of the synthesized CLS powder. An absorption energy can be
determined by extrapolating the value of 4v to a=0, which corresponds to the band gap
energy Egn. The band gap energy of the synthesized CLS powder is estimated to be 2.89
eV, higher than that measured for the bulk material (2.70 eV).!%%?%¢ The small crystallites
within the CLS powder result in quantum size confinement, which contributes to the

apparent band gap enhancement of the synthesized powder.
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Figure 45. (a) UV-Vis absorption spectrum and (b) Tauc plot of the
synthesized CLS powder, with the UV-Vis spectrum collected at 25 °C.
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Figure 46 shows the photoluminescence emission spectrum (excitation wavelength:
365 nm) of the synthesized CLS powder measured with a xenon lamp as the light source.
It was reported that the characteristic Mn*>" peak, which originated from Mn impurities in
the CaS impurity phase present in CLS, was observed in the photoluminescence spectra of
CLS powder.!”! However, there are no such impurity peaks in the spectra measured in this
study, likely due to the difference in the employed processing routes. Here, the sample
shows an emission peak at approximately 454 nm, which is assumed to be due to the near-
band-edge photoluminescence of the CLS semiconductor. It should be noted that the
photoluminescence emission wavelength has a redshift compared with the estimated
wavelength required for electron promotion through light absorption, as determined
through UV-Vis spectroscopy (shown in Figure 45 (a)), which suggests that the emitted
photon energy is lower than the absorbed photon energy. The energy degradation here can
be ascribed to the Stokes shift in energy (Astokes), Which in semiconductors is attributed to
the participation of phonons in the relaxation process.?¢” In addition, it is believed that some
sulfur defects are formed during the thermal decomposition process which forms the CLS
powder. According to the semiquantitative analysis based on EDS spectra measured in
different areas of the powder, we find that sulfur has an apparent deficiency compared with
the supposed value in the stoichiometry of CLS. Furthermore, it has also been reported that
sulfur losses and deficiencies were detected during hot pressing of CLS ceramics in
vacuum and argon.'6>1¢7 Thus, the broad peaks at 474 nm and 532 nm are assumed be due
to the recombinations of electrons from conduction band and sulfur vacancy with holes in

elemental sulfur species on surface, respectively.?6®
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Figure 46. Photoluminescence emission spectrum of the synthesized CLS
powder measured under excitation at a wavelength of 365 nm at 25 °C.

D. Conclusions

In the current study, two processing routes were applied in an attempt to synthesize
CLS: the wet chemistry processing of oxygen-containing precursors through
coprecipitation, carbonate precipitation, and combustion methods, followed by high-
temperature sulfurization in flowing CS2/Ar gas; and preparation of sulfur-containing
precursors via wet chemistry methods using different sulfur sources (TAA, thiourea,
(NH4)2S and NazS), followed by thermal decomposition in an Ar atmosphere. It was
revealed that the sulfurization of wet chemistry-processed precursors could lead to the
formation of CLS and Ca-doped La>S3 with the Th3P4 phase. The synthesized CLS and Ca-
doped La>S3; powders were observed to exhibit band gap enhancement due to the
nanometric size of the crystallites composing the powder agglomerates. It was
demonstrated that the sulfurization of precursors synthesized via the combustion method
is the most effective way to prepare stoichiometric CLS. In contrast, the approach involving
the thermal decomposition of sulfur-containing precursors resulted in the formation of
La203, La202S, and Lax02(S0s4), rather than CLS, which was attributed to the weak
chelating ability of the employed sulfur sources. It was further concluded that the optimum

route to synthesize CLS without sulfurization was through the application of a wet-

103



chemistry method using a combination Na(Ddtc) and Phen, followed by thermal
decomposition in an Ar atmosphere, due to the strong chelating ability of sulfur source and
chelating agent. It appeared that the synthesized CLS powder exhibited the quantum size
effect, which in turn led to band gap enhancement. Photoluminescence characterization
indicated that the CLS powder exhibited a near-band-edge photoluminescence emission

with a Stokes shift and two broad emission bands due to the sulfur defects.
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V. CONSOLIDATION OF CaLa>S4 INFRARED OPTICAL
CERAMICS

A. Introduction

The refractory ternary sulfide, CaLa2S4 (CLS), is considered to be a promising
candidate for infrared optical ceramics for applications in harsh environments, for its good
mechanical hardness and infrared transparency.’>!>>!56 The material has seen extensive
studies mainly focused on the preparation of CLS powders and the consolidation of CLS
ceramics. It has been reported that pure CLS powders can be conventionally synthesized
through high-temperature sulfurization of CLS precursors in H2S or CS2 atmosphere over
long time periods. Through hot pressing of synthesized CLS powders at 1346 °C, K. Lewis
et al. obtained CLS ceramics with 100% relative density, which were subsequently
subjected to an annealing treatment at 1100 °C in an Ar/H2S atmosphere, to compensate
for sulfur losses during sintering. They then examined the infrared transmittance properties
of the ceramics.!> Later, M. Tsai et al. applied hot pressing (at 1050-1150 °C) followed by
resulfurization to fabricate infrared optical CLS ceramics, and subsequently investigated
the influence of different La/Ca stoichiometric ratios on sintering behavior.'8¢:1%7
Furthermore, it was demonstrated that fully densified CLS ceramics with favorable optical
properties could be achieved by HIPing of CLS ceramics initially sintered to closed
porosity by hot pressing or by pressureless sintering in an Ha2S atmosphere. Through a study
of the effects of sulfurization and sintering temperature on alkoxide-method-processed
CLS powders, L. Wang et al. reported that 1400 °C was the most suitable and promising
pressureless sintering and HIPing temperature to obtain optimum infrared transmittance.!’*
In contrast, J. Savage et al. investigated the sintering of CLS powders processed via
evaporative decomposition of solutions, and suggested that infrared optical CLS ceramics
with a composition of Cao4sLai.1S2.1 could be fabricated by pressureless sintering followed
by HIPing, both at 1190 °C.'> Through investigation of the influence of three different
La/Ca stoichiometries (2.2, 2.7 and 3.3) on sintering properties, M. Hills and K. Saunders
revealed that CalLa2S4 ceramic the with a La/Ca ratio of 2.7, sintered in H2S at 1150 °C and
then HIPed at 990 °C in argon under 200 MPa, showed the best optical performance.>>'®’

In addition, W. White et al. proposed a two-stage consolidation process of hot pressing at
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1450 °C, followed by HIPing at 1400 °C to prepare CLS infrared optical ceramics.!'>
Researchers have also investigated the doping of PbLa>S4 and LaxS3, precursors' dispersion
characteristics, phase development, and sintering variables in order to provide insights into
ways to optimize the sinterability of CLS powder, and improve the optical properties of
the end ceramics.!6%17%:182.269

As a pressure-assisted and current-activated rapid sintering technique, FAST has
been extensively researched in recent years as a method to process various materials,
including metals, intermetallic compounds and ceramics. It has been shown that FAST can
reduce sintering time, lower sintering temperature, accelerate the rate of superplastic
deformation, and retard grain growth rates, all of which make it an effective and innovative
route for materials synthesis and consolidation.?*?’° There have been some studies focused
on field assisted sintering of sulfide-based materials, in the context of observing the
influence of FAST on microstructural features and functional properties of these materials.
J. Li et al. reported on the FAST consolidation of various sulfide polycrystals including
Bi2S3, SnS, and CuisS, and observed enhanced thermoelectric efficiency in the FAST-
processed materials.?’!?”* FAST has been also demonstrated to be a suitable and viable
route to fabricate electrochemically active sulfide electrodes for Li-ion battery
applications.?’>*’0 V. Zestrea et al. investigated field assisted sintering of the ternary sulfide
FeCr2S4, and revealed residual structural disorder in the samples consolidated by FAST.?”’
In addition, it has been reported that ZnS optical ceramics can be consolidated at reduced
temperatures, by applying FAST to both custom-synthesized and commercial ZnS
powders. 26133138 However, few studies have been performed concerning the grain growth
and densification behavior that occur during the field assisted sintering of CLS ceramics.

In this chapter, commercial CLS powders were sintered via FAST and hot pressing
at different temperatures. Microstructural features of the CLS ceramics sintered via
different sintering methods were compared. Through microstructural observations and
sintering curve measurements, the densification behavior and grain growth kinetics during
the sintering process were systematically investigated and discussed. In addition, the
optical and mechanical properties of the CLS ceramics were correlated with the

microstructural properties and densification of the ceramics.
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B. Experimental Procedures

Commercial CLS powders (Alfa Aesar, 99.9% (REO)) without any further
purification were used in this study. The as-received CLS powders were loaded into a
graphite die (I-85, Electrodes, Inc.) with a diameter of 18.75 mm, with graphite foils
(thickness of 0.13 mm, Alfa Aesar) placed on the top and bottom of the sample to separate
the sample from the graphite punches. An optical pyrometer was employed to measure the
temperature on the outside wall of the graphite die. The powders were consolidated at 850
°C, 900 °C, 950 °C, 1000 °C, 1050 °C and 1100 °C for 10 min under a uniaxial pressure of
50 MPa, at a heating rate of 50 °C/min, in a vacuum of 107 torr, under a direct current field
by FAST (HP D 25, FCT Systeme GmbH, Germany). After the dwelling process, the
sample was allowed to cool at an uncontrolled rate to room temperature, by immediately
shutting down the power supply. In order to make a comparison, the CLS powders were
also sintered via hot pressing in vacuum at 950 °C, 1050 °C, 1150 °C and 1200 °C under a
uniaxial pressure of 50 MPa for 2 h, at a heating rate of 5 °C/min with uncontrolled cooling
to room temperature. Figures 47 and 48 display the schematics of the unit configuration of

FAST and hot pressing, respectively.
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Figure 47. Schematic view of the FAST furnace configuration.
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Figure 48. Schematic view of the vacuum hot pressing furnace configuration.

The phase compositions of the CLS powders and consolidated ceramics were
measured with XRD with a CuKa (A= 0.154 nm) radiation (D2 PHASER, Bruker), at a
current of 10 mA and a voltage of 30 kV. Measurement conditions of 0.03 °20 step size
and 0.2 s count time were applied over a measurement range of 10-75 °26. Phase
identification analysis was performed by using MDI Jade 9 integrated with the ICDD
database. The morphological and microstructural features of the CLS powders and
ceramics were investigated by SEM (Quanta 200, FEI). The surfaces of the CLS ceramics
were observed after the ceramics were polished and thermally etched for 1 hour in an
atmosphere of CS2/Ar. Grain size analyses were performed by applying the line intercept
method on over 300 grains per sample. During the field assisted sintering process, the
height variation of the samples was recorded by the FAST instrumentation. The height
variation data were then calibrated by subtracting the dimension change associated with
the instrument. Archimedes’s method was adopted to measure the density of the sintered
CLS ceramics (theoretical density: 4.526 g/cm?).'®? FTIR (Nicolet 6700, Thermo Fisher)
was applied to measure the infrared transmittance of the polished CLS ceramics over a
wavelength range of 2.5-21 um. Vickers hardness measurements were performed on a
micro-hardness tester (HMV-200, Shimadzu) with a load of 0.05 kgf and a loading time of
10 s.
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C. Results and Discussion

The XRD pattern and SEM image of the commercial CLS powders employed in
this study are displayed in Figure 49. XRD analysis shows that the commercial powders
have the main phase indexed to the cubic calcium lanthanum sulfide (ICDD card no. 00-
29-0339, 143d, a = 8.6830 A). It is also noted that several weak diffraction peaks at 22-
23°,35° and 41.7° in the XRD pattern may correspond to 3-La2S3 (ICDD card no. 04-010-
1841, 141/acd, a=15.62 A, ¢ =20.62 A), and y-La2S3 ((La2S3)s.24, ICDD card no. 01-084-
0231,143d, a=28.692 A), which might be produced as impurity phases during the synthesis
process of the commercial CLS powder. As can be observed from the SEM micrograph,
the CLS powders are composed of submicron-sized and micron-sized agglomerates of CLS
particles. Figure 50 shows the XRD patterns of the raw CLS powders and CLS ceramic
samples sintered via FAST at different temperatures. All the ceramic samples are identified
via XRD analysis to contain the main phase as the cubic thorium phosphate-structured
phase of CLS. According to the Scherrer Equation,>’® peak broadening in XRD patterns
occurs as crystallite size decreases. Here, it is noted that the CLS ceramics have sharper
and narrower peaks than those of the raw CLS powders, which indicates grain growth
during the sintering process. In addition, due to grain growth, the samples sintered at higher

temperatures have narrower peaks than the ones sintered at lower temperatures.

5000 | (a) % # Cala,s,

4000 |

w
o
o
o

[\

o

o

o
L]

Intensity (Counts)

1000

i B RO E

1 —— — ——
10 20 30 40 50 60 70
Two-Theta (deg)

Figure 49. XRD pattern and SEM image of the commercial CLS powders
employed in this study.
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Figure 50. XRD patterns of the CLS ceramic samples sintered via FAST at
different temperatures for 10 min under a uniaxial pressure of 50 MPa.

Figure 51 exhibits the temperature dependence of piston speed and relative density
of the CLS ceramic sample sintered via FAST at 1200 °C for 10 min under a pressure of
50 MPa. The instantaneous relative density of the CLS ceramic during sintering can be

obtained by the equation:
Iy
D= (7)Df (7

where D is the instantaneous relative density, Dris the final relative density, 7 is the final
thickness, and T is the instantaneous thickness, which is obtained through the height
variation of the pressing piston recorded by the SPS equipment. Three sintering stages can
be identified from the densification curve. The initial stage occurs below 810 °C, where
limited shrinkage, rearrangement of the CLS particles, and initial neck formation occur.
During the intermediate stage over the temperature range between 810 °C and 940 °C, the
sample experiences considerable densification and shrinkage, reflected by a rapid increase
in relative density, with the highest densification rate occurring at approximately 8§90 °C.
In the intermediate stage, neck growth and grain boundary movement lead to grain growth
through consumption of adjacent grains and reduction of porosity. As temperature

increases above 940 °C, densification is gradually completed, with a small increase in
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relative density corresponding to the final removal of isolated porosity during the final
stage of sintering.'>*”” Based on the densification curve of the sample sintered at 1200 °C,
six different temperatures (850 °C, 900 °C, 950 °C, 1000 °C, 1050 °C and 1100 °C) were
chosen for the investigation of densification and grain growth of the CLS ceramics, while
applied uniaxial pressure and dwell time were held constant for all temperatures at 50 MPa

and 10 min, respectively.
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Figure 51. Densification curves as a function of temperature for the CLS
ceramics sintered via FAST at 1200 °C for 10 min under a uniaxial pressure
of 50 MPa.

Figure 52 shows SEM images of the thermally etched surfaces and relative densities
of the CLS ceramics sintered via FAST at different temperatures. It can be observed that
all the CLS ceramics are composed of grains ranging from submicron-scale to micron-
scale, with clear grain boundaries. The dependence of the samples’ average grain size on
sintering temperature is exhibited in Figure 53. As can be seen from the plot, the ceramics
experience limited grain growth over the temperature range of 850-950 °C, which
corresponds to the rapid densification stage, according to the sintering curve shown in
Figure 51. As temperature increases, the grains within the samples grow rapidly from

submicron-sized to micron-sized, while relative density increases only slightly, indicating
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that grain growth dominates between 950-1100 °C. In addition, it is important to note that
some residual isolated pores persist, and full densification still cannot be achieved by the
end of the sintering cycle, which suggests that further densification process such as HIP is

required to further improve the consolidation of the CLS ceramics.
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Figure 52. SEM images of the thermally etched surfaces and relative
densities (shown in the inset) of the CLS ceramics sintered via FAST at
different temperatures (850 °C, 900 °C, 950 °C, 1000 °C, 1050 °C and
1100 °C), under a uniaxial pressure of 50 MPa for 10 min.
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Figure 53. Temperature dependence of average grain size for ceramics
sintered via FAST under a uniaxial pressure of 50 MPa for 10 min.

To further investigate the densification mechanism of the CLS ceramics during
field assisted sintering, we applied the approach originally proposed by Bernard-Granger
and Guizard on discussion of the field-assisted sintering behaviors of A1203 and ZrQ».28%-281
During the sintering process, with or without an externally applied load, mass transport can
be considered as analogous to that which occurs in high-temperature creep.?$?2%3 Thus, the
FAST kinetics equation, which is assumed to be similar to that for hot pressing, can be
simplified from the general steady-state creep strain equation by neglecting small
thermodynamic driving forces.?**?%5 The modified FAST kinetics equation can be
expressed as:

14D _Beyb
D dt kT

ﬁ P O-cff n 8
(G) (,Ueff) (®)

where D is the instantaneous relative density, ¢ is time, B 1s a numerical constant, k is the

Boltzmann constant, ¢ is the diffusion coefficient, T is the absolute temperature, O, is

the instantaneous effective stress acting on the sample, {; is the instantaneous effective
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shear modulus of the sample, b is the Burgers vector, G is the grain size, p is the grain size
exponent, and 7 is the stress exponent.

Based on the work performed by Helle et al.,?% the effective stress can be expressed
as:

1-D,

O, =——"20 9
eff Dz(D_DO) mac ()

where O, .. is the macroscopic compaction pressure (50 MPa) applied to the CLS sample,

and Dy is the starting green density. In addition, by applying the correlation between

€]

theoretical and effective Young's moduli, the effective shear modulus 4, can be obtained

as follows:

E, D-D,
2(1+v,,) 1-D,

where En is the theoretical Young's modulus (96.0 GPa), and V,,; is the effective Poisson's

ratio (0.26).
Thus, Equation (8) can be modified to:

-0
1 1dD RT
L 1dp_ e

Uy D di T

2Ly (1)

where C, =% and is a constant (@ is the pre-exponential factor of the diffusion

coefficient ¢), R is the gas constant, and Qu is the activation energy of the mechanism

controlling densification.

According to the aforementioned results of the grain size analyses, the average
grain size changes little over the temperature range of 850-950 °C. It is thus assumed that
grain size is constant during sintering in this temperature range. With this assumption,

Equation (11) can be transformed to:

-0

I 1dD__ et

fy D dt T

Ly (12)
eff
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where C: is a constant. In order to obtain the value of n, assuming that Qs is the only one

constant, Equation (12) can be transformed into logarithmic form as:

O ..
1n(iid—D) =nln(—L)+C, (13)

Hy D dt o
where Cs is a constant for a certain temperature. At last, the n value can be obtained by
determining the slope of the relation formed by a plot of ln(Lid—D) against ln(ﬁ) .
o Hegy
Figure 54 (a) displays the densification curves of the CLS ceramics sintered via
FAST at 850 °C, 900 °C and 950 °C. For the samples sintered at lower temperatures (850
°C and 900 °C), the density is relatively low when the dwell temperature is reached, and
continues to increase to a much higher final density during the dwelling step. In contrast,
in the sample sintered at 950 °C, densification is nearly completed at the beginning of the

dwelling step, with only a limited density increase by the end of the dwelling step. Based

1 1dD
on the data shown in Figure 54 (a), the logarithmic forms of (—————) and (%) have

o D dt Moy

been plotted in Figure 54 (b). As can be observed from the results of fitting the relations in
this plot to determine n values for samples sintered at different temperatures, n is
approximately in the range of 1-2, which suggests that in the 850-950 °C temperature range,
densification is likely controlled by a mixture of mechanisms. Different values of the stress
exponent, n, correspond to different mechanisms controlling densification. It is known that
lattice or grain boundary diffusion is the main mechanism when 7 is equal to 1, while grain
boundary sliding is the main mechanism when 7 is equal to 2.!2% Thus, it is concluded
that in this case (in the temperature range of 850-950 °C), densification is likely controlled
by a combination of lattice or grain boundary diffusion, and grain boundary sliding. The
two mechanisms occur sequentially during the densification process, so that the slower
mechanism controls the densification rate. Since the diameter of the graphite die employed
in FAST is fixed, powder compaction occurs predominantly in the direction of the loaded
pressure. Thus, it is reasonable to consider that sliding of the grains over one another,
namely grain boundary sliding, is necessary to accommodate the diffusion-controlled

shape changes that occur during the intermediate and final stages of the field assisted
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sintering process.'” Additionally, further studies on lattice or grain boundary diffusion and
grain boundary sliding are required to provide supporting data to directly elucidate the

densification mechanism of CLS ceramics in detail.
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Figure 54. (a) Densification curves as a function of time for the CLS
ceramics sintered via FAST at 850 °C, 900 °C and 950 °C for 10 min under a
uniaxial pressure of 50 MPa (dashed lines indicate the beginning of the
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As mentioned previously, it is revealed that the CLS ceramics experience apparent
grain growth with limited densification over the temperature range of 950-1100 °C, based
on density data and grain size analyses. As such, it is possible to investigate the grain
growth kinetics by using the general grain growth equations for different atomistic

mechanisms, described as follows: 2%’

G'-G' =kt (14)

o7 (15)

where Gt and Gy are the grain sizes at time ¢ and ¢ = 0, respectively, m is the grain growth
exponent, ko is the pre-exponential constant of the diffusion coefficient, E. is the activation
energy for grain growth, T is the absolute temperature, and R is the gas constant.?®® Here,
Go 1s taken as the average grain size for the CLS sample sintered at 950 °C (0.60 pum).
Then, Equation (14) can be further transformed into logarithmic form (Arrhenius

plot) as:

e °>——— %+c (16)

. . . G' -Gy 1
where Cy is a constant. Both m and E. can be obtained by plotting m(f) against -
. Average grain sizes of the CLS ceramics sintered at 950 °C, 1000 °C, 1050 °C, and 1100

°C (as shown in Figure 53) are used for plotting to determine the grain growth mechanism.
Figure 55 shows the plot of 1n(—Gt ; G’") as a function of 1000/T for the CLS ceramics
sintered at temperatures ranging from 950-1100 °C. The value of the grain growth exponent
m is determined based on the fitting results of straight lines (obtained from the data at
different sintering temperatures), by introducing three different integral values of m into
the Equation (16). Here, the m value is determined to be 2, as it shows the best fitting to
the data. It is acknowledged that different integral values of m correspond to different
mechanisms controlling grain growth.!”?*” When m is equal to 2, grain growth is controlled

by grain boundary diffusion. When m equals 3, grain growth is controlled by lattice
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diffusion. When m is equal to 4, surface diffusion is the primary mechanism controlling
grain growth. Here, based on the determined m value, we conclude that grain boundary
diffusion is the mechanism controlling grain growth mechanism associated with field
assisted sintering of CLS ceramics, at temperatures between 950 °C and 1100 °C.'° Thus,
by calculating the slope of the straight line corresponding to m=2, the activation energy of

grain growth can be calculated to be 57.97 kJ/mol.
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Figure 55. Plot of hl(f) as a function of 1000/T for the CLS ceramics

sintered via FAST at 1000 °C, 1050 °C and 1100 °C for 10 min under a
uniaxial pressure of 50 MPa.

Meanwhile, CLS ceramics were also consolidated via hot pressing to compare grain
growth kinetics with the CLS ceramics sintered via FAST. Samples were hot-pressed at
temperatures of 950 °C, 1050 °C, 1150 °C and 1200 °C under a uniaxial pressure of 50 MPa
for 2 h, at a heating rate of 5 °C/min with uncontrolled cooling to room temperature. In
field assisted sintering, it has been reported that the actual temperature of sample within
the graphite die is higher than the temperature measured on the exterior wall of the graphite
die by optical pyrometer.?®® Thus, we chose samples sintered via hot pressing at

temperatures between 950 °C and 1200 °C for comparison. It should be noted that the phase
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composition analysis reveals that the all hot-pressed CLS ceramics also have the primary
phase as the cubic CLS, similar to the results of the samples sintered via FAST. Figure 56
shows SEM images of the thermally etched surfaces of the hot-pressed CLS ceramics.
Similar to samples sintered via FAST, the hot-pressed ceramics have some residual pores
as well. Figure 57 (a) shows the grain size variation with consolidation temperature. It is
interesting to note that the hot-pressed samples have smaller grain sizes at high
temperatures, compared with the samples sintered via FAST, which is contrary to the well-
acknowledged grain growth inhibition observed with FAST. It is assumed that a high defect
concentration is generated within the CLS grains by the rapid heating during the FAST
process. As proposed by Besson et al. and Murayama et al., rapid heating will induce an
increase in defect concentration, which will enhance the grain growth rate.?*>*! However,
a more comprehensive study is required to investigate the reason for the observed increase

in grain growth rate during field assisted sintering of CLS ceramics. Figure 57 (b) shows
the plot of ln(ﬂ) as a function of 1000/T for the CLS ceramics sintered via hot
pressing. In this case, average grain sizes of the CLS ceramics are used for plotting to
determine the m value. Gy is taken as the average grain size for the CLS sample sintered
via hot pressing at 950 °C (0.48 pum). Similarly, the m value is also determined to be 2,
which suggests that in this sintering temperature range of hot pressing, grain growth is
controlled by grain boundary diffusion, the same as in the field assisted sintering process
at 950-1100 °C. Thus, the activation energy of grain growth can be calculated to be 150.22
kJ/mol, which is much larger than that of the samples sintered via FAST, indicating that

the grain growth is more difficult to be activated in the hot-pressed CLS ceramics.
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Figure 56. SEM images of the thermally etched surfaces and relative
densities (shown in the inset) of the CLS ceramics sintered via hot pressing at
different temperatures (950 °C, 1050 °C, 1150 °C and 1200 °C) under a
uniaxial pressure of 50 MPa for 2 h.
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Figure 57. (a) Temperature dependence of the average grain size of the CLS
ceramics sintered via hot pressing under a uniaxial pressure of 50 MPa for

G -Gy . :
2 h. (b) Plot of ]n(f) as a function of 1000/T for the CLS ceramics

sintered via hot pressing at 1050 °C, 1150 °C and 1200 °C under a uniaxial
pressure of 50 MPa for 2 h.

Further investigation of the infrared optical transmittance of the CLS ceramics
sintered via FAST was performed by FTIR measurements and analysis. It is important to
note that the samples sintered at 1050 °C and 1100 °C exhibit dark black appearances,
which is attributed to a sulfur deficiency induced by high sintering temperatures. Thus, no
transmittance measurements are shown for these samples. In addition, the sample sintered

at 850 °C also exhibits very low infrared transmittance due to insufficient densification.
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Figure 58 displays the infrared optical transmittance spectra of the polished CLS ceramics
sintered at 900 °C, 950 °C and 1000 °C. It is observed that the CLS sample sintered at 1000
°C has the best optical performance, with a maximum transmittance of 48.1% at 9.2 um,
which is ascribed to higher densification and lower porosity than the other two samples, as
shown in Figure 52. Based on a comparison of spectra from sample measurement and
measurement of the ambient atmosphere, it is determined that the absorption peaks in the
3.2-4.2 um range are due to atmospheric absorptions, with the absorption band at 3.2 pm
attributed to water, and the peak at 4.2 um due to CO2."** The absorption peaks at 6.7 um
and 7.1 pm correspond to the C=0 stretching modes in residual carbonates.'*¥2°2 The minor
absorption bands at 9.0 um and 15.9 pum are assigned to v and v4 vibrational modes of

molecular SO4 complex species, respectively,!>*!88

which originate from oxygen traces
stabilizing the p-La2S3 (La10S140).'*® The absorption bands at 10.8 um and 18.4 pm are
attributed to vibrational modes of the molecular SO3 complex species. Specifically, the
broad peak at 10.8 um is due to the v3 mode, and the 18.4 um peak is ascribed to the v4
vibrational mode of SO3 species.!>® The presence of oxygen-containing species is assumed
to be due to oxygen adsorbed onto the surface of the raw CLS powder prior to sintering, or
the residual oxygen in chamber during the sintering process. In addition, small fractions of
oxygen-containing impurities within the original commercial powders, which can not be
detected by XRD due to the detection limit, may also contribute to the absorptions in the
transmittance spectra. It is important to note that the three measured CLS ceramics exhibit
brown appearances, which could be attributed to the carbon contamination from graphite
during sintering.'**?%* It is also noted that the CLS ceramics sintered via hot pressing have
the similar infrared optical transmittance (a maximum transmittance of 48.0% at 9.2 um
for the sample sintered at 1200 °C) relative to samples sintered via FAST. The relatively
inferior transmittance and apparent absorptions of the processed CLS ceramics
significantly limit their applications in infrared windows and domes. Further studies on the
densification enhancement and removal of impurities are necessary to improve the infrared

optical properties of the CLS ceramics.
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Figure 58. Infrared optical transmittance spectra of the polished CLS

ceramics (thickness: 0.8 mm) sintered at 900 °C, 950 °C and 1000 °C via
FAST, under a uniaxial pressure of 50 MPa for 10 min.

The Vickers hardnesses of the CLS ceramics sintered via FAST are shown in Table
IV. Vickers hardness (Hy) was calculated using Equation (17):

1.8544F

H, PE

(17)

where F is the indentation load and d is the measured mean diagonal of the indentation. It
is revealed that hardness increases with increasing sintering temperature from 850 °C to
1050 °C, due to the enhancement of densification,?****> as shown in Figure 52. However,
as the sintering temperature reaches 1100 °C, the hardness decreases sharply. It is assumed
that dislocations are reduced due to a decrease in net grain boundary volume associated
with the rapid increase of grain size within the CLS ceramics, which in turn leads to a

reduction in hardness.?®
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Table IV. Vickers Hardness Data for the CLS Ceramics Sintered via FAST at
850-1100 °C for 10 min under a Uniaxial Pressure of 50 MPa.

CLS Samples Vickers hardness (kgf/mm?)

850 °C 448.7 +£44.7
900 °C 466.3 £ 80.4
950 °C 493.0+61.3
1000 °C 535.3+£26.2
1050 °C 579.0 £30.0
1100 °C 480.3 £55.0

D. Conclusions

In summary, CLS ceramics with submicron-sized and micron-sized grains were
consolidated via FAST at 850-1100 °C and hot pressing at 950-1200 °C. Through phase
identification, all the consolidated CLS ceramics were confirmed to have the cubic thorium
phosphate-structured phase of CLS as the primary phase. Through microstructural and
sintering analyses based on previously established model, it was revealed that in the
temperature range of 850-950 °C, the densification of the CLS ceramics sintered via FAST
was controlled by a combination of lattice or grain boundary diffusion, and grain boundary
sliding, with grain boundary diffusion determined to be the main mechanism controlling
the grain growth between 950 °C and 1100 °C during FAST. The grain growth was
determined to be controlled by grain boundary diffusion, with the activation energy
calculated to be 57.97 kJ/mol and 150.22 kJ/mol, for samples sintered via FAST and hot
pressing, respectively. The CLS ceramic sintered via FAST at 1000 °C exhibited the
highest infrared transmittance of all measured samples, of 48.1% at 9.2 um, which might
be further improved through further densification and impurity removal. It was also shown
that the hardness of the CLS ceramics first increased with increasing sintering temperature,

and then decreased due to densification and grain growth, respectively.
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VI. PRESSURE-ASSISTED CONSOLIDATION OF ZnS-
CaLa>S4 COMPOSITE CERAMICS

A. Introduction

As an extensively researched binary sulfide semiconductor with a wide band gap,
ZnS has been widely applied, and is one of the most commonly used materials for infrared-
imaging systems (IR windows) in the wavelength range of 8-12 um."”’ As discussed
previously, despite their wide application in many fields, due to their intrinsically weak
chemical bonds and poor mechanical properties, ZnS infrared optical ceramics have low
durability and resistance to erosion caused by rain and sand exposure, which limits their
application as infrared windows and domes in harsh environments.'*® It is known that
composite ceramics have the potential to provide mechanical properties over those of
singe-phase materials through different hardening or strengthen mechanisms. Recently,
50vol% MgO-50vol% Y203 nanocomposite ceramics, sintered via various pressure-
assisted sintering routes using different types of lab-processed powders, have been
demonstrated to have superior mechanical properties than the two individual materials at
no expense of the infrared optical performance.!%>193:1%

Extensive attempts have been made to enhance the mechanical strength of ZnS
infrared optical ceramics by introducing a second phase with a similar refractive index and
better mechanical properties, to form composite materials. R. Raj et al. proposed that the
mechanical strength of ZnS could be improved through dispersion strengthening by
embedding diamond particles into ZnS ceramics via hot pressing.?>-2"7 In that case, a
combined shear mixing and freeze milling approach were found to be beneficial to
achieving an effective diamond dispersion and to preserving favorable optical
properties.?’* B. Dunn et al. investigated the equilibrium phase diagrams of ZnS-Ga»S3 and
ZnS-CdS, and then further developed hot-pressed ZnS-Ga:Ss (8-16 vol% of GaxSs)
composites with considerably higher fracture toughness and hardness than pure ZnS,
through solid-solution strengthening.?’!2%* M. Akinc's group applied different synthesis
routes, including flash pyrolysis and chemical vapor transport, to prepare ZnS-GaP
nanocomposites, and succeeded in fabricating ZnS-GaP composite ceramics with enhanced

mechanical properties through a combined cold isostatic pressing and HIPing approach.?!*-
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212 In addition, through uniform mixing of ZnS with CLS, J. Wahl et al. from Raytheon
Company managed to obtain layered ZnS-CLS nanocomposites by pressureless sintering,
followed by HIPing.?'* They also employed magnetron radio frequency sputtering to
generate nanocomposite coatings of ZnS-Y2S3 with improved hardness, for long-wave
infrared optical window and coating applications.?!® In addition to ZnS-based optical
materials,

With similar properties to ZnS, the refractory ternary sulfide CLS is also a desirable
candidate for infrared optical windows and domes. In comparison with ZnS, CLS has
superior mechanical strength, higher resistance to rain erosion, and a longer infrared
transmittance cut-off wavelength. CLS has been developed as an infrared window material
since the 1980s, as a promising material for applications in harsh environments.’%!%¢
Traditionally, ZnS and CLS infrared optical ceramics are consolidated by pressure-assisted
sintering techniques.|07-108126,127.133,137,138,141,142,156.,185

In this chapter, a study was performed to investigate the sintering, phase transition,
and mechanical hardness behaviors of ZnS-CLS ceramics processed via field assisted
sintering technique (FAST). Lab-processed homogeneous ZnS nanopowders were mixed
with commercial CLS powders via high-energy ball milling. The mixed ZnS-CLS powders
were subsequently consolidated by using FAST at different temperatures. Through
microstructural observations and sintering curve measurements, the sintering behavior of
the composite ceramics was investigated and discussed. The sphalerite-wurtzite phase
transition of the ZnS component of the ceramics was also studied by phase composition

analysis. Furthermore, the mechanical properties of the ZnS-CLS ceramics were correlated

with densification behavior and microstructural properties.

B. Experimental Procedures

ZnS powders were synthesized utilizing a facile colloidal processing route via
precipitation in a hot-cold water bath under acidic conditions, using zinc nitrate
hexahydrate (>99.0%, Sigma Aldrich) as the zinc source, and thioacetamide (TAA, Sigma
Aldrich, >99.0%) as the sulfur source, as reported in our previous research.!*’ The as-
synthesized ZnS powders were subsequently heat treated at 900 °C for 4h in flowing argon

in a tube furnace to remove impurities. Subsequently, commercial CLS powders (99.9%
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(REO), Alfa Aesar) were mixed with the processed ZnS powders in ethanol, in a volume
ratio of 50%:50% (0.5ZnS-0.5CLS) via high-energy planetary ball milling (Pulverisette 7,
Fritsch, Germany), at a speed of 500 rpm for 1 h, with a ball: powder weight ratio of 5:1.
The milling balls and jars were made of tungsten carbide. The ball-milled powders were
then dried and loaded into a graphite die (I-85, Electrodes, Inc.) with a diameter of 18.75
mm, with graphite foils (thickness of 0.13 mm, Alfa Aesar) placed on the top and bottom
of the sample to separate it from the graphite punches. An optical pyrometer was employed
to measure the temperature on the outside wall of the graphite die. The powders were
consolidated at 800 °C, 850 °C, 900 °C, 950 °C, 1000 °C, and 1050 °C for 20 min under a
uniaxial pressure of 100 MPa, at a heating rate of 50 °C/min, in a vacuum of 107 torr, under
a direct current field generated by a FAST apparatus (HP D 25, FCT Systeme GmbH,
Germany). An initial uniaxial pressure of 10 MPa was employed, and the loading pressure
was increased to 100 MPa at 450 °C and was maintained during the heating and dwelling
processes. After dwelling at temperatures for 20 min, the samples were allowed to cool at
an uncontrolled rate to room temperature and the pressure was released, by immediately
shutting down the power supply. Alternatively, the 0.5ZnS-0.5CLS powders were also
consolidated via vacuum hot pressing at 1000 °C, 1100 °C, 1200 °C, and 1300 °C for 2 h
under a uniaxial pressure of 100 MPa, at a heating rate of 5 °C/min.

The ZnS-CLS powders and ceramics were measured with XRD (D2 PHASER,
Bruker) equipped with a CuKa radiation, operated at a current of 10 mA and voltage of 30
kV, in order to characterize phase composition. Phase identification analyses were
performed using MDI Jade 9, integrated with the ICDD database. Diffraction peaks within
the measured XRD patterns of the powders were fit using the Pseudo-Voigt function
method in Topas profile and pattern analysis software (Bruker), in order to obtain the
values of full width at half maximum (FWHM). The National Institute of Standards and
Technology (NIST) standard reference material SRM660a LaBs was used to calibrate the
instrumental broadening. Rietveld refinement was also performed in Topas to
quantitatively determine the phase composition of the sintered ceramics. The
microstructure and morphology of the composite powders and ceramics were observed by
SEM (Quanta 200, FEI) at an acceleration voltage of 20 kV. The surfaces of the CLS

ceramics were observed after the ceramics were polished and thermally etched in an
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atmosphere of CS2/Ar for 1 hour, in order to expose grains and grain boundaries. Grain
size analyses were performed using NanoMeasurer 2.0 software, on over 300 grains per
sample. TEM (2100F, JEOL) was also utilized at an acceleration voltage of 200 kV to
investigate the ZnS phase transition in the composite ceramics. During the field assisted
sintering process, the variation in piston displacement and speed were recorded as a
function of time and temperature by the FAST instrumentation. The variation data were
then calibrated by subtracting the dimension change associated with the instrument.
Archimedes’s method was adopted to measure the densities of the sintered 0.5ZnS-0.5CLS
ceramics. The theoretical density of the composite ceramics was calculated based on the
phase composition of the materials. Vickers hardness measurements were performed on a
micro-hardness test apparatus (HMV-200, Shimadzu) with an applied load of 0.05 kgf and

loading time of 10 s.

C. Results and Discussion

Figure 59 shows SEM micrographs of the as-synthesized ZnS powders, commercial
CLS powders, heat-treated ZnS powders, and ball-milled 0.5ZnS-0.5CLS composite
powders employed in this study. It can be observed that the ZnS powders prepared by the
colloidal processing route exhibits homogeneously-arranged submicron-scale (100-200
nm) particles with spherical morphology and narrow particle size distribution. The use of
hot and cold water baths during the ZnS synthesis process is of significant importance to
achieve better control over particle growth. In contrast, the commercial CLS powders are
observed to be composed of inhomogeneous submicron-scale and micron-scale
agglomerates of CLS particles. Through the heat treatment, the ZnS powders have
pronounced particle growth, accompanied by some micron-scale agglomerations.
Additionally, detailed observations reveal that necking occurred between the adjacent ZnS
particles, indicative of beginning of sintering at relatively high temperature. The ball-
milled composite 0.5ZnS-0.5CLS powders show fine nano-scale and submicron-scale
particles, as shown in Figure 59 (d), which demonstrates that high-energy ball milling can
effectively break up the agglomerates into individual fine particles, and mix the ZnS and

CLS powders.
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Figure 59. SEM images of the as-synthesized ZnS powders (a), commercial
CLS powders (b), heat-treated ZnS powders (c), and ball-milled 0.5ZnS-
0.5CLS powders (d).

The XRD patterns of the as-synthesized ZnS powders, commercial CLS powders,
calcined ZnS powders, and ball milled 0.5ZnS-0.5CLS powders are displayed in Figure
60. The as-synthesized ZnS powders and commercial CLS powders are both determined to
be single-phase, with phases that can be indexed to the cubic ZnS sphalerite phase (ICDD
card no. 04-001-6857, F43m, a=5.40 A) and the cubic thorium phosphate-structured phase
of CLS (ICDD card no. 04-002-2117, 143d, a=8.68 A), respectively. It is noted that peak
broadening is strongly apparent in the XRD pattern of the synthesized ZnS powders, due
to the small crystallite size of the powder. Peak broadening occurs as crystallite size
decreases, according to the Scherrer Equation (Equation (1)). Through fitting primary
peaks in the XRD patterns of the sample and standard material, the average crystallite size

of the synthesized ZnS powders is calculated to be 17.3 + 4.4 nm using the Scherrer
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equation. It is interesting to note that the crystallite size is much smaller than the particle
size observed via SEM. It is therefore concluded that the ZnS particles are actually
composed of small nanocrystallites. Compared with the synthesized ZnS powders, the
XRD pattern of the commercial CLS powders has much narrower peaks, resulting from the
larger size of CLS crystallites that compose the agglomerates observed via SEM. XRD
analysis also reveals that the heat treated ZnS powders consist of two phases. Besides the
cubic ZnS phase as the primary phase, a small amount of the hexagonal ZnS wurtzite phase
(ICDD card no. 04-008-7254, P63mc, a=3.82 A, c=6.26 A) is also present in the ZnS
powders. This is likely due to an early phase transition from sphalerite ZnS to wurtzite
ZnS, induced by heat treatment of the as-synthesized ZnS powders at 900 °C in argon. The
reduced particle size and correspondingly larger surface energy of small ZnS particles as
compared with bulk ZnS leads to a reduction of the phase transition temperature, which is
reported to be 1020 °C for bulk ZnS.'?* Additionally, it is identified that the composite
powders blended and milled by high energy ball milling are composed of three phases,
sphalerite ZnS, wurtzite ZnS and thorium phosphate-structured CLS. It is noted that the
CLS peaks in the XRD pattern of the composite powders have a larger FWHM than the
peaks of the commercial CLS powders, due to the smaller particle and crystallite size

generated by high energy ball milling.
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Figure 60. XRD patterns of the as-synthesized ZnS powders, heat treated ZnS
powders, commercial CLS powders, and ball milled 0.5ZnS-0.5CLS
powders.

Figure 61 depicts the microstructural evolution of the 0.5ZnS-0.5CLS ceramics,
based on SEM images of the thermally etched microstructures of the composite ceramics
sintered via FAST at 800-1050 °C, under a uniaxial pressure of 100 MPa for 20 min. As is
apparently indicated in the BSE images, two different phases are present, with a relatively
homogeneous distribution throughout the ceramics. Based on the atomic number difference
of the two phases, the darker phase corresponds to ZnS and the brighter phase to CLS,
which is further demonstrated by EDS analysis. As can be observed from the SE images,
the grains are connected to a grain boundary network. Table V shows the relative densities
of the sintered 0.5ZnS-0.5CLS ceramics. According to the rule of mixtures, the relative

density can be obtained by using the following equation:

.= Pl = Pl Q PV (18)

where p; is the relative density, pn 1s the measured density, pris the theoretical density, piis
the theoretical density of individual phase (4.10 g/cm? for sphalerite ZnS, 3.98 g/cm® for
wurtzite ZnS, and 4.53 g/cm’ for thorium phosphate-structured CLS), and V; is the volume
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fraction of each phase within the composite ceramics, which is obtained from the
quantitative phase composition analysis (Table VI). All the samples exhibit relative
densities higher than 90%, which is reflected in the well-densified microstructures
observed via SEM. It is revealed that, over the sintering temperature range of 800-1000 °C,
the density of the composite ceramics increases with increasing sintering temperature. For
samples sintered at lower temperatures of 800 °C and 850 °C, a few residual pores can still
be detected within the ceramics. However, as sintering temperature increases, the
composite ceramics become more consolidated and less apparent residual porosity can be
detected. Overall, FAST is demonstrated to be an effective and rapid method to consolidate
ZnS-CLS composite ceramics. In addition, it is observed that the ZnS and CLS grains
within the 0.5ZnS-0.5CLS ceramics both experience apparent grain growth over the
sintering temperature range of 800-1000 °C. However, as the sintering temperature
increases to 1050 °C, the sample experiences an abrupt decrease in relative density and
grains experience exaggerated grain growth, with some pores reappearing at the grain
boundaries. This phenomenon is likely attributed to overheating, which results in chemical

decomposition of the ceramic.
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Figure 61. SEM images (secondary electron (SE) image and back scattering
electron (BSE) image) of the thermally etched surfaces of the 0.5ZnS-0.5CLS
ceramics sintered via FAST at 800 °C, 850 °C, 900 °C, 950 °C, 1000 °C and
1050 °C, under a uniaxial pressure of 100 MPa for 20 min.
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Table V. Relative Densities of the 0.5ZnS-0.5CLS Ceramics Sintered via
FAST at Different Temperatures.

Sample Relative density (%)
800 °C 94.2
850 °C 95.7
900 °C 98.5
950 °C 99.1
1000 °C 99.4
1050 °C 92.5

To further investigate the observed sintering behavior, the temperature dependence
of piston distance and speed during sintering is analyzed. Figure 62 shows a plot of actual
piston distance and speed, measured during the field-assisted sintering of the ZnS-CLS
composite ceramics at 1050 °C under a uniaxial pressure of 100 MPa for 20 min. The
variation of piston displacement reflects sample shrinkage and sample shrinkage rate
during the pressure-assisted sintering process, parameters that are directly related to
relative density and densification rate.?”” As shown in Figure 62, the sample experiences
limited shrinkage below 700 °C, where the initial stage of sintering occurs. Pronounced
shrinkage and densification then occur during the intermediate sintering stage in the
temperature range of 700 °C to 855 °C, reflected by a rapid increase in piston distance, with
the highest piston speed occurring at approximately 785 °C. As temperature increases
above 855 °C, shrinkage gradually decreases, with a small increase in density
corresponding to the final removal of isolated porosity during the final stage of sintering.
It is important to note that there is another abrupt increase in the piston distance and speed
when the temperature increases above 1040 °C. This is attributed to weight loss caused by
chemical decomposition of the composite ceramic due to overheating, as previously

discussed in the microstructural observation.
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Figure 62. Temperature dependence of actual piston distance and speed,

measured during the field-assisted sintering of the 0.5ZnS-0.5CLS composite
ceramics at 1050 °C, under a uniaxial pressure of 100 MPa for 20 min.

Detailed grain size analysis has been performed to investigate the grain growth of
the 0.5ZnS-0.5CLS ceramics sintered in the temperature range of 800-1050 °C. Figure 63
shows the grain size distributions of ZnS and CLS grains within the 0.5ZnS-0.5CLS
ceramics sintered via FAST. It can be seen that the grains of both phases coarsen and grow
simultaneously from submicron-scale to micron-scale with increasing sintering
temperature. In addition, the ZnS grains are generally observed to be smaller than the CLS
grains, except those that experience abrupt grain growth within the ceramic sintered at 1050
°C. As such, it is possible to investigate the grain growth kinetics of the ZnS and CLS
phases individually, by using the general equations (Equations (14-16)) for normal grain
growth for different atomistic mechanisms. In this case, Go is taken as the grain sizes for

the ZnS and CLS grains within the 0.5ZnS-0.5CLS sample sintered at 800 °C (0.33 pm for

Gm _ Gn1
ZnS and 0.44 um for CLS). Then, both m and E. can be obtained by plotting ln(%o

against % and subsequent fitting the slope of the curve. Due to the fact that the sample

sintered at 1050 °C partially decomposes due to overheating, only grain growth in the

sintering temperature range of 800 °C to 1000 °C is considered. Here, average grain sizes
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of ZnS and CLS grains within the 0.5ZnS-0.5CLS ceramics (as shown in Figure 63) are

used for plotting to determine the grain growth mechanism. Figure 64 shows the plot of
m(ﬂ) as a function of 1000/T for both the ZnS and CLS grains within the
composite ceramics sintered at temperatures ranging from 800-1000 °C. The value of the
grain growth exponent m is determined based on the fitting results of straight lines
(obtained from the data at different sintering temperatures), by introducing three different
integral values of m into the Equation (16). For both ZnS and CLS, the m values are
determined to be 4, as they show the best fittings to the data. Different integral values of m
correspond to different mechanisms controlling grain growth, and it should be emphasized
that the situation for a two-phase system is different from that for a pure-phase system.'”
When the grain growth exponent m equals 2, grain growth is primarily interface-controlled.
When the grain growth exponent m is equal to 3, grain growth is primarily controlled by
bulk (lattice) diffusion. When m equals 4, it is grain boundary diffusion that controls grain
growth.2’® Here, based on the fit m values, we conclude that for field-assisted sintering of
0.5ZnS-0.5CLS ceramics between 800 and 1000 °C, grain boundary diffusion is the main
mechanism controlling grain growth for both the ZnS and CLS phases within the composite
ceramics. By calculating the slope of the straight line corresponding to m=4, the activation
energy for grain growth of ZnS and CLS grains can be calculated to be 200.43 kJ/mol and
242.62 kJ/mol, respectively.
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Figure 63. Grain size distributions of the ZnS and CLS grains within 0.5ZnS-

0.5CLS ceramics sintered via FAST at different temperatures under a

uniaxial pressure of 100 MPa for 20 min.
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Figure 64. Plots of 111(7) as a function of 1000/T for the ZnS (a) and

CLS (b) grains within 0.5ZnS-0.5CLS ceramics sintered via FAST at 850 °C,
900 °C, 950 °C and 1000 °C for 20 min under a uniaxial pressure of 100 MPa.

Figure 65 shows the XRD patterns of the consolidated 0.5ZnS-0.5CLS ceramics
sintered at 800-1050 °C via FAST. It can be observed that peak broadening disappears after
the ceramics are sintered, as particles grow and coarsen to larger grains during
consolidation, resulting in much narrower peaks. Phase composition analysis reveals that
all the samples are composed of three phases: sphalerite ZnS, wurtzite ZnS, and thorium
phosphate-structured CLS. Table VI lists the quantitative phase composition (in vol%) of

the 0.5ZnS-0.5CLS ceramics. As the sintering temperature increases, the peak intensity
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corresponding to wurtzite ZnS increases, indicative of the formation of more wurtzite,
which is also reflected in the quantitative phase composition analysis. Compared with the
variation in the contents of the two different phases of ZnS, the cubic CLS phase remains
stable with varying sintering temperature. It is acknowledged that, in bulk form at ambient
pressure, ZnS experiences a phase transition from the low-temperature cubic sphalerite
phase to the hexagonal wurtzite phase at 1020 °C.'** Here, the XRD results suggest a phase
transition occurring earlier in the sintering process, at lower temperature, which is
attributed to the small particle size of the ZnS powder, compared with that of bulk ZnS.
The XRD results also demonstrate that increasing sintering temperature facilitates the
phase transition from sphalerite to wurtzite. It has been reported that the activation energy
for the sphalerite to wurtzite phase transition is dependent on particle size, and that
wurtzite's stability can be increased by decreasing particle size, which lowers the effective
transition temperature of the ZnS.%%!9-192 The kinetic mechanism by which the phase
transition occurs during the sintering of powders with small particle size is likely different
from that for bulk ZnS. The surface Gibbs free energy difference, which contributes to the
energetic favorability of a phase transition, is also dependent on particle size.!°?2° In
addition, a study which models the thermodynamics of the sphalerite-wurtzite phase
transition in ZnS nanocrystals also suggests that the phase transition temperature drops as

the ZnS particle size decreases.*!*
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Figure 65. XRD patterns of the 0.5ZnS-0.5CLS ceramics sintered via FAST
at different temperatures, under a uniaxial pressure of 100 MPa for 20 min.

Table VI. Quantitative Phase Composition of the 0.5ZnS-0.5CLS Ceramics
Sintered at Different Temperatures via FAST.

Sample Sphalerite (vol%) Wurtzite (vol%)  CLS (vol%)
800 °C 42.3 4.4 543
850 °C 40.8 3.9 553
900 °C 44.0 8.1 47.9
950 °C 36.0 11.6 52.4
1000 °C 21.2 26.1 52.7
1050 °C 20.8 27.8 51.4

A TEM investigation provides detailed information on the sphalerite to wurtzite
transition of the ZnS component within the composite ceramics. Figure 66 (a) shows the
TEM image of the 0.5ZnS-0.5CLS ceramic sintered via FAST at 1000 °C under a uniaxial
pressure of 100 MPa for 20 min. As indicated, the ZnS and CLS grains are homogeneously
distributed within the ceramics. It is noted that SEM imaging of the composite ceramic
reveals that certain ZnS grains within the samples sintered at high temperatures appear to

exhibit rough surfaces, while the surfaces of the CLS grains appear smooth, as shown in
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the SE images in Figure 61. Here, it is detailed in TEM imaging that parallel stripes and
bands are present in the ZnS grains, which in turn generate the rough surface observed via
SEM. The HRTEM image shown in Figure 66 (b) further demonstrates the presence of
bands and stripes in the ZnS grains. Figure 66 (c) reveals more details about the bands and
stripes. It is observed that they are actually interfacial defects, including stacking faults and
twins associated with the ZnS phase transition from sphalerite to wurtzite.?** Both cubic
sphalerite and hexagonal wurtzite are close-packed structures, with sphalerite possessing
the close-packed ABCABC atomic arrangement on the {111} plane along the [110] axis,
and wurtzite possessing the close-packed ABABAB atomic arrangement on the {0001}
plane along the [1120 ] axis.®” It should be noted that the formation of these stacking faults
between these two different stacking sequences is necessary for the solid state phase
transition from sphalerite to wurtzite to occur.”® The phase transition in bulk ZnS has been
reported to be due to a periodic slip mechanism, involving the expansion of stacking faults
around an axial screw dislocation.?**% In addition, twinning has been reported to occur in
sphalerite ZnS along the [111] axis during the sphalerite-wurtzite phase transition,!!?3%!
which is demonstrated and indexed in the SAED pattern shown in Figure 66 (d). It is
important to note that some dim diffraction spots not belonging to sphalerite are also shown
in the pattern, which may be assigned to the ABAB layers of hexagonal ZnS wurtzite

during the phase transition.'!?
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Figure 66. (a) TEM image of the 0.5ZnS-0.5CLS ceramic sintered via FAST
at 1000 °C under a uniaxial pressure of 100 MPa for 20 min; (b) High-
resolution TEM (HRTEM) image showing the stripes present in a ZnS grain
within the 0.5ZnS-0.5CLS ceramic sintered via FAST at 1000 °C; (c)
HRTEM image of a ZnS grain within the 0.5ZnS-0.5CLS ceramic sintered
via FAST at 1000 °C, showing stacking faults (A) and twins (B); (d) Selected
area electron diffraction (SAED) pattern recorded from an area in ZnS within
the 0.5ZnS-0.5CLS ceramic sintered via FAST at 1000 °C, showing the
presence of twinned sphalerite (the two hexagons).

Table VII shows the Vickers hardnesses of the 0.5ZnS-0.5CLS ceramics sintered
via FAST at 800-1050 °C. In addition, Vickers hardnesses of pure ZnS ceramics sintered
under the same conditions using the aforementioned lab-processed powders are listed in
Table VII for comparison. A typical Vickers hardness indentation of the composite

ceramics is shown in the SEM image in Figure 67, with the specific indentation shown for
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the sample sintered at 950 °C. It is revealed that the addition of CLS phase can effectively
increase the mechanical hardness of the composite material up to a maximum value of 5.11
GPa, which is much higher than that of pure ZnS. It is theorized that the composite 0.5ZnS-
0.5CLS ceramics are also strengthened by the homogeneous dispersion of small ZnS and
CLS grains. Since the sphalerite-wurtzite phase transition is accompanied by only a 0.2%
volume expansion, stresses/strains due to the phase transition are not considered to
significantly influence the hardness of the ceramics. It is also found that the hardness of
the ceramics is dependent on the sintering temperature. An increase in hardness with
increasing sintering temperature is observed over the temperature range of 800 °C to 950
°C, due to the enhancement of densification, as shown in Table V.?** However, when the
sintering temperature increases to 1000 °C, the hardness decreases sharply. It is assumed
that the number and density of dislocations are reduced by a decrease in net grain boundary
volume, associated with the rapid increase in grain size of the ZnS and CLS phases, which
in turn leads to a reduction in hardness.?” In addition, due to the combined effect of large
grain size and chemical decomposition, the sample sintered at 1050 °C shows a

significantly lower hardness than samples sintered at lower temperatures.

Table VII. Vickers Hardness Data for the Pure ZnS and 0.5ZnS-0.5CLS
Ceramics Sintered via FAST at 800-1050 °C, under a Uniaxial Pressure of

100 MPa for 20 min.
Temperature  Vickers hardness (GPa) of ZnS  Vickers hardness (GPa) of ZnS-CLS
800 °C 2.39+0.22 3.63 +£0.57
850 °C 2.59+0.32 3.78 £0.12
900 °C 1.53 £0.60 4.21+£0.06
950 °C 1.41+£0.22 5.11+£0.31
1000 °C 1.37+£0.18 3.74 £0.66
1050 °C 1.39+0.27 2.83+£0.13
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Figure 67. SEM image showing a typical Vickers hardness indentation for the
0.5ZnS-0.5CLS ceramic sintered at 950 °C under a uniaxial pressure of
100 MPa for 20 min.

The 0.5ZnS-0.5CLS ceramics were also sintered via hot pressing at 1000 °C, 1100
°C, 1200 °C, and 1300 °C, under a uniaxial pressure of 100 MPa for 2 h, for comparison of
microstructure, phase composition and hardness. Figure 68 shows the SEM images of
thermally etched surfaces of samples sintered at various temperatures. It is observed that
both ZnS and CLS grains experience pronounced grain growth with the increase in
sintering temperature. The ceramic sintered at 1000 °C well densified with little residual
porosity. However, as the sintering temperature increases, the densification is somehow
diminished, as some residual pores are observed at the grain boundaries between ZnS and
CLS grains, which is hypothesized to be due to the chemical decomposition induced by the
high surface energy or defects of the ZnS-CLS powders processed via high energy ball
milling. Additionally, similar to the ceramics sintered via FAST, certain ZnS grains within
the hot-pressed ceramics also appear to exhibit rough surfaces, while the surfaces of the
CLS grains are smooth. This is attributed to formation of staking faults and twins,

suggesting the ZnS phase transition between sphalerite and wurtzite.
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Figure 68. SEM images (SE image and BSE image) of thermally etched
surfaces of the 0.5ZnS-0.5CLS ceramics sintered via hot pressing at
1000 °C, 1100 °C, 1200 °C, and 1300 °C, under a uniaxial pressure of

100 MPa for 2 h. In BSE images, the darker phase corresponds to ZnS, and
the brighter phase corresponds to CLS.
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The XRD patterns of the 0.5ZnS-0.5CLS ceramics sintered at different
temperatures are displayed in Figure 69. It is identified by phase composition analysis that
all the sintered 0.5ZnS-0.5CLS ceramics are composed of sphalerite ZnS, wurtzite ZnS,
and thorium phosphate-structured CLS. The temperature-dependent phase transition from
sphalerite to wurtzite is confirmed by qualitative assessment based on the examination of
the relative intensities of wurtzite peaks. It is revealed that the fraction of wurtzite increases
as the sintering temperature increases, suggesting the increase in the degree of the phase
transition from sphalerite to wurtzite. In contrast, the cubic CLS phase is observed to
remain stable with varying sintering temperature. TEM characterization was employed to
further investigate into the ZnS phase transition between sphalerite and wurtzite in the
composite ZnS-CLS ceramics. Figure 70 (a) shows the TEM image of the 0.5ZnS-0.5CLS
ceramic sintered via hot pressing at 1100 °C under a uniaxial pressure of 100 MPa for 2 h.
Two different microstructures are observed on the surface of a ZnS grain, with a smooth
surface shown in the circled region labeled 1, and a rough surface shown in the circled
region labeled 2. The HRTEM image, shown in Figure 70 (b), reveals that the rough surface
consists of bands and stripes, which are attributed to the stacking faults and twins
associated with the phase transition between sphalerite and wurtzite. This discovery is in
agreement with the aforementioned results of 0.5ZnS-0.5CLS ceramics sintered via FAST
and pure ZnS ceramics sintered via hot pressing. The SAED patterns of the two circled
areas labeled 1-2 are displayed in Figures 70 (c¢) and (d), respectively. The observed
difference in SAED patterns further confirms the presence of staking faults or twins
associated with the phase transition. Similar to 0.5ZnS-0.5CLS ceramics sintered via
FAST, the composite ceramics sintered via hot pressing have the maximum indentation
hardness of 4.70 + 0.11 GPa (ceramic sintered at 1000 °C), higher than that of pure ZnS

ceramics, due to the addition and homogenous distribution of CLS phase.
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Figure 69. XRD patterns of the 0.5ZnS-0.5CLS ceramics sintered via hot
pressing at different temperatures, under a uniaxial pressure of 100 MPa for
2 h.
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Figure 70. (a) TEM image of the 0.5ZnS-0.5CLS ceramic sintered via hot
pressing at 1100 °C under a uniaxial pressure of 100 MPa for 2 h; (b)
HRTEM image showing the stripes (stacking faults and twins) present in a
ZnS grain within the 0.5ZnS-0.5CLS ceramic sintered via hot pressing at
1100 °C; (c) SAED pattern recorded from the circled area 1 in ZnS within the
0.5ZnS-0.5CLS ceramic sintered via hot pressing at 1100 °C; (d) SAED
pattern recorded from the circled area 2 in ZnS within the 0.5ZnS-0.5CLS
ceramic sintered via hot pressing at 1100 °C.

It is important to note that the 0.5ZnS-0.5CLS ceramics in this study have much lower
infrared transmittances compared with the individual ZnS and CLS ceramics. This may be
due to the relatively large grain size of both phases in the composite ceramics. The grain
sizes are not small enough to eliminate the scattering effect caused by the difference in
refractive index between the two phases.!*>!*? Additionally, some minor impurities within

ceramics that cannot be detected by XRD can cause a deterioration of the optical
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performance. Further studies on adjustments of processing conditions and ZnS/CLS phase
compositions will be performed to improve the infrared transmittance of the ZnS-CLS

ceramics.

D. Conclusions

In summary, ZnS-CLS composite ceramics with submicron-scale and micron-scale
grains have been consolidated via field-assisted sintering of 0.5ZnS-0.5CLS (volume ratio)
composite powders at 800-1050 °C and hot pressing at 1000-1300 °C, under a uniaxial
pressure of 100 MPa. Through microstructural and sintering analyses, it has been revealed
that in the sintering temperature range of 800-1000 °C for sample sintered via FAST, the
grain growths of both the ZnS and CLS components are controlled by grain boundary
diffusion. The pressure-assisted sintered composite ceramics have been determined to
consist of sphalerite ZnS, wurtzite ZnS and thorium phosphate-structured CLS, with the
presence of wurtzite indicative of an early ZnS phase transition due to the small particle
size of the starting ZnS powders. TEM investigation of the consolidated ceramics further
reveals that the sphalerite-wurtzite phase transition of ZnS is accompanied by the formation
of stacking faults and twins. In addition, it has been found that the mechanical hardness of
the ceramics is improved with a maximum value of 5.11 GPa by the introduction of CLS
and homogeneous dispersion of the ZnS and CLS fine grains. As sintering temperature
increases, the hardness of the ZnS-CLS composite ceramics has been shown to first
increase due to densification enhancement, and then decrease due to the initiation of

exaggerated grain growth and thermal decomposition.

150



VII. CONCLUSIONS

In summary, a detailed study has been carried out to investigate the effects of
starting particle size and sintering pressure on the phase transition behaviour of ZnS
ceramics. Through qualitative and quantitative phase composition analysis, the ceramics
sintered using smaller starting particles experience an “earlier” phase transition at lower
temperatures than the reported phase transition temperature (1020 °C) for ZnS bulks, which
is attributed to both the increased surface energy and the smaller energy barrier for the
propagation of a phase transition associated with decreasing particle size. The phase
transition from wurtzite to sphalerite is promoted through the application of uniaxial
pressure during hot pressing, due to the expansion of sphalerite deformation
faults/twinning and the pressure-induced compressive effect on the crystal lattice.
Moreover, the pressure-induced promotion of wurtzite-sphalerite phase transition, along
with enhanced densification and twinning, contribute to the improved optical transmittance
and mechanical hardness of the ZnS ceramics.

Highly dense Cr’":ZnS infrared transparent ceramics, with a maximum
transmittance of 67% at 11.6 um, have been successfully fabricated via vacuum hot
pressing of colloidally processed ZnS powders mixed with commercial Cr2S3 powders. It
has been determined that the Cr**:ZnS ceramics are composed of cubic ZnS sphalerite as
a major phase and hexagonal ZnS wurtzite as a minor phase. Through infrared absorption
analysis, Cr*" ions are demonstrated to be incorporated into the ZnS host lattice, and the
concentration of Cr’" in the Cr**:ZnS ceramic is estimated to be 1.8-10'® cm™. The
characteristic Cr*>" infrared photoluminescence band at 2000-2200 nm, with the measured
decay time of 5.5 um, corresponds to the ’E— T2 characteristic band of Cr** in ZnS, which
confirms that Cr?" is tetrahedrally coordinated in the ZnS lattice.

Two general processing routes (with and without sulfurization) have been
investigated in an attempt to synthesize CaLa2Sa. It has been revealed that the sulfurization
of wet chemistry-processed oxygen-containing precursors could lead to the formation of
CLS and Ca-doped LaxSs with the ThsPs phase. In contrast, the optimum route to
synthesize Cala>S4 without sulfurization is through the application of a wet-chemistry

method (single-source precursor method) using a combination Na(Ddtc) and Phen,
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followed by thermal decomposition at 1000 °C in an Ar atmosphere, due to the strong
chelating ability of sulfur source and chelating agent. Band gap enhancement is observed
due to the nanometric nature of the crystallites composing the powder agglomerates.

A consolidation study has been performed on the pressure-assisted sintered
CalaxS4 infrared optical ceramics. Densification behavior and grain growth kinetics were
studied through densification curves and microstructural characterizations. For the
ceramics sintered via field-assisted sintering at 850-1100 °C under 50 MPa, it has been
determined that the densification in the 850-950 °C temperature range is controlled by a
mixture of lattice or grain boundary diffusion, and grain boundary sliding. It has been
revealed that grain boundary diffusion is the main mechanism controlling the grain growth
between 950 °C and 1100 °C. It has been proposed that the grain growth is controlled by
grain boundary diffusion, with the activation energy of 57.97 kJ/mol and 150.22 kJ/mol,
for samples sintered via FAST at 850-1100 °C and hot pressing at 950-1200 °C,
respectively. The CalaxS4 ceramic sintered via FAST at 1000 °C displaythe highest
infrared transmittance (48.1% at 9.2 um) of all measured samples. It has been observed
that the hardness of the CalaxSs ceramics first increases with increasing sintering
temperature due to densification, and then decreases at higher sintering temperatures due
to significant grain growth.

Furthermore, an investigation has been conducted into the sintering behavior, phase
transition, and hardness of ZnS-Cal.axSs composite ceramics, via pressure-assisted
sintering of lab-processed ZnS nanopowders mixed with commercial CalLa2S4 powders by
high-energy ball milling (50%:50% in volume ratio). For the ceramics sintered via field-
assisted sintering at 800-1050 °C under 100 MPa, it has been revealed that the grain
growths of both the ZnS and CalaxS4 components are controlled by grain boundary
diffusion, in the sintering temperature range of 800-1000 °C. XRD analysis has been used
to determine that the pressure-assisted consolidated composite ceramics consist of
sphalerite ZnS, wurtzite ZnS, and thorium phosphate-structured CalaxS4, with the
presence of wurtzite indicative of the early sphalerite-wurtzite phase transition. TEM
investigations further suggest that the phase transition of ZnS is accompanied by the
formation of stacking faults and twins. Additionally, by the introduction of CalLa2S4 and

homogeneous dispersion of the ZnS and CalLa>S4 fine grains, the indentation hardness of
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the ceramics is found to be improved up to a maximum value of 5.11 GPa. As sintering
temperature increases, it is indicated that the hardness of the ZnS-Cala2S4 composite
ceramics first increases due to densification enhancement, and then decreases due to the

initiation of exaggerated grain growth and effects of thermal decomposition.
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VIII. FUTURE WORK

Based on the present work on the consolidation of sulfide-based infrared optical
ceramics, some future work is suggested as follows:

For the processing study, further investigation is required to be made into the
purification process of starting CalaxS4 powders in order to improve the infrared
transmittance by removing the absorption peaks induced by carbon and oxygen impurities.
Enhanced densification, including the application of ultra-high temperature consolidation
and post-densification, will be of great help to increase infrared and visible transmittance
at no expense of decreasing the mechanical properties of these sulfide-based infrared
optical ceramics. With a view to improve the infrared transmittance of composite ZnS-
CalaxS4 ceramics, it is necessary to further adjust processing conditions for controlling
grain growth and decreasing grain size.

For the study on fundamental mechanisms of phase transition and sintering, in-situ
characterizations are required to observe the evolution of phase composition and
microstructural features during the pressure-assisted sintering processes of the sulfide-
based optical ceramics, so as to further elucidate the corresponding phenomena in detail.
In addition, it will be interesting to modulate the consolidation of ZnS, CalLa>S4 and ZnS-
CaLaxS4 ceramics, which will shed much new light on the phase transition kinetics of ZnS

and the pressure-assisted sintering mechanisms of ceramics.
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