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Abstract

Lanthanum oxysulfide (La,0,S) was investigated as infrared transparent ceramic to benefit from
stronger chemical bonds and superior mechanical performances to that of non-oxide benchmark
infrared materials. La,0,S ceramics were processed by hot-pressing powders prepared by
combustion synthesis followed by a sulfurization treatment. Powders and ceramics were
characterised through various techniques (XRD, UV-Vis-IR spectroscopy, particle size analysis, SEM,
Impulse Excitation Technique, microhardness and fracture toughness tests) to assess their purity,
study their microstructure and determine their optical and mechanical properties. The study reports
the first IR transmission spectra, Poisson’s ratio, Young’s and shear moduli and fracture toughness
values of La,0,S polycrystalline ceramics. The ceramics showed transparency in the 2-11 um range
and their mechanical performances were all superior to that of commercial infrared ceramics. The
best transmission (89% of the theoretical transmission) was measured at 7.3 um for 1 mm-thick
ceramics hot-pressed at 1200-1250°C.
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1. Introduction

Since the discovery of the first highly-translucent Al,O5; ceramic (“Lucalox” from General Electrics)
in 1959 [1,2] and the first polycrystalline CaF,:Dy*" laser based on transparent ceramic in 1964 [3],
tremendous research emerged on various transparent ceramics for different applications in passive
or active optics, such as infrared (IR) windows/domes and transparent armors, or laser hosts,
phosphors, scintillators and electro-optical components [4-7]. Optical transmission within a
polycrystalline ceramic consisting of randomly oriented grains separated by grain boundaries is
affected by diffusion phenomena from (i) the surface roughness (ii) the presence of pores or
secondary phases having different refractive indices than the material and (iii) the grain boundaries
in the case of birefringent materials, i.e. with an anisotropic refractive index. For the latter reason, a
vast majority of transparent ceramics are derived from materials with isotropic lattice structure, i.e.
cubic structure, in which the refractive index is constant regardless of crystal orientation, so that no
scattering (refraction or reflection) occurs as light passes from grain to grain. In the case of non-cubic
crystal structures, scattering theories indicate that reduction of the grain size down to the
submicrometric range drastically minimizes birefringence-related light loss [8-10]. Indeed, it has
been reported that the in-line transmission of polycrystalline alumina ceramic (hexagonal) is
significantly increased for small mean grain sizes (1-2 um) [9-11] and that a remarkable
transparency is observed for 0.5 um mean grain size [8,12]. Besides optical performances, very fine-
grained microstructures with submicrometric grain sizes are also beneficial to achieve components
with improved hardness, wear resistance and strength [13]. In order to produce fine-grained and
fully dense ceramics, fine precursor powders (nanometric size for non-cubic materials) with high
chemical purity (>99%) and homogeneity of green bodies are some of the required features
[4,12,14-16].
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This study reports the processing of lanthanum oxysulfide (La,0,S)-based transparent ceramics
and the evaluation of their performances as IR windows. La,0,S is widely studied as an efficient
luminescent host matrix on the basis of its low phonon energy, good chemical stability and low
toxicity [17-20]. However, little research has been conducted on this ceramic compound as a
transparent bulk material. Yet, in addition to the above mentioned physico-chemical properties,
La,0,S has a high melting point and a high density making feasible the production of transparent
ceramics by sintering techniques. To the best of our knowledge, the processing of translucent La,0,S
ceramics has only been reported twice in literature [21,22], but no transmission value in the visible
range nor in the infrared were reported. The fact that optical transparency of bulk La,0,S has not
attracted much interest until now probably stems, as stated above, from the lesser interest in non-
isotropic crystalline structures, unlike ZnS (blende structure) known both as phosphor for over 100
years [23] and as bulk ceramic for infrared windows [24,25]. With the presence of sulfur atoms,
La,0,S transparency window lies between that of oxides like alumina and that of pure sulfides like
ZnS. The emergence of non-oxide polycrystalline ceramics arose indeed from the need to extend the
transparency domain of polycrystalline materials to the far infrared. Today, ZnS, the reference
material for applications in the 3-5um and 8-12um infrared atmospheric windows [26,27], is
produced under the trademarks FLIR® and Multispectral® by long and complex processes (Chemical
Vapor Deposition and Hot Isostatic Pressing) which lead to expensive optics. For application as
external structural windows able to withstand harsh environments, ceramic materials should
combine mechanical strength, erosion resistance and elevated temperature performance. Durable
protective coatings are generally necessary for such external use in severe environment [28]. The
development of new products like La,0,S could satisfy the important needs for materials with
extended transparency in the infrared (compared to oxides) and superior robustness (compared to
sulfides) towards harsh environments.

La,0,S and more generally R,0,S (R=rare earth element) compounds are conventionally prepared
through a solid-state reaction assisted or not by a flux agent [17,29—-33]. Reduction of rare-earth
oxysulfates under hydrogen-helium mixture or sulfurization of rare-earth oxides or other precursors
(e.g. carbonates) under H,S, CS, or S vapor can also lead to R,0,S [34—-36]. However, to produce fine
powders, methods involving lower temperatures and small-term annealing times are required. In this
study, a combustion synthesis technique was preferred over other liquid phase methods (e.g. gel-
network coprecipitation method [37], sol-gel polymer thermolysis [38] or solvothermal pressure-
relief process [39]) for its shorter reaction times and its efficiency in producing fine and well-
crystallized La,0,S powders [18,19,40-42].

Powder synthesis and powder sintering as well as the techniques used to characterise powder
and ceramic samples are presented first. Then powders and ceramics are successively characterised
in terms of purity and morphology/microstructure and optical transmission and mechanical
properties of La,0,S ceramics are compared to that of common infrared transparent ceramics.
Finally, correlation between the degree of optical transmission or hardness of the ceramics and their
characteristics (porosity, grain size) is clearly established and deeply discussed.

2. Experimental

2.1. Powder synthesis

La,0,S powders were prepared by the solution combustion method following the procedure
described in previous work [19]. The starting materials, La(NO,),, 6H,0 (Alfa Aesar, 99.99%) and
thioacetamide (TAA) CH;CSNH, (ACROS organic, 99+%), were dissolved in absolute ethanol (Prolabo,
VWR Chemicals) under magnetic stirring at ~70°C. A fuel (TAA)/oxidant (lanthanum nitrate) molar
ratio of 60:11 was used in all preparations. The solution was then introduced into a muffle furnace
(Nabertherm GmbH L40/11/B410) pre-heated to 500°C. The white foam obtained was subsequently
ground before post-sulfurization.

A homogeneous 20 g batch of as-combusted powders was prepared by mixing 5 consecutive
batches (approx. 4 g each) with a WAB rotary mixer - TURBULA® Type T2C. The sulfurization
treatment was carried out in an oscillatory reactor tube furnace (HTR Carbolite Gero) under H,S/N,
(10/90) flow at 1000°C for 6 h.



2.2. Powder sintering by Hot Pressing

Hot Pressing was carried out under dynamic vacuum (about 0.3 - 0.4 mbar) using VAS (France)
equipment. A typical quantity of 2.3 g of powder was introduced in a 13 mm diameter graphite die
coated beforehand with boron nitride BN (Alfa Aesar 99,5 %) to facilitate demolding. Powders were
sintered at 1100°C, 1200°C, 1250°C, 1300°C, 1350°C and 1400°C with a heating rate of 10°C/min. A
load of 120 MPa (maximum pressure allowed on graphite die) was applied at the selected sintering
temperature (1100-1400°C) for a 2-hour dwell time. At the end of the dwell time, the pressure was
released and samples were cooled to 1000°C at a rate of 4°C/min, then naturally cooled down to
room temperature. The ceramics were optically polished with a final step using 0.1 um alumina
powder prior to transmission measurements.

2.3. Characterisation techniques

X-ray diffraction (XRD) patterns were recorded at room temperature in the 5-90° 26 range with a
step size of 0.0261° and an effective scan time per step of 40 s using a PANalytical X'Pert Pro
diffractometer (Cu-L2,L3 radiation, A = 1.5418 A, 40 kV, 40 mA, PIXcel 1D detector). Data Collector
and HighScore Plus softwares were used respectively to record and analyse the diffractograms. The
XRD patterns for Le Bail structural refinements were collected at room temperature in the 5-120° 26
range with a step size of 0.0131° and an effective scan time per step of 200 s. All calculations were
carried out with Fullprof and WinPLOTR programs [43,44]. The Thompson-Cox-Hastings pseudo-Voigt
(NPr = 7) convoluted with axial divergence asymmetry function and gaussian approximation were
used and the background was approximated by linear interpolation between a set of background
points. The P3m1 (#164) space group and lattice parameters:a=b =4.05A,c=6.94 A, a = f =90°
and y = 120° were used as input data (COD card n°96-210-6403) [45].

A Gemini VIl 2390 Micromeritics analyzer was used to determine the specific surface area (SSA) of
the powders by the Brunauer-Emmett-Teller method. Before measurement, the samples were
outgassed overnight in vacuum at 250 °C.

Particle size distribution analysis of the powders was performed with a Laser Particle Sizer
Analysette 22 NanoTec (FRITSCH GmbH). Powders were dispersed in water and ultrasonicated during
analysis. Scanning Electron Microscopy (SEM) for powders morphology and ceramics microstructure
analyses was performed using a JEOL JSM 7100 F'. Prior to SEM observations, the samples were
metallized with carbon. Particle size of the powders was also estimated from SEM images via the
Imagel software. Grain boundaries of the ceramics were revealed by thermal etching at 1010°C for
30 min in H,S/N, flow. SEM observations of the thermally etched samples were then used to
determine the grain size from about 100 to 400 grains via Imagel.

Fourier Transform Infra-Red (FTIR) patterns of powders samples dispersed in KBr pellets were
recorded at room temperature with a Nicolet 380 FT-IR spectrometer (Thermo Electron Corporation)
between 400 and 4000 cm™". Diffuse reflectance spectra of powders samples were collected using a
Varian Cary 100 Scan spectrometer equipped with a Varian WinUV software and the integrating
sphere Lab-sphere (DRC-CA-30). Experimental data were collected within the 200-800 nm range with
a 1 nm step. Band gap of the material (E;) was calculated using the Tauc plot generated from
Kubelka-Munk data in the case of an allowed indirect transition [46,47]. The transmission spectra of
the ceramics samples were recorded with a Bruker T37 infrared spectrometer between 400 and 8000
cm™.

The density of the sintered samples was measured by Archimedes method in absolute ethanol
with a precision of about 1 %. The relative density (or densification rate) of the ceramics was
estimated using a calculated density of 5.750 g.cm™ computed from the refined lattice parameters
which is in good agreement with the La,0,S density value of 5.76 g.cm™ from the COD card n°96-210-
6403 [45]. Vickers microhardness (H,) and resistance to crack propagation (fracture
toughness, K) measurements were performed on polished ceramic surfaces using a Matzusawa MXT
70 Microhardness tester with 200 gf and 10 sec test load and time, respectively. Vickers
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microhardness and fracture toughness are median values determined on 8 indents. The Vickers
imprint diagonals and cracks length were measured using a digital KEYENCE VHX-5000 microscope.
The indentation fracture toughness K (MN.m'3/2) was computed using Niihara et al. equation [48]
with 0.25 <[/a > 2.5, proposed in the case of a Palmqvist crack propagation model [49] :

K 00089(E)2/5 F
o avl

H,
H, is the Vickers hardness (N.mm™), P the applied load (MN), [ the average Palmqvist crack length
(m), a the average length of the indent half diagonal (m) and E the Young’s modulus of the material
(N.mm?).

The Young's modulus E and shear modulus G were obtained at room temperature with an impulse
excitation technique (IET) (RFDA, IMCE, Belgium) [50]. The sample was suspended on wires at the
nodes of the first torsion vibration mode. The sample was impacted by a small ceramic projectile in
free fly and the vibration signal was recorded by a microphone (sampling rate 250 kHz) and
processed with the RFDA software. From the bending vibration frequency and the shear vibration
frequency, Young's modulus and shear modulus were calculated according to the equation proposed
in ASTM E 1876 [51].

3. Results

3.1. Powder characterisation

XRD patterns of as-combusted and post-sulfurized powders are presented in Fig. 1. After
combustion, the powders readily contain La,0,S as the main phase with traces of La,0,50, (ICCD
card n° 00-041-0678) as secondary phase. The latter is eliminated after the 6-hour sulfurization
treatment. All the powders are identified as hexagonal La,0,S (space group P3m1) according to the
COD card n° 96-210-6403.
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Fig. 1. X-ray diffraction patterns of as-combusted and pure (sulfurized) La,0,S powders

The lattice parameters and average crystallite sizes of the powder samples were estimated by Le
Bail refinement. The final refinement pattern of La,0,S powder is presented in Fig. 2. The resulting
unit cell parameters (a = b =4.052 A ; c = 6.946 A) are in close agreement with the literature [45]. The
low values of figures of merit certify the validity of the refinement model. The heat treatment at
1000°C for 6 h induces a magnification of the crystallite size as evidenced with the decrease of the
Full Width at Half Maximum (FWHM) of XRD peaks. The average crystallite sizes were determined to
be 27.8 nm and about 168 nm for the as-combusted and sulfurized powders, respectively.
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Fig. 2. Final Le Bail refinement of pure La,0,S (sulfurized) powder

Fourier Transform Infra-Red (FTIR) spectroscopy was used to further assess the purity of the
powders (Fig. 3). Indeed, impurities at traces levels in ceramics induce absorption bands that are
detrimental to the transmission, especially sulfate species whose absorption bands lie in the infrared
region of interest. The as-combusted powders actually contain several absorption peaks
between 600 cm™ and 4000 cm™. The relatively strong absorption bands at 3300-3610 cm™ and the
weak peak located at 1630 cm™ are characteristic of symmetric v; and antisymmetric v3 stretching
modes and bending v, mode of H,0 [52,53]. The two absorption bands at 560-700 cm™ and 1000-
1250 cm™ are attributed to vy, v5 and v, stretching modes of sulfate groups, due to the presence of
the La,0,S0, secondary phase [54] identified by XRD. These vibration bands weaken after
sulfurization as the residual oxysulfate is converted into La,0,S which is consistent with XRD results.
Two additional absorption bands located at around 1350-1580 cm™ are attributed to carbonate
groups adsorbed on La,0,S surface originating from the chemisorption of CO, released by TAA
decomposition [20,55,56]. All these peaks decrease significantly after sulfurization (1000°C for 6h).
The bands centred at 400-550 cm™ are characteristic La-O and La-S vibrational bands of La,0,S [57].
These results confirmed the high purity of the sulfurized powder.

100
v(H,0)..

v(CO;7)
90 4 A
80

olHi0) T
70

60 4

50 -| E |

Transmission (%)

40
v(La-OlLa-S)< |

60- \

30

204

& 8

~ As-combusted sample| *
Sulfurized sample

10 A

£ "
540 520 500 480 460 440 420 400

0
4000

T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 3. FTIR analysis of as-combusted and pure La,0,S powders. In insert: zoom on the 460 cm™ peak associated
to the La-O/La-S bonds



Fig. 4 shows the diffuse reflectance spectrum of the La,0,S powders. A drastic drop in reflection is
observed in the UV range in consistency with the white colour of the powder. This reflection loss is
attributed to free carrier absorption above the band gap which is estimated to be 3.75 eV by the
Tauc method. This result is in good agreement with the value reported by Sobon et al. who
determined on La,0,S single crystals a UV cut-off of 350 nm corresponding to a band gap of 3.54 eV
[58].
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Fig. 4. Diffuse reflectance spectrum of La,0,S powder and band gap (E,) Tauc plot

SEM micrographs of the as-combusted and sulfurized samples are compared in Fig. 5. Both
powders are made up of agglomerates of different size lying in the range from a few microns to a few
tens of microns. The high magnification images (Fig. 5(b)(d)) reveal differences in primary particles
morphology in consistency with the compositional heterogeneity. While the as-combusted powder is
made of primary particles that are heterogeneous in shape (plate-like or rounded) and size
(micrometric or nanometric, respectively), the sulfurized powder is made of primary particles of
uniform rounded shape and homogenous nanometric size (60-380 nm with median size of 136 nm,
determined via Imagel). The heat treatment at 1000°C in H,S/N, finally leads to an interconnected
morphology, arising from the formation of necks between primary particles, which is typical of the
initial stage of solid-state sintering. As a result, the SSA of the pure powders is significantly reduced
(4 m>.g™") in comparison with the as-combusted powders (12 m*.g™).




Fig. 5. SEM images of (a,b) as-combusted and (c,d) sulfurized powder (pure La,0,S)

The particle size distribution of the pure La,0,S powders has been measured by laser
granulometry (Fig. 6). The latter shows a large unimodal size distribution centered at 30 um with a
small distribution tail extending from 5 um to the submicrometric range. These results are consistent
with SEM images showing both agglomerates of a few tens of microns (Fig. 5(c)) and rounded
primary particles of nanometric size (median size of 136 nm) (Fig. 5(d)). The average particle
diameter (dger) determined to be 281 nm from the measured SSA and the calculated density (5.750
g.cm™) on supposedly spherical non-porous particles fits rather well the SEM particles size if we
consider this value is overestimated as the particles are actually partially sintered.
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Fig. 6. Particle size and cumulative size distributions of La,0,S powders in the 1000-0.5 um range (Franhaufer
theory limit)

3.2. Ceramics characterisation

The XRD patterns of the hot-pressed La,0,S ceramics are similar and comparable to that of the
precursor powder so that only the pattern of the sample sintered at 1250°C is presented in Fig. 7.
Refined unit cell parameters (median value on the temperature range 1100-1400°C, a = b = 4.0515 +
5E-5 A; ¢ = 6. 9479 + 9E-5 A) are similar to that of the precursor powder. Le Bail refinement results
are gathered in supplementary information. It is noteworthy to mention that EDX analyses indicate

that the S/La ratio remains constant for all the processed ceramics (see Supplementary Information,
Table S1).
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Fig. 7. X-ray diffraction pattern of La,0,S ceramic hot-pressed at 1250°C



The ceramics were all sintered to a relative density > 99%. The SEM micrographs of thermally
etched surfaces of La,0,S ceramics show residual closed porosity, characteristic of the final stage of
sintering in agreement with the densification rate (Fig. 8). This porosity appears mainly at grain
boundaries with size varying from nanometer (< 50 nm) to micrometer scale (> 0.4 um) for sintering
temperatures lower and higher than 1250°C respectively. Moreover, as expected with sintering
process, an increase in grain size is observed with higher sintering temperature. Fig. 9 shows that the
variation in pore size and grain size with sintering temperature is similar and presents the same
turnover at around 1200-1250°C as highlighted by the linear fit.

Fig. 8. SEM images of thermally etched surfaces of La,0,S ceramics hot-pressed for 2 h at (a) 1100°C (b) 1200°C
(c) 1250°C (d) 1300°C (e) 1350°C and (f) 1400°C. Note the lower magnification employed for grains visualization
in Figs. (e) and (f)
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Fig. 10 presents the IR transmission spectra of the La,0,S ceramics hot-pressed for 2 h at
temperatures from 1100°C to 1400°C and a photograph of the ceramic hot-pressed at 1250°C. Note
that these spectra are the first reported transmission data of polycrystalline La,0,S ceramics. The
high wavelength cut-off (multiphonon cut-off around 10.9 um) corresponds to the absorption due to
lattice vibrations, in particular that due to La-O bonds (here, second harmonic vibrations) whose
fundamental vibration was evidenced at around 460 cm™ in the FTIR powder spectrum (Insert Fig. 3).
At low wavelengths, the transmission is mostly altered by scattering due to microstructure defects.
No absorption band is observed in the whole transparency window proving our La,0,S ceramics are
highly pure. The transmission level of the ceramics depends on their sintering temperature. A
maximum of 67% transmission is obtained at A = 7.3 um for 1 mm-thick ceramics sintered at 1200°C
and 1250°C (overlapping spectra). This transmission represents 89% of the theoretical level (75.3%)
determined from a La,0,S refractive index of 2.2 [59—61]. When the thickness is reduced to 0.5 mm,
the ceramic exhibits some translucency as shown in Fig. 11 (see Supplementary Information for
transmission spectrum).
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Fig. 10. IR transmission spectra of La,0,S ceramics hot-pressed in the temperature range 1100-1400°C
(Thickness = 1 mm) and photograph of sample sintered at 1250°C (dark edge due to the hot-press graphite die)



Fig. 11. Photograph of La,0,S translucent ceramic sintered at 1250°C (Thickness = 0.5 mm)

Young’s and shear moduli, Poisson’s ratio and Vickers hardness of the hot-pressed La,0,S
ceramics are reported respectively in Table 1 and Fig. 12. As expected from the nature of chemical
bonds, Young’s modulus and Vickers hardness of La,0,S are superior to that of common non-oxide
infrared transparent materials like ZnS, ZnSe or CaF, (Table 2). For example, hardness values of about
550 kgf.mm™ obtained for the ceramics exhibiting the best transmission (hot-pressed at 1200 °C and
1250 °C) are three times and about four times greater than those of CVD ZnS (Standard or FLIR®) and
CVD/HIP ZnS (Multispectral® or Clear®), respectively.

Table 1. Young’s and shear moduli and Poisson’s ratio of La,0,S ceramics hot-pressed at 1250°C (320 mm)

Young’s modulus Shear modulus Poisson’s ratio
(GPa) (GPa)
Calculated value 138.0+2 53.4+0.8 0.29 £ 0.01

Furthermore, as seen from Fig. 12 representing the evolution of ceramics hardness and grain size
as a function of sintering temperature, hardness decreases with grain size following a two-stage
regime either side of 1250°C.

650

9,
8 o
_ . - 600

7] S | g s
26 . 7]
P - I 550
N 0 3
@ 5] a
£ . 2
© > L
544 ;s L 500 &
o B
© =

- ©Q
2
@ -
O 24 : ] 450%

1] I ' =

P g L 400
04

T L/ T R T ¥ T . T v T T T
1100 1150 1200 1250 1300 1350 1400
Sintering temperature (°C)

Fig. 12. (a) Median grain size (d50) (left) and Vickers hardness (right) of La,0,S ceramic as a function of
sintering temperature (b) Micrograph of Vickers indentation pattern in La,0,S ceramic hot-pressed at 1200°C.
Error bars correspond to (left) the grain size percentile values d10 and d90 and (right) the standard deviation of
Vickers hardness values

Table 2. Vickers hardness, Young’s modulus and Poisson’s ratio values of common infrared transparent
ceramics

Material Processing Vickers hardness H, Young’s modulus
(Kgf.mm?) (GPa)

FLIR® CVD ZnS (Vitron) [62] CvD 178.3 74

Clear® CVD ZnS (Vitron) [62] CVD + HIP 148.3 88

ZnS-ISCR [63] Hot Pressing 310 85.9

ZnSe (APC) [64] CVD 112 67.2

CaF, [65,66] Single crystal 170 110

Cala,S,-ISCR [67,68] Hot Pressing 570 95.8

10



Table 3 presents the fracture toughness K of the ceramics determined using the Palmqvist cracks
propagation model [49], along with their grain size and sintering temperature. It appears clearly that
the ceramics have similar fracture toughness values (mean value: 1.01 MN.m*?) and that the grain
size, in the range 0.3-4.4 um, has no influence on fracture toughness.

Table 3. Fracture toughness K (Vickers indentation) and grain size of La,0,S ceramics hot-pressed in the
temperature range 1100-1400°C

Sintering temperature Fracture toughness K* Median grain size
(°c) (MN.m*?) (um)
1100°C 1.01+£0.07 0.346
1200°C 0.93 £0.02 0.502
1300°C 1.05+0.19 1.695
1350°C 0.96 £ 0.07 3.034
1400°C 1.03+0.10 4.406

*Niihara model (see 2.3. experimental section)

4, Discussion

In this work, we report the processing, mechanical properties and optical transmission spectra of
the first infrared transparent La,0,S ceramics by providing to the best of our knowledge the first
transmission spectra of La,0,S-based ceramics attesting for transparency in the 2-11 um infrared
range.

First, XRD data, FTIR and UV-Visible spectroscopy prove that highly pure La,0,S powders are
synthesized by combustion method and post-sulfurization in H,S/N, flow. Results of crystal lattice
refinements using the Le Bail method are in agreement with literature data.

Laser granulometry analysis of La,0,S powders shows a rather large unimodal particle size
distribution in the micrometric range, centred at 30 um. SEM observations reveal that powders are in
fact made up of micrometric agglomerates constituted of nanometric primary particles. The median
primary particle size (136 nm) can directly be correlated to the average crystallite size (168 nm)
determined from peak broadening by Le Bail refinement. Thus, we can assume that each primary
particle of powder is on average composed by one crystallite. We observed also that the thermal
treatment associated to the sulfurization process induced a partial sintering of the particles which is
presumably facilitated by the agglomerated morphology of the as-combusted powder. This is
corroborated to the SSA value (4 m>.g™") where a value about double (8 m”.g") would be expected for
a perfect unagglomerated powder made up of primary dense and spherical particles of 136 nm, using
the Brunauer-Emmett and Teller model [69]. However, the powder morphology did not impede its
sinterability as 99% densification was reached in 2-hour hot pressing. Microstructural
characterisations of the ceramics (Fig. 8(d)(e)(f)) exhibit a decisive turn in the 1200-1250°C
temperature range in terms of grains and pores size as shown by the slope change of the tendency
curves in Fig. 9. Indeed, an increase in grain size (as well as in pore size) with increasing sintering
temperature occurs to a large extent (by a factor of 6) between 1250 and 1400°C (Fig. 9).

IR transparency is to be related to the ceramics microstructure. We observed a significant
increase in transmission from 1100°C up to 1200-1250°C while beyond 1250°C, IR transmission is
lowered (Fig. 10). As no correlation from the sintering temperature with the densification rate was
noticed, we associate the transmission variation to the pore size evolution. For sintering
temperatures below 1250°C, one note a pore size homogenization at 1200°C and 1250°C compared
to 1100°C (Table S2 in Supplementary Information) leading to fewer large pores, thus limiting light
scattering phenomenon at low wavelengths. For sintering temperatures above 1250°C, a decrease in
transmission is clearly observed with increasing temperature which ends up being drastic at 1400°C.
SEM analyses show indeed an increase in the number of intragranular pores at high sintering
temperature (>1250 °C) testifying of what could be the beginning of abnormal grain growth. This
type of growth occurs when the pores mobility is too low compared to that of grain boundaries so
that pores separate from the latter. It leads to an exaggerated growth of some grains to the
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detriment of the small ones that explains the increasing deviation from the dy, to the dg grain size

values for sintering temperatures above 1250 °C. It seems that if sintering was driven by diffusion at

grain boundaries and growth limited by grain boundaries mobility for sintering temperatures below

1250 °C, it is no longer the case when exceeding 1250 °C. We can assume that the grain boundaries

mobility increase is associated to a change in the sintering mechanism being mainly due to volume

diffusion at grain boundaries with grain boundaries-pores separation at high temperature [70].

Moreover, a significant increase in pores size is observed with increasing temperature. Some pores of

about 500 nm are observable at 1300°C while at 1400°C some are micrometric. At this stage, two

hypotheses can be formulated regarding the pore size growth, one not excluding the other:

(i) One can fairly imagine that the abnormal grain growth is accompanied by a pore growth due to
the coalescence of the latter.

(ii) The increase in pore size may result from the fact that the pressure is applied at the sintering
temperature and not from the beginning of the sintering process. One can assume that for the
highest temperatures (1300-1400°C), the pressure is applied onto agglomerates that have already
started to sinter, leaving by shrinkage, large inter-agglomerate cavities from which the large pores
result (Fig. 13).

In both cases, as light wavelength approaches the pore size, scattering effect increases and

transmission decreases [26]. As a result, the lower limits of the transparency window and the

transmission maximum are both shifted to higher wavelengths. It is to be noted that, at 1400°C,
sintering produces, as observed from SEM images (Fig. S7), a small proportion of large pores (> 1um)
that are responsible for the important shift of the transparency window at this temperature. Note
that diffusion due to birefringence shall not be considered as a source of optical losses in our
samples. Indeed, refractive indices of La,0,S are close enough (< 1x10? at 1 pm [58]) to neglect
birefringence effect at grain boundaries when compared to diffusion phenomenon associated to the

residual porosity.
P _ Primary
7\ % %
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Agglomerate

Initial stage Sintering Final stage

Fig. 13. Schematic of differential sintering

Hardness measurements revealed decreasing values with increasing sintering temperatures from
about 600 to 400 kgf.mm™ (Fig. 12). They exhibit, as in Fig. 9, a decisive turn in the 1200-1250°C
temperature range, shown by the slope change of the tendency curves. This behaviour is explained
by the abnormal grain growth which operates above 1250°C. Moreover, La,0,S hardness increases
inversely with the square root of the grain size, testifying of a Hall-Petch behaviour which is
attributed to dislocation pile-ups at grain boundaries (limited dislocation mobility in smaller grains)
(Fig. 14) [71,72]. Finally, hardness of the samples with the best transparency is about three times
greater than that of commercial CVD ZnS and when compared to hot-pressed ZnS and Cala,S, from
our previous studies, is about twice that of ZnS and comparable to that of Cala,S, (Table 2).
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Fig. 14. Vickers hardness as a function of (grain size)'l/2 of La,0,S ceramics hot-pressed at temperatures in the
range 1100-1400°C

As mentioned earlier, the fracture toughness of all tested La,0,S samples is about 1.01 MN.m>2,
The independence of fracture toughness on grain size is often reported for cubic materials and non-
cubic fine-grained alumina [73,74]. Indeed, for alumina ceramics with grains size comprised between
several hundred nanometers up to a few microns, the toughening mechanism usually reported as
crack bridging (i.e. formation of a strong reinforcing phase that connects the two crack surfaces in
the form of whiskers, continuous fibres or elongated particles [75]) can not be effective. We assume
in our non-cubic La,0,S ceramics with median grain sizes in the range 0.3-4.4 um a similar behaviour
to occur. As a result, the measured fracture toughness (Table 3), as grain size independent, can be
considered as the true intrinsic material toughness.

5. Conclusion

In this work, we report the processing and the first optical and mechanical properties of La,0,S-
based infrared transparent ceramics. La,0,S powders were synthesized by combustion method and
sulfurization in H,S/N, (10/90) gas flow at 1000°C and subsequently hot-pressed for 2 h under 120
MPa in the temperature range 1100-1400°C. La,0,S powders made up of agglomerates (~ 30 um) of
nanometric particles (~ 136 nm) were densified to a relative density over 99% in only 2 h by hot
pressing. Optical transmission is highly dependent on the ceramics microstructure showing limited
grain growth (0.3-0.7 um) at lower sintering temperatures (1100-1250°C) followed by abnormal grain
growth (1.7-4.4 um) at higher temperatures. Young’s modulus and Vickers hardness are superior to
that of any commercial infrared transparent ceramics and are, in particular, 2 times higher and 3
times higher to that of CVD ZnS, respectively. Hardness is closely related to the grain size showing a
moderate decrease while the grain size remains fairly constant for ceramics hot pressed between
1100°C and 1250 °C, and a larger decrease for ceramics hot pressed at 1300-1400°C which undergo
abnormal grain growth. The maximum of transmission observed at 7.3 um is reached for samples
sintered at 1200°C and 1250°C with a value of 67 % (89% of theoretical transmission). Future
improvements in powder morphology (deagglomeration) are promising prospects to achieve higher
transmission values at low wavelengths, especially in the 3-5 um atmospheric window. Such
polycrystalline transparent La,0,S hot-pressed ceramics are believed to be promising candidates for
transparent windows in harsh environment.
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