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Magnesium aluminate spinel is known to be a material with a good combination of mechanical properties,
resistance against chemical attack and a high melting point, being thus a very promising material for application
as a transparent material in harsh, high-temperature environments where glass fails. To improve the control over
the microstructural evolution during sintering, Eu®*, Y>* Mg?" and their combinations were introduced as
doping elements. The goal of the study was to optimize processing of fine spinel powder and investigate the
potential for enhancing MgAl»O4 spinel density and in-line transmittance by using elements segregating to grain

boundaries. The total and in-line transmittance were measured, and the characteristic pore size for transparent
samples calculated based on the Rayleigh scattering approximation. Eu-doping proved to be effective in lowering
the residual pore size and thus achieving in-line transmittance approaching the theoretical value at relatively low
sintering temperatures (1400 °C).

1. Introduction

Transparent ceramics are of particular relevance for applications in
high temperature technologies, infrared (IR) windows, optoelectronic
components, transparent armors or lamp envelopes, among others. High
transmittance can be achieved by reducing absorption and scattering
cross sections to the lowest possible level [1-3]. The absorption pro-
cesses are the result of electron transitions (in the high energy range, UV
light), vibrational and rotational changes (in the lower energy range,
IR), e.g., for amorphous materials, as well as point defects that
contribute to absorption in various parts of the spectrum [4]. The scat-
tering losses are caused by differences in the refractive indices that may
be caused either by the presence of secondary phases, pores and in-
homogeneities or the anisotropic nature of the material itself (e.g.
non-cubic structure) leading to the appearance of birefringence [1,2,5].
It is however worth mentioning that at very high energies (A ~ 200 nm),
even MgAl,O4 with its cubic structure starts exhibiting birefringence
[6].

Following the Lambert-Beer law, the real in-line transmittance (RIT)
decreases exponentially with the sample thickness (d) and the total

scattering/absorption coefficient (y¢) (taking into account all absorp-
tion/scattering/reflection events), where Ry — reflection loses are equal
to the maximum theoretical transmittance Tpax:

RIT = (1 —R,)exp(—7,,d) (€D)

In the case of spinel in the absence of color centers and wavelength
longer than 200 nm, the total scattering/absorption coefficient becomes
the total scattering coefficient, which is the sum of the grain-boundary
scattering coefficient (ygp), pores scattering coefficient (ypores):

Yiot = Vb T Vpores (2)

Indeed, MgAl»04 being a cubic isotropic material, the differences in
the refractive index between two neighboring grains can be assumed
negligible. Therefore, the total scattering coefficient can be reduced to
the pores’ scattering coefficient:

Yiot = Ypores 3

Accordingly, the transparency of spinel may be assumed to be only a
function of porosity/density, omitting the need for stringent grain size
control as in the case of transparent polycrystalline alumina, for
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Table 1
Literature overview of conditions for pre-sintering and HIP of MgA1204 spinel and resulting transmittance, following [33].
Powder SBET Shaping The conditions of pre-  The conditions of  Grain size Pth RIT [%] Ref.
[m"/g] sintering HIP [um] [%]
Baikowski 25-28 Unaxial powder 1700 °C/1 h 1800 °C/ 45-50 99.58 65 % (4 mm, Ramavath 2014
S30CR compaction 195 MPa/5 h 550 nm)"“ [31]
Colloidal slip casting 1650 °C/1 h 99.99 80 % (4 mm,
550 nm)*“
Baikowski 25-28 Cold isostatic pressing 1550 °C /5 min 1550 °C G=1umGy 100 60.2 % (@1.1 mm, Maca 2007 [34]
S30CR /200 MPa/1 h =5um 632.8 nm)
Baikowski 25-28 Slipcasting 1550 °C /2h 1450 °C 1.4 97.5 79.3 % (@1 mm, Kim 2015 [29]
S30CR /180 MPa/5 h 550 nm)
FSP?, 50 Cold isostatic pressing 1400 °C /80 h 1700 °C 0.45 99.9 77 % (@2 mm, Goldstein 2008
Nanocerox /200 MPa/3 h 635 nm) [12]
FSP* 29-34 Freez drying, uniaxial 1260 °C 1260 °C 0.34 >99.9 84 % (@3.7 mm, Krell 2010 [13]
pressing /200 MPa/15 h % 640 nm)
S30CR 25-28 Slipcasting 1550°C/1h - 0.82 98.08 - Talimian 2019
Baikowski % [35]
Synthesis na SPS/CIP* 1575°C/1h 1500 °C/ 1.9 98 % 63 % (@1 mm, Guo 2019 [33]
180 MPa/5 h 550 nm)
S25CR 21-24 Uniaxial + Cold Vacuum 1500 °C/2 h 1800 °C/ 28 + 125" ~100 82 % (@2 mm, Gajdowski 2017
Baikowski Isostatic Pressing 190 MPa/ 10 h % 400 nm) [32]
@ FSP - flame spray pyrolysis, SPS - spark plasma sintering, CIP - cold isostatic pressing.
b two populations of grains.
¢ total or in-line transmittance: not specified.
d average particle size 180 nm.
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Fig. 1. Particle size distribution for 5 vol % aqueous suspensions for various milling times and different amounts of PAA with respect to the powder mass (A) 1 wt%,

(B) 3 wt%, (C) 5 wt% and (D) 7 wt%.

example, provided that grain growth is controlled to prevent pore-grain
boundary separation (e.g. formation of intragranular pores) as reported
for spinel sintered in the air at 1600 °C [7]. These may subsequently
coalescence at higher sintering temperatures, rapidly decreasing the
optical properties [8]. Large intra-granular pores and small pore arrays

were observed in combination with abnormal grain growth in spinel
samples after CIP and HIP at 1540 °C, whereby the pore arrays lead to
significant local light scattering [9].

The effect of porosity on the real in-line transmittance can be
calculated following Pecharroman and Mata-Osoro [10] using the
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Table 2
Sample descriptions.
Sample Doping® Pre-sintering HIP
name temperature (°C) temperature
(§9)

1500_3 - 1500 1300

Mg48 500 ppm Mg?" 1500 1300

YMg54 250 ppm Y37, 1500 1300
250 ppm Mg?’

1500_2 - 1500 1350

Mg59 500 ppm Mg?" 1500 1350

YMg60 250 ppm Y3+, 1500 1350
250 ppm Mg?’

EuY50 250 ppm Eu®", 1500 1350
250 ppm Y3+

Eu61 500 ppm Eu®* 1400 1400

Eu34 500 ppm Eu®*" 1500 1400

Y46 500 ppm Y** 1500 1400

EuMg52 250 ppm Eu®", 1500 1400
250 ppm Mg?"

EuY51 250 ppm Eu®", 1500 1400
250 ppm Y>*

EuYMg57 167 ppm Eu®", 1500 1400
167 ppm Y%,
167 ppm Mg**

2 By cationic ratio (Mg + AI*%).

following equation, based on the Rayleigh scattering approximation:

“add 2_q 2
ypam: =32 (/)["7'8“4 2 (2 (4)
A n?+2

with dpores — the pore volume fraction, ap — the characteristic pore size
(radius), Ap — the incident light wavelength (in vacuum) and n - the
refractive index of the material (e.g., MgAl;04 spinel).

Using fine powders has benefits in terms of sintering behaviour, as
the increased excess surface energy leads to a lowering of the required
sintering temperatures, e.g., use of MgAl,04 particles with a dp 50 of
5-6 nm allowed achieving relative densities over 95 % after only
20 min of sintering at 1300 °C [11]. For comparison, a powder with a
mean particle size of 840 nm has been reported to only reach a density of
81 % after sintering for 4 hours at 1320 °C [12]. For Hot Isostatic
Pressing HIP, using spinel powder with the Sggr 14-21 m2/g has been
reported to require a HIP temperature of 1750 °C to achieve a RIT of 83
% (at A = 640 nm) with an average grain size reaching up to 19.4 pm,
whilst a powder with a specific surface Sggr = 30-33 m?/g only needed
1260 °C during HIP to reach similar RIT values (e.g. 84 %) with an
average grain size of 0.3 pm [13]. Furthermore, using finer powders
allows for refined microstructures [14], which in return improves the
mechanical properties of the final parts [15,16]. For example, a hardness
and flexural strength of 16.5 GPa and 330 MPa, respectively, have been
reported for spinel with the average grain size 0.14 pm, which were
reduced to 12.9 GPa and 155 MPa, respectively, when increasing the
average grain size to 25 pm [17]. Reports also suggest that abnormal
grain growth may occur when sintering spinel above 1600 °C, leading to
trapped intragranular pores [7]. One of the possible strategies to control
grain boundary mobility and thus avoid intragranular pores is doping
with elements that segregate at the grain boundaries and reduce its
mobility by the solute drag effect. In the absence of dopant-induced
liquid or secondary phase formation, the solute drag may improve the
in-line transmittance by retarding grain growth, which prevents
pore-grain boundary separation, and by promoting densification.
Indeed, pore-grain boundary separation may occur when the velocity of
pore movement is lower than grain boundary mobility [18]. The mini-
mum grain size for pore-grain boundary separation G*depends on the
diffusion coefficients [19,20]:
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N B m3D5,Q
o= \ 16D} ®

with p — constant depending on the boundary curvature, Dﬁ — the atom
diffusion coefficient, Dg — the surface diffusion coefficient, a® — the atom
area, 8 — the thickness of the diffusion surface and Q — the atomic vol-
ume. The equation above illustrates that decreasing Dy, is favorable to
prevent pore-grain boundary separation by increasing G*.

For example, grain boundary segregation and, thus, grain growth
inhibition was presented for yttrium doping [7,21], as well as
improvement of the fracture toughness [22]. Dopants may also affect the
sintering temperatures and densification rates. For instance, Mg2+
excess introduces oxygen vacancies associated with higher densification
rates [23]. Reduction of sintering activation energy was also achieved by
Mn2* doping [24]. However, dopant solubility in spinel is relatively low
and secondary phase precipitation occurs at higher doping levels [25,
26]. The levels depend on the grain boundary area as well as the bulk
solubility and grain boundary segregation of the doping elements. From
atomistic modelling results considering La®", Y3, Gd®*, La®* and Zr**
doping, La®>* has been reported to show the strongest grain boundary
segregation for all investigated MgAl,04 surfaces, which correlates with
its large cationic radius size [27].

A review of reported spinel transmittance values including their
shaping methods and sintering conditions is presented in Table 1. All
studies used spinel powders with primary particle sizes in the 20 nm to
120 nm range. Although advantageous for lowering the sintering tem-
peratures, the use of such small particles poses challenges during the
processing [9,13,28,29], especially for MgAl,04 which reacts with
water due to its basic nature [30]. Not only the sintering conditions but
also the method of shaping has an impact on the final density and thus
optical properties. Indeed, higher sintering temperatures are required to
obtain densities above 99 % for pellets prepared by spray drying and
uniaxial powder compaction compared to parts prepared by slipcasting,
which yields higher green body densities and typically higher trans-
mittance values [31]. Pronounced grain growth has been particularly
reported after HIP at 1800 °C [31,32]. The absence of birefringence,
however, allowed reaching transmittance values close to the theoretical
maximum, even with grain sizes of approx. 28 pm and 125 pm [32].

Considering the literature review and the objectives of the present
study, the following doping elements were chosen to investigate their
effect on slip-casted MgAl,O4 spinel samples:

e Europium Eu®' for its reported complexion transitions (abrupt
changes in the grain boundary structure and thus mobility) in mag-
nesium aluminate spinel [36,37]

Yttrium Y3 for its different cationic radius compared to Eu>* with
expected differences in its segregation and accommodation behavior,
reducing the grain boundary energy by segregation and inhibiting
grain coarsening [21]

Magnesium Mg2+ for introducing oxygen vacancies in the lattice,
which often lead to improved diffusion and densification rates [23].

The goal of the study is to understand how Eu®*, Mg?*, and Y3 ions
affect the sintering path and microstructural development for MgAl,04
spinel in order to promote sintering and densification and thereby
achieve transparent spinel, ideally without HIP.

2. Experimental
2.1. Materials and methods

The powder used in this study was MgAl,04 (S25CR, Baikowski,
France) with a specific surface Sggr = 23.1 m?/ g, dy,50 = 0.2-0.3 pm and

> 99 % spinel crystal phase, according to the supplier data sheet. For
proper deagglomeration of the powder, the 50 % solution of PAA 5000
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Fig. 2. SEM after pressureless sintering in 1400 °C for (A) pure spinel and doping: (B) Eu 500 ppm, (C) Mg 500 ppm, (D) Y 500 ppm, (E) Eu-Mg 250-250 ppm, (F)

Eu-Y 250-250 ppm, (G) Mg-Y 250-250 ppm, (H) Eu-Y-Mg 167-167-167 ppm.

in water (Polysciences, USA) and NHj solution of 25 % (Roth,
Switzerland) were used. The following salts were used for preparation of
solutions for the doping process: Eu(NO3)305H,0 (Sigma Aldrich, Ger-
many), Y(NO3)3e6H50 (Sigma Aldrich, Germany) and Mg(NO3)2e6H;0
(Sigma Aldrich, Germany).

Planetary ball milling (Retsch, Germany) with alumina jars and balls
(1 and 3 mm @) was used at 300 RPM and different milling times for the
slurry preparation. Hereby, the powder to ball ratio was equal to 1:1
(1 mm ©):0.7 (3 mm @).

The particle size distribution was performed by static light scattering
(LS 13320, Beckman Coulter, USA) using water as a dispersing medium
and Mie scattering as a model for the size calculation.

Pressure-less sintering was carried out in the Nabertherm furnace,
(Germany LHT 04/17) with the maximum sintering temperature of 1750
°C and 4 L volume.

For the final densification of pure and doped spinel samples, Hot
Isostatic Pressing (EPSI HIP 400-77*150 GM, EPSI, Temse, Belgium)
was used with the following conditions:
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Fig. 3. SEM after pressureless sintering in 1500 °C for (A) pure spinel and doping: (B) Eu 500 ppm, (C) Mg 500 ppm, (D) Y 500 ppm, (E) Eu-Mg 250-250 ppm, (F)

Eu-Y 250-250 ppm, (G) Mg-Y 250-250 ppm, (H) Eu-Y-Mg 167-167-167 ppm.

e 10 K/min; 1300 °C; 4 h; 200 MPa
e 10 K/min; 1350 °C; 4 h; 200 MPa
e 10 K/min; 1400 °C; 4 h; 200 MPa

The microstructure of sintered parts was analyzed by an SEM mi-
croscope (Vega Plus 5136 MM, Tescan, United Kingdom) equipped with
an EDX detector.

The crystal structure was evaluated using X-ray diffractometer
PANalytical X’Pert PRO 6-20 with a Cu Ka,; radiation source. Mea-
surements were performed between 20 and 80°. Phase identification

was completed using the X'Pert HighScore Plus software database. The
crystalline size was calculated based on the Scherrer equation.

The density of sintered samples was evaluated following Archi-
medes’ principle using an A6204 DeltaRange® balance (Mettler Toledo,
Switzerland). The mass of the dried sample was recorded (mi). To
eliminate air and provoke pore penetration by water, the sample was
immersed in distilled water and kept under a vacuum until bubbling
stopped. After 24 hours of soaking, the mass of the sample was measured
in water (my) and in air (mg) after drying the surface to remove any
excess surface water.
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Mg1500°C 8.077 111.99
YMg1500°C 8.134 89.62
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Fig. 4. XRD patterns for samples after pressureless sintering at 1500 °C: pure spinel, Mg-doped spinel, Y-doped spinel, YMg-doped spinel and sintered at 1650 °C
YMg-doped spinel (A) XRD pattern comparison with the spinel reference, (B) secondary phase reflex, (C) shifts in the peak position and width, (D) table with

calculated lattice constant and crystalline size.

A Jasco V-670 UV-vis-NIR double beam spectrometer with a
150 mm integrating sphere was used for the transmittance T and
reflectance R measurement of pellets with a thickness of around 3 mm.
The T(A) and R()\) spectra were measured in a wavelength range of
220-2200 nm. By using different measurement configurations, the
integrating sphere enables recording the total, in-line and diffuse spectra
separately. The analysis of diffuse transmittance Tgif and diffused
reflectance Rgiff allows determination of the contributions of light
scattering.

2.2. Sample preparation

To optimize the dispersing concentration, deionized water was
mixed with the required amount of the NH3 solution, followed by PAA
addition to obtain a ratio of NH3 to AA (acrylic acid groups) of 1.5,
before addition of the spinel powder under constant mixing with an IKA
stirrer to obtain a 5 vol % suspension.

Knowing the critical importance of powder deagglomeration for the
final density maximization, the milling process was particularly opti-
mized. The impact of various PAA dosage (1 wt%, 3 wt%, 5 wt% and
7 wt% with respect to the powder mass) on the particle size distribution
was examined for 5vol % spinel slurry (Fig. 1). For 1 wt% of PAA
(Fig. 1A), adjusting the milling time between 1 and 3 hours does not
allow achieving a fully de-agglomerated slurry state. An increase of the
PAA concentration to 3 wt% (Fig. 1B) allowed reaching a monomodal
particle size distribution after 3 hours of milling. A further increase of
the PAA concentration (5 wt% and 7 wt%) instead resulted in the
presence of bigger agglomerates (Fig. 1 C, D). This could be a result of
bridging effects between an increasingly large network of free polymers
[38] or ammonium polyacrylate modifying the ionic strength com-
pressing the double-layer [39]. Accordingly, 3 wt% of PAA and 3 hours
of milling were chosen as the optimum to achieve full de-agglomeration.

Finally, the slurry concentration was increased to 20 vol %.
Slip-casting of spinel was performed in silicone molds placed on a
gypsum plaster covered with a cellulose filter paper. After covering and
3 days of drying, samples were removed from the mold, placed in an
open crucible on a corundum sand for PAA removal and calcination,
according to the following two-step heating program: heating at 0.5 °C/
min to 600 °C with a dwell of 120 min, then heating at 5 °C/min to 800
°C with a dwell of 30 min. After calcination, the density of green bodies
was measured using the generalized Archimedes method and the pore
volume calculated comparing the measured density with the theoretical
density of spinel (3.58 g/cm®). After drying the samples in an oven at
120 °C in air overnight, the samples were doped by pipetting an
equivalent of the pore volume of aqueous nitrate solutions (prepared by
dilution of ICP-OES titrated stock solutions) with concentrations needed
to achieve a doping level of 500 ppm by cation ratio Mg?" and A1+
(Table 2), dried and sintered in a box furnace at 1400 °C or 1500 °C for
4 hours. All types of samples were subjected to a post-HIP process at
1350 °C and afterwards optically evaluated to define the subsequent
experimental trials according to the following protocol: dopant strate-
gies having a translucent appearance after this initial post-HIP trial were
selected for another post-HIP trial at lower temperature (1300 °C);
dopant strategies yielding a milky or slightly yellowish (assuming this
being the consequence of microporosity) appearance were selected for
another post-HIP trial at higher temperature (1400 °C). For the trans-
mittance measurement, only samples with translucent/ transparent
properties were chosen. The final set of samples is presented in Table 2.

3. Results and discussion for pressure-less sintering before HIP
3.1. SEM and XRD at 1400 °C and 1500 °C

No significant microstructural changes could be observed in pure and
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Fig. 5. SEM images after HIP at 1400 °C (A) Eu61, (B) Eu34, (C) Y46, (D) EuMg52, (E) EuY51 and (F) EuYMg57.

doped spinel after pre-sintering at 1400 °C (Fig. 2). In all cases, the
microstructure is homogenous without the presence of abnormally
grown or excessively large grains.

After sintering at 1500 °C, microstructural changes start to be
noticeable (Fig. 3): Whilst the addition of Eu (Fig. 3B), Eu-Mg (Fig. 3 E),
Eu-Y (Fig. 3 F) and Eu-Y-Mg (Fig. 3H) leads to more significant grain
growth, the addition of Mg (Fig. 3 C), Y (Fig. 3D) and Y-Mg (Fig. 3G)
allows limiting grain growth compared to the Eu-(co)-doped ones. The
increased grain growth observed for Eu-doped samples compared to
undoped spinel may be a result of complexion transitions, which may
lead to higher grain boundary mobility irrespective of the solute drag

effect. Indeed, a complexion transition for Eu-doped spinel has already
been previously reported, occurring around 1480 °C with 4-hour sin-
tering dwell times [36,40,41]. Alternatively, the generation of a liquid
phase at the grain boundaries may also lead to similar results [9].

To analyse the phase purity and possible changes in lattice constant
and crystallite size, the XRD data were collected for some samples sin-
tered at 1500 °C and one sintered in 1650 °C (Fig. 4). High purity spinel
phase could be confirmed for most of the samples (Fig. 4A) (within the
detection limit of XRD). Only for YMg (sintered at both 1500 °C and
1650 °C) could a peak that can be associated with the precipitation of a
secondary phase be observed around 26 = 33.4° (Fig. 4B). For YMg1500
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and YMg1650 samples, a Y3AlsO;5 phase (reference no. 01-090-1264)
was found in addition to the MgAl,O4 spinel phase (reference no.
01-086-0083). Both roentgenograms are of high quality and are char-
acterized by a very high number of counts. For the YMg1500 sample, the
intensity ratio of the highest intensity reflections after background
subtraction is equal to Y3Als0;3: MgAl,O4 = 0.011. An analogous
analysis of the YMg1650 sample yields 0.005. Therefore, it can be seen
that the contribution of the additional Y3Al;015 phase is very small.
Considering that the Y3AlsO1, phase could only be detected for both
samples doped with Y-Mg (Y>* and Mg?") and not for single doping with

the same (only Y>* or only Mg?"), the formation of a secondary phase
might be related to a synergistic doping effect, the exact investigation of
which is beyond the scope of this study. It shall be noted, however, that
magnesium deficiency at grain boundaries has been reported in pure
spinel [42,43], leading to the assumption that magnesium co-doping
might significantly influence the grain boundary chemistry. XRD anal-
ysis also reveals slight shifts in the position of the peak around 20 = 19°
(Fig. 4C) which is indicative of a lattice constant change between the
samples. The lattice constant and crystallite size were calculated and the
average value for all peaks is presented in Fig. 4D. There is a slight in-
crease in the crystallite size for Y-doped and YMg-doped spinel sintered
at 1500 °C. Larger crystallite sizes were measured for the Mg-doped
spinel sintered at 1500 °C and the YMg-doped spinel sintered at 1650
°C. A minor decrease of the lattice constant could be observed for Mg-
and Y-doped spinel, which in the case of Mg-doping could be associated
with the formation of charge compensating oxygen vacancies.
YMg-doping, however, causes a slight increase of the lattice constant,
which decreases after sintering at higher temperatures where the for-
mation of a secondary phase depletes the doping element concentration
in the structure.

4. Results and discussion after HIP
4.1. SEM observations after post-HIP

After post-HIP at 1350 °C, no substantial difference could be
observed in terms of microstructure homogeneity and grain size for
undoped (SD Fig. 1) and Mg-doped spinel. However, for EuY- and YMg-
doped spinel, some inhomogeneous grain growth was observed within
an otherwise homogeneous and fine microstructure.

To analyse the chemical homogeneity and the composition of white
precipitations observed on the micrographs of YMg-doped spinel, EDX
analysis was carried out. After post-HIP at 1300 °C, yttrium spots were
detected and attributed to the secondary phase precipitation (SD Fig. 3).
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After post-HIP at 1350 °C, white spots of the secondary phase were no
longer detected at the grain boundaries (SD Fig. 3), which could be the
result of increased solubility at higher sintering temperature, such as
reported for Ca in alumina [44]. The presence of precipitates leads to
additional scattering effects, lowering the transmittance in this sample
as discussed in the next section.

The microstructure after post-HIP at 1400 °C is presented in Fig. 5.
White precipitations of secondary phases were observed for the
following samples: Eu-doped and pre-sintered at 1500 °C (Eu34), EuY-
doped and pre-sintered at 1500 °C (EuY51) and EuYMg doped and
pre-sintered at 1500 °C (EuYMg57), whereas the highest precipitation
level was observed for the sample Eu34. Sample Eu61 shows a fine-grain
microstructure. A rather bimodal microstructure is observed for samples
Eu34 (Fig. 5B), Y46 (Fig. 5 C) and EuMg52 (Fig. 5 D), with the latter
showing the most substantial abnormal grain growth. Although difficult

to evaluate on thermally etched micrographs, sample EuY51 appears to
have a higher level of porosity (Fig. 5 E).

For the two Eu-doped samples, the grain size distribution was
compared (Fig. 6, Fig. 7). In the case of pre-sintering at higher tem-
perature, the median shifted to 0.88 pm compared to 0.61 pm at lower
temperature. Bigger grains up to 3 pm are present in the sample Eu34
(pre-sintered at 1500 °C). In addition, for the sample pre-sintered at
1500 °C, precipitation of a fine secondary phase appeared. The reason
for this was not further investigated, but could be related to a
complexion transition, changing the grain boundary structure and sol-
ubility of the element at grain boundaries. A similar effect was reported
for Ca-doped spinel, where abnormal grain growth and secondary phase
precipitation led to a decrease in-line transmittance after HIP at 1500 °C
compared HIP at 1450 °C [18]. Indeed, grain growth reduces the total
grain boundary area/density, reducing the amount of doping elements
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that may be accommodated before secondary phase precipitation.

4.2. Optical measurements after post-HIP

In the visible light range, post-HIP at 1350 °C improves the total
transmittance only for EuY-doped spinel (Fig. 8A) compared to pure
spinel. For YMg-doping, instead, no significant changes can be observed
and for Mg-doping even a slight decrease in the total transmittance

compared to undoped spinel occurs. When considering the in-line
transmittance, all samples have a similar performance within the
visible range (Fig. 8 B).

Post-HIP at 1300 °C reveals more significant doping effects (Fig. 9).
For instance, at A = 750 nm a real in-line transmittance increases from
26 % (undoped spinel) to 48 %, and 53 % is observed for Mg-doped and
YMg-doped spinel, respectively. The total transmittance was improved
from around 48% to 72% for YMg-doped spinel at the same wavelength
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Table 3

Comparison of achieved transparency with other authors.

Journal of the European Ceramic Society xxx (Xxxx) Xxx

Data Calculated for d = 1 mm

Reference A (nm) Tmax* (%) RIT (%) d (mm) ¥, tot (nm™Y) p (%) RIT (%)

Ramavath [31] 550 87 80 4 2.10010°8 99.99 85.2

Maca [34] 632.8 87 60.2 1.1 3.3501077 100 62.2

Kim [29] 550 87 79.3 1 9.27¢10°8 97.5 79.3

Goldstein [12] 635 87 80 2 4.19¢10°° 99.9 83.4

Krell [13] 640 87 84 3.7 9.48107° 99.9 86.2

Guo [33] 550 87 63 1 3.23¢1077 98 63.0

Gajdowski [32] 400 87 82 2 2.96010°% 100 84.5

This study, pure spinel 500 87 39 3 2.68¢1077 99.11 66.5

This study, Eu61 500 87 84.1 3 1.13¢1078 99.92 86.0

Tmax — the maximum theoretical transmittance.
Table 4
Calculated characteristic pore size for samples after HIP for A = 400 nm and spinel refractive index n = 1.7368.

Pre-sintering Temp. (°C) HIP Temp (°C) Sample RIT (%) Yeot (am™Y) Pre1 (%) Ppores (%) a, (nm)
1500 1300 1500_3 15.30 5.7201077 ~100 %" <0.01 >66.5
1500 1300 Mg48 19.92 4.8401077 99.71 0.29 20.5
1500 1300 YMg54" 23.96 4.22¢1077 ~100 %" <0.01 >60.2
1500 1350 1500_2 29.88 3.4801077 99.11 0.89 12.6
1500 1350 Mg59 27.25 3.79¢10°7 99.98 0.02 46.4
1500 1350 YMg60 27.30 3.79¢1077 99.78 0.22 20.5
1500 1350 EuY50 28.89 3.6001077 99.97 0.03 37.4
1400 1400 Eu61 78.52 2.64010°8 99.28 0.72 5.7
1500 1400 Eu34 37.15 2.7601077 99.43 0.57 13.5
1500 1400 Y46 35.48 2.9101077 99.63 0.37 15.9
1500 1400 EuMg52 30.87 3.3801077 99.33 0.67 13.6
1500 1400 EuY51 37.87 2.7001077 99.15 0.85 11.7
1500 1400 EuYMg57 39.31 2.57¢1077 99.56 0.44 14.3

# Secondary phase precipitation contributes to RIT reduction, so the calculation of the characteristic pore size has a higher inaccuracy.

b for characteristic pore size calculation, the density was assumed as 99.99 %.

but the values remain below those obtained after HIP at 1350 °C.

These agree with the assumption that when post-HIP is used to
maximize the optical properties of spinel, doping has no significant ef-
fect, provided no intra-granular pores are formed, given that the optical
properties solely depend on the residual porosity and are independent of
the grain size. The same, however, does not hold when the mechanical
properties are also considered.

For the highest evaluated post-HIP temperature (1400 °C), a sub-
stantial improvement of transmittance in the visible light range was
measured for Eu-doping pre-sintered at 1400 °C (Eu61, Fig. 10). A
transmittance as high as 84 % could be measured, approaching the
theoretical limit of 87 %. In contrast, pre-sintering at 1500 °C leads to a
significant reduction in in-line transmittance compared to the other
samples (Eu 34, Fig. 11 B), which could be explained by the significant
secondary phase precipitation confirmed by SEM-EDX analysis. All other
samples do not exceed 65 % in real in-line transmittance in the visible
light range and show significant differences in the IR range.

The transmittance spectra, recorded both in classical (in-line)
configuration as well as an integrating sphere, are presented in Fig. 11
for Eu-doped samples. The total transmittance Tyt does not differ from
Tin-line Wwhen the sample Eu-61 was pre-sintered at temperature 1400 °C.
In this case the diffuse signal Tgi¢ is small. Large differences between
Ttotal and Tip.line develop for higher pre-sintered temperature, 1500 °C
(Eu-34). The high diffuse transmittance Tgis for sample Eu-34 is related
to the light scattering centres and can be correlated with the presence of
a second phase observed by SEM (Fig. 5B and Fig. 6).

The comparison of achieved transparency with the values available
in the literature is presented in Table 3 with RIT calculated for a sample
thickness of 1 mm. Eu doping for presented sintering conditions (pre-
sintering at 1400 °C and HIP at 1400 °C for 4 hours with 200 MPa) and
concentration of 500 ppm by cation ratio allows achieving a consider-
ably improved transmittance, approaching the theoretical value for the
relatively low sintering temperatures (1400 °C for both pre-sintering

11

and HIP), in comparison to 1800 °C [31] [32]. Only using very fine
spinel powder with a particle size of 20-30 nm allowed to achieve RIT
over 80 % [13] for a low HIP temperature of 1320 °C. For pure spinel,
this value is significantly lower (only 66.5 %) for pre-sintering at 1500
°C and HIP at 1350 °C. This indicates the very promising potential of
europium doping for spinel to achieve high transmittance for relatively
low sintering temperatures.

4.3. Density and characteristic pore size calculation

The characteristic pore size for the measured porosity at 400 nm
wavelength was calculated based on the Pecharroman model (Eq. 4) and
presented in Table 4. For all samples, densities over 99 % were obtained,
for pure spinel 1500_3 and YMg54 doped spinel approaching 100 %.
Based on the model, slightly higher RIT after HIP at 1350 °C for pure
spinel is related to smaller characteristic pore size, namely around
13 nm in comparison to 46 nm for Mg-doped spinel. For the highest
evaluated HIP temperature (1400 °C), Eu doping in lower pre-sintering
temperature (1400 °C) allows reduction of the characteristic pore size to
5.7 nm, in comparison to other samples after the same HIP temperature
having the characteristic pore size in the range of 10-15 nm.

5. Summary and conclusions

Aiming ultimately for the additive manufacturing of transparent
spinel ceramics, careful deagglomeration of a submicron starting pow-
der allowed significant reduction of the sintering temperature compared
to those more commonly reported in literature. Such careful colloidal
processing is needed to explore the higher sintering activity of sub-
micron powders and obtain defect-free ceramics without excessive
grain growth.

For the presented pre-sintering and post-HIP conditions, RIT values
approaching the theoretical limit were obtained for MgAl,O4 spinel
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doped with europium (500 ppm by cationic ratio), pre-sintering above
pore closure at 1400 °C and post-HIPing at 1400 °C. These conditions
allowed achievement of a relatively fine microstructure without the
need for alternative fast sintering techniques. Despite its cubic material
system, co-doping with multivalent cations may be promising: a mean-
ingful improvement in RIT was obtained after HIP at low temperatures,
namely from 26 % for pure spinel to 53 % for YMg-doped spinel (A =
750 nm, HIP at 1300 °C), highlighting the potential benefits to explore
alternative co-doping strategies.
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