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Abstract

A cost-effective processing route for the production of calcium lanthanum sulfide
CaLa,S4 (CLS) via a novel fast fabrication of precursor powders is reported. The
sinterability of the newly developed powders was investigated by use of Hot-Pressing
and pressureless sintering. Complementary techniques (XRD, SEM-EDS, chemical
analysis, SSA, FT-IR spectroscopy) were employed to correlate the sintering processes
and parameters to the microstructural/compositional developments and optical
performances of the densified ceramics. Dense (>99.8% theor.) and homogeneous CLS
ceramics were produced by pressureless sintering at 1250°C for 12 h in H,S followed
by hot-pressing at 1000°C for 6 h in a powder bed to prevent sulfur loss. Transparency
free of impurity absorption has been achieved in the LWIR region (optical transmission

of 51% in the 12-14 pum range).

Keywords : D. calcium lanthanum sulfide; A. combustion synthesis; A. sintering; E.
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1. Introduction

The development of infrared-transmitting materials started in the mid 1950s as a
response to the growing demand for military and commercial instruments with
improved optical and mechanical properties. Especially the newly invented "heat-
seeking" missile required a more durable infrared-transmitting protective dome [1]. Zinc
sulfide (ZnS) is the most suitable of the present infrared window materials especially for
its performance at elevated temperature [2]. However, ZnS optics, currently available at
a relatively high cost as chemical-vapour-deposited (CVD) polycrystalline materials,
have poor resistance to erosion by rain and sand or dust particles and require durable
protective coatings for external use [3]. In the early 1980s, compounds of the Cala,S4-
La,S; solid solution system (CLS) emerged as alternative window materials to CVD
ZnS, mainly based on their superior mechanical properties, better erosion resistance and
longer transmission in the long wave infrared (LWIR) window up tol4um [4-11]. A
higher domain of transparency in the infrared significantly improves the performance of
the infrared optical systems and allows the use of uncooled detectors (operate beyond
12 pm), resulting in a significant reduction in system cost. Two chemical routes
(Evaporative Decomposition of Solution and precipitation) were proposed for the
preparation of the precursor powder [11-14] but the development of the ceramics never
arrives to commercial maturity. Indeed, the reproducibility of the optical properties of
the sintered materials remained a problem which was thought to be a result of
variability of the powder [11] caused or increased by lengthy and complicated
processes. For both methods, the sole sulfurization step of the precursors required times
up to several days.

The present work reports the development of CLS infrared window materials, using

an innovative energy-saving wet-route synthesis process. In the literature, the material




referred to is not necessarily the stoichiometric compound Cala,S4 with La/Ca = 2, but
a material with a higher La/Ca ratio most prominently La/Ca =2.7 [8,11]. The La/Ca
ratio is adjustable because Cala,S4 forms a complete solid solution with the
isostructural cubic lanthanum sesquisulfide y-La,Ss. In fact, the study of CLS basically
originated from the processing difficulties that existed for synthesizing the cubic y-
La,Ss, which forms at temperatures in excess of 1300°C. It was found [15-17] that the
addition of large divalent cations, namely Ca*", could stabilize the cubic structure at
much lower temperatures. There is, therefore, a continuous and homogeneous range of
stoichiometries for the ternary CaxLagg.2xy3[/(1-x3S4 where [] represents a vacancy (x €
[0,17) [15]. CLS can alternately be described as a Ca doped y-La,S3 and denoted as y-
La,S;5:Ca.

In order to investigate the efficiency of the novel precursor synthesis, various Ca
amounts (La/Ca =2.7, 5 and 9) were employed to evaluate the effects and abilities of
Ca”* cation to stabilize the cubic v-La,S;. We investigated, next, the densification of the
newly developed powders to produce transparent ceramics. The study explored the
influences of sintering conditions (temperature, time, pressure) on the microstructure
and optical properties of the ceramics and discussed the conditions for producing LWIR

transparency free of impurity absorption.

2. Experimental procedure
2.1.  Precursor powders and ceramics processing

CLS powders were prepared by a novel patented solution combustion method
followed by a sulfurization step [18]. Lanthanum nitrate hexahydrate La(NO3)3;,6H,0O
(Alfa Aesar, 99,99%), calcium nitrate hydrate Ca(NO3),,4H,0 (Alfa Aesar, 99,98%)

and thioacetamide (TAA) CH3CSNH, (Sigma Aldrich, >99%, ACS Reagent) were used

as starting materials. Different preparations with La/Ca molar ratios of 2.7, 5 and 9 were
investigated. As-combusted powders were subsequently heat-treated under pure H,S
flow in a tubular furnace at 1000°C.

Next, pure CLS powders were either hot-pressed directly into ceramic pellets or hot-
pressed after pressureless pre-sintering in H,S at 1250°C for 12 h. The pre-sintered
samples were placed in a bed of CLS or boron nitride BN (Alfa Aesar 99,5%) powders
during hot-pressing. Hot pressing was carried out under dynamic vacuum (about 107
mbar). Powdered samples or pre-sintered samples were directly heated to the sintering
temperature from room temperature at a heating rate of 10°C/min. A typical quantity of
3.5 g (or 2 g) of powder was introduced in a 20 mm (or 13 mm) diameter graphite
mould coated beforehand with BN to prevent carbon diffusion and facilitate
demoulding. 50 MPa and 120 MPa were applied at selected sintering temperatures
(950°C to 1150°C) for different dwell times (1h to 6h). Some samples were re-

sulfurized in H2S at 1000°C for 3 hours, after hot-pressing.

2.2.  Characterisation

X-ray diffraction (XRD) patterns were recorded at room temperature in the 26 range
5-90° with a step size of 0.026° and a scan time per step of 40s using a PANalytical
X'Pert Pro diffractometer (Cu Ko radiation, A = 1.5418A, PIXcel 1D detector). Data
Collector and High-Score Plus softwares were used, respectively, for recording and
analysis of the patterns. The ceramic XRD patterns for Rietveld refinements were
recorded at room temperature in the 26 range 5-120° with a step size of 0.026° and a
scan time per step of 400s. All calculations were carried out with Fullprof program [19].

Oxygen contents were determined with a Leco® TC-600 analyzer using the inert gas

fusion method in which oxygen was measured as CO, by infrared detection. A




FlowSorb I1 2300 Micromeritics apparatus was used to determine the specific surface
area (SSA) of the powders by the Brunauer-Emmett-Teller single point method. Before
measurement, the samples were outgassed under N,/He flow at 250°C for 30 min.
Densities of the sintered samples were measured in pure ethanol according to
Archimedes’ principle.

The morphology and microstructure of the CLS powders and polished surfaces of the
ceramics samples were examined by Scanning Electron Microscopy (SEM) using JEOL
JSM 6301 equipment. The insulating samples were metallized with Au-Pd. The
composition of the samples was analyzed by Energy Dispersive Spectroscopy (EDS),
attached to the SEM.

Fourier Transform Infrared (FT-IR) spectroscopy was carried out with a Nicolet 380
FT-IR spectrometer (Thermo Electron Corporation) in the 400-4000 cm™ range.
Sintered samples were simply placed in the beam line, while powders were pressed into
pellets, after careful grinding with anhydrous KBr (99+%, FT-IR grade, Sigma-
Aldrich). FT-IR spectra of powders were recorded by reference to a freshly prepared
blank KBr pellet. Infrared transmission spectra of the ceramics specimens were

performed using the same equipment in the 2-16 um range.

3. Results
3.1.  Precursor powders

For the three starting mixtures investigated (La/Ca =2.7, 5 and 9), XRD
characterisation identifies lanthanum oxysulfate La;0,SO4 and lanthanum oxide La,03
as major phases in the raw (as-combusted) powders with small amounts of lanthanum
oxysulfide La,0,S. After treatment in pure H,S flow at 1000°C for 4 h, pure cubic CLS

phase is obtained for raw powders with La/Ca = 2.7 whereas for higher molar ratios

(La/Ca=5,9), B-La,S; was detected as an additional phase due to a less efficient
stabilization of the CLS cubic phase by lower Ca contents (Fig.1).

Total conversion into CLS therefore requires, for these ratios, longer heat treatments
and/or treatments at higher temperatures which also lead to particles growth that is
detrimental to the powder sinterability. To favour short-term treatment at moderately
low temperature, powder synthesis experiments were performed with the ratio La/Ca =
2.7. All the ceramics further investigated in this study were elaborated from CLS
powders with the initial La/Ca ratio of 2.7.

Representative FTIR transmission spectra obtained from the powders before and
after sulfurization under H,S are shown in Fig. 2. Spectra of the as-combusted powders
show strong absorption bands at 3300-3700 em™ and 1630 cm™, that are characteristic
of v; asymmetric and v; symmetric stretching and bending modes of the H,O molecule
[20-22]. The stretching vibrations of sulfate groups, observed at 560-700 cm™ and
1000-1250 cm'l, are attributed to the S-O vibration bands of La,0,SO, and La,0,S
previously identified by XRD [23]. Finally, a large band can be observed around 1350-
1580 cm™" due to carbonate species [24, 25]. This absorption band originates from the
presence on the surface of the particles of adsorbed CO, from the air and/or combustion
reaction. All the characteristic O-H, S-O and C-O absorption bands observed in the as-
combusted powders are removed after sulfurization. Heat treatment of raw powders
under pure H,S at 1000°C for 4 h has thus proven to be an effective process to produce
high purity CLS powders.

SEM images of raw and H,S heat-treated powders are presented in Fig. 3. It can be
observed that the raw powder (Fig. 3a) shows submicronic (100-400 nm) flaky particles
that form large agglomerates. The sulfurization treatment considerably alters the size

and the morphology of the individual particles (Fig. 3b). The particle size itself




increases to about 500 nm and the shape becomes much more rounded. In addition, the

formerly individual particles partially sinter and form big porous structures.

3.2. Ceramics

3.2.1. Density and Visual Aspect

Table 1 reports the sintering parameters and the density of the hot-pressed (HPed)
ceramics. The sintered densities of all the samples were measured according to
Archimedes’ principle. The theoretical density of CLS (La/Ca=2.7) was determined
from XRD characterisation assuming a linear interpolation between the known lattice
constants of the stoichiometric compounds CaLa,S, (a=8.683 A, p=4.53 g.cm'3) and y-
La,S; (a=8.731A, p=4.98 g.cm™) and calculation from the general formula of the binary
solid solution CayLag.axy3[(1-x3S4 [13,15]. The theoretical density of CLS with

La/Ca=2.7 is calculated to be 4.62 g.cm'3.

Table 1 Sintering parameters and densities of HPed samples.

Sample CLS1 CLS2 CLS3* CLS4 CLS5 CLS6**  CLS7**
T (°C) 950 1100 1150 1000 1000 1000 1000
Dwell time (h) 3 1 2 2 6 6 6
Pressure (MPa) 50 50 S0 120 120 120 120
Density (% theor.) 98.0 99.6 99.4 98.5 99.1 99.8 99.8

* Sample re-sulfurized in H,S at 1000°C for 3 h after HP
** Pre-sintered sample in H,S at 1250°C for 12 h before HP

Photographs of CLS1, CLS2, CLS3, CLS5 and CLS7 ceramic samples sintered
between 950°C and 1150°C are presented in Fig. 4. Samples sintered at 950°C (CLS1)

remain primarily yellow, similar to the sulfurized precursor powder. With increasing

sintering temperatures (samples sintered at intermediate temperatures of 1000°C and
1050°C, not presented here), ceramics appear progressively darker and this becomes
more pronounced from 1100°C (CLS2). The colour can be restored to a homogeneous
yellow by re-sulfurization (CLS3). Finally, CLS5 and CLS7 samples HPed at moderate
temperature (1000°C) exhibit a brownish colouration which could originate from longer
sintering time (6 h) and/or higher load pressure (120 MPa). It must be mentioned here
that pre-sintered samples obtained after a pressureless sintering in H,S at 1250°C for 12

h retained their initial yellow colour. Density results will be discussed in section 4.

3.2.2. XRD characterisation

Fig. 5 presents the typical XRD pattern of the series CLS1-CLS5 samples and the
patterns of CLS6 and CLS7 pre-sintered samples before and after hot-pressing. No
drastic change is observed in the CLS1-CLS5 ceramics patterns compared to the
precursor powders except the appearance of a small amount of -La,S; as second phase.
In contrast, CLS6 and CLS7 pre-sintered samples remained pure CLS compounds after

hot-pressing.

3.2.3. Transmission spectra

Five specimen (CLS3, CLS4, CLSS5, CLS6 and CLS7) showed transmission in the
desired wavelength range (Fig. 6). With a maximum density of 98%, CLS1 sample
remained opaque. Despite a good densification (99.6%), the transmission of CLS2
sample is essentially zero. From its visual aspect, we assume this sample to have
experienced some severe reduction during HP. The dark grey sample CLS3, initially

HPed at 1150°C for 2 hours under 50 MPa, was re-sulfurized and re-polished. Upon re-




sulfurization, the 1.4 mm thick sample offers a transmission percentage up to 14% at 13
pum. These results are further addressed in section 4.

In contrast, samples sintered by application of 120 MPa at 1000°C all turned
transparent. However, all transmission spectra of samples issued from direct HP present
absorption bands located around 9 um and 11 pum in Fig. 6. The intense absorption band
at 11 pm is attributed to sulfate species (SOs>) which might be caused by adsorbed
oxygen on the surface of powders when exposed to air [26]. The small SO,> band at
about 9 pum originates from oxygen traces stabilizing the $-La,S3 (La;S:40) [27]. This
result is in agreement with the XRD characterisation which identified 3-La>S; as second
phase. The best performance, in the strategic 10-14 um range, related to transmission

level and occurrence of sulfate bands is observed with pre-sintered samples.

4. Discussion
4.1.  Combustion synthesis and sulfurization

The solution combustion synthesis is a fast and expeditious process. The entire
reaction appears to be over after only a few minutes. It produces bright white foamy
agglomerates that are easily crushed into a powder with a mortar and pestle. During the
sulfurization process, the colour changes throughout the entire batch to the expected
pale yellow colour of CLS and complete reaction in about 4 h. A further change in the
powder colour with sulfurization time is not observable with the naked eye. The
submicron size and the plate-like shape of the primary particles allow short diffusion
paths for sulfur and subsequently fast sulfurization process. This method thus raised
considerable interest for time saving and economical consideration, compared to the

more conventional methods reported in the introduction.

4.2.  Densification of the CLS powders

The present synthesis procedure, which involves heat treatment at elevated
temperature, produces powders partially sintered, as observed from the SEM. Their
sinterability remains however consistent with enabling near theoretical densification.
Densification to >99% of theoretical density is reached at moderate temperature
(1000°C) and applied load of 120 MPa. For a pressure of 50 MPa, however, it appears
as if the maximum densification attained is 98% which is inferior to the transparency
threshold and increasing sintering temperatures do not necessarily lead to higher
densities. The density of sample sintered at 1150°C for 2 hours was indeed lower than
that of the sample sintered at 1100°C for 1 hour. The high differences in visual
appearance and density between samples sintered at temperatures only 100-150°C apart
can be explained by the sudden increase in vapour pressure within the relevant
temperature range. This change in visual aspect becomes significant at 1150°C and
suggests a shift of the composition towards sulfur-deficient phases, this critical point is
discussed in section 4.3. Based on a simplified Antoine equation, Nikolaev et al.
proposed an analytical equation for the saturated vapour pressure as a function of
temperature for La,S; [28]. It shows that the vapour pressure quickly rises in the
(relevant, in this work) temperature range from 900°C to 1200°C. It is also reported that
even very slight deviations in the stoichiometry from La,S3 towards the sulfur-deficient
La;S4 lead to a more metallic behaviour [29]. Sulfur volatilization severely inhibits
densification and probably further reduces the transmission in the entire wavelength
region due to free carrier absorption. Re-sulfurization in H,S at 1000°C for 3 h (CLS3
sample) by restoring sulfur stoichiometry did improve the IR transmission. Results here
are in agreement with an earlier report by Li et a/ [30] on y-La,S3:Ca translucent

ceramics elaborated by a different precursor route.
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4.3.  Correlation between sintering processes and parameters,
microstructural/compositional developments and optical properties

The compositions of the phases present in representative samples of the CLS1-CLS5
series were determined via SEM-EDS. Backscattered SEM (BSE-SEM) images of the
analyzed areas clearly reveal the presence of a secondary phase (brighter contrast)
(Table 2). The black spots in the images are due to porosity and the scratches arise from
the coarse polishing. EDS analysis shows that the two phases present deviating
compositions.

Table 2. Back scattered scanning electron micrographs (BSE-SEM) and EDS analysis obtained from

polished surfaces of CLS2, CLS3 and CLSS5 samples processed from direct HP.

Sample Composition SEM-EDS XRD
(atom%) Phase 1 Phase 2 refinement

Ca 12.3 1.5 134
La 29.7 39.8 29.3

S 58.0 58.7 573
La/Ca 2.4 20
S/La 2.0 1.5 2.0
Ca 122 1.6 12.3
La 29.2 39.0 30.2

S 58.6 58.7 57.5
La/Ca 2.4 2.5
S/La 2.0 1.5 1.9
Ca 12.6 0.0 13.5
La 30.9 429 29.2

S 56.5 57.1 57.3
La/Ca 2.5 22
S/La 1.8 1.3 2.0

11

The majority grey phase (phase 1) has an average composition of Cag 2Lag30S¢.ss lying
on the CaLa,S4-La;Ss join, with La/Ca and S/La ratios close, considering the accuracy
of the EDS measurement, to the expected values of 2.7 and 2 respectively. The brighter
phase (phase 2) has very little calcium and a S/La ratio varying from 1.5 to 1.3. EDS
analysis correlates well with the XRD patterns measured on these samples which
identify CLS as major phase and the sulfur-depleted phase 3-La,S; (S/La=1.5) as
second phase. As reported above, p-La,S; is responsible for the small SO,> band at
about 9 um in the transmission spectra and, additionally, with its tetragonal structure,
could create birefringence and scattering in the samples. Note that the ratio S/La in
CLSS corresponds to that of cubic y-La3S4 (1.3); so we can not exclude the formation of
small amounts of LasS,; which could not be identified by XRD analysis (Fig. 5). CLS
and La3S, are indeed isostructural with very similar lattice constants differing by only
0.5% [31]. In addition, we can mention that the chemical composition obtained after
Rietveld refinements of the ceramic XRD patterns matches well that obtained by EDS
analysis.

As expected from its low density (98.5%), CLS4 sample processed by direct HP at
120 MPa for 2 h exhibit a maximum transmission of only 25% at 13 um. By increasing
the dwell time to 6 h (CLS5), densification to >99% is reached and the transmission is
significantly improved (37% at 13 um).

Overall the best results were obtained for CLS6 and CLS7 samples, pre-sintered (to
about 94% densification) at 1250°C for 12 h in pure H,S. CLS6 and CLS7 pre-sintered
samples were placed in CLS and BN powders beds respectively and hot-pressed at
1000°C under 120 MPa. By contrast to the CLS1-CLSS series, EDS analysis of CLS6
(S/La=2 and La/Ca=2.4) and CLS7 (S/La=2 and La/Ca=2.4) samples did not detect any

secondary phase and revealed by X-ray elemental mapping a homogeneous composition
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throughout the microstructure. Again, EDS results confirm the XRD analysis which did
not identify B-La,S; as secondary phase. Pre-sintering in pure H,S for 12 h at 1250°C
retains sulfur stoichiometry and helps remove residual oxygen thus prevents both the
formation of 3-La,S;3 (and possibly La;S4) and the occurrence of sulfate impurity
absorption in the IR transmission spectra. Furthermore, pre-sintering at high
temperature is beneficial to oxygen contamination also as a consequence of surface area
reduction. Oxygen content in the CLS1-CLSS series and specific surface area (SSA) of
their precursor powders were respectively 0.35 wt.% and 1.1 m*.g” while in CLS7
sample, these values were reduced to 0.025 wt.% and 0.3 m?.g” respectively.

As a result, the optical transmissions obtained from these pre-sintered samples
surpass those obtained on ceramics processed from direct HP. The best performance is
observed in CLS7 sample with a maximum transmission reaching 51% in the 12-14 ym
range (theoretical transmission is 70% [29]). It is most likely that the sulfate band
observed in CLS6 spectrum results from adsorbed oxygen, contained in the CLS
powder (0.4 wt. %) used as sintering bed (no high temperature treatment in H,S prior to

hot-pressing).

5. Conclusion

CLS transparent ceramics were successfully elaborated using a novel precursor
powder route. The solution combustion synthesis developed in this work is an
innovative fast (thus energy-saving) fabrication process of precursor powders. The latter
are reproducibly sulfurized in a short time (4 h) compared to conventional methods
(times up to several days). The newly developed powders can successfully produce
infra-red transparent ceramics using hot-pressing and pressureless sintering. Powders,

consequently ceramic optical quality, are extremely sensitive to processing conditions.
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We showed that CLS compounds are very susceptible to oxygen contamination and
stoichiometry deviation especially when subjected to direct hot-pressing in vacuum
(sulfur loss).

Optimised sintering parameters thus consisted in pressureless sintering at 1250°C for
12 h in H,S followed by hot-pressing in a BN powder bed at 1000°C for 6 h. This
process helps retain the initial chemical composition of the powder which is the main
issue ever encountered in this complex solid solution system. Optical transmission of
51% in the 12-14 um range has been achieved with a ceramic densified to 99.8%.
Future work will investigate the conditions for full densification completion and
improvement of the optical performances at low wavelengths using longer HP treatment

or Hot Isostatic Pressing (HIP) as post-sintering operation.
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Figure captions

Fig.1. XRD patterns of raw (as-combusted) powders (La/Ca=2.7) before and after
treatment under H2S at 1000°C for 4 h

Fig. 2. FTIR spectra of raw powders (La/Ca=2.7) before and after treatment under H2S
at 1000°C for 4 h

Fig. 3. SEM images of the (a) as-combusted powder and (b) powder after sulfurization
Fig. 4. Photographs of (a) CLS1 (b) CLS2 (¢) CLS3 (d) CLS5 and (e) CLS7 samples
Fig. 5. XRD patterns of the HPed CLS ceramics reported in Table 1.

Fig. 6. IR transmission spectra of transparent samples
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