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Transparent ceramics have been in the spotlight as advanced optical ceramic materials for the last two decades,
both as optically transparent materials with excellent mechanical properties and with rare earth doping for ap-
plications in photonics, and even more so with the wider use of compact diode-pumped lasers. Sintering aids have
been widely used in the production of a variety of transparent ceramics, removing porosity, enhancing the optical

quality and providing a more uniform microstructure. This review aims to provide an overview of the state of the
art and to point out both the most promising approaches and additives, as well as the important issues in the
production of transparent ceramics and their properties related to the use of sintering aids, e.g. their incorporation
in the ceramic crystal structure, the presence of secondary phase derived from sintering aids, or their double use

as charge compensators.

1. Introduction

Traditionally, among inorganic materials, transparency has been the
domain of glasses and single crystals, while the optical properties of ce-
ramics have not been among the most important, apart from aesthetics.
This changed in the 1960s when Coble developed translucent (in the title
of his patent described as transparent, but, as was later written by Krell
et al. [1], transparent materials should “provide clear images with a
larger distance between the object and the transparent window”, and this
should be valid also with increasing thickness of the window, which was
not the case) alumina ceramics for sodium discharge lamp envelopes and
used a consistent scientific approach to identify the mechanisms and
conditions leading to the full densification of the material.

Transparency of ceramics is highly influenced by light scattering on
residual pores, inclusions of secondary phases or impurities and, in the
case of birefringent materials, light scattering by randomly oriented
birefringent grains. The reason behind light scattering is that these
scatterers act as optical heterogeneities, i.e. there is a difference between
refractive index of matrix (here ceramics) and the scatterer.

The impact of light scattering on transmittance is mainly influenced
by the concentration of scatterers. The size of scatterers has also crucial
effect that is additionally dependent on the wavelength of light. Simi-
larly, both refractive indices of ceramics and scatterers are wavelength
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dependent. Moreover, simply said, the larger the difference between
refractive indices of scatterers and matrix, the more light is scattered. If
the scatterers are absorbing (e.g. carbon contamination or oxygen va-
cancies), the optical transparency further deteriorates. Light scattering by
pores in transparent ceramics has been extensively studied by many
authors (e.g. Refs. [1-7]), usually by predictions based on Mie theory or
different approximations. A detailed description of methods for light
scattering predictions is beyond the scope of this paper and therefore we
refer to recent review paper on this topic [8].

The approach taken by Coble to eliminate the scatterers, mainly
porosity, was to study combinations of different atmospheres and sin-
tering aids, and their effect on the diffusion and densification of the
material. Coble clearly stated that densification is limited when a non-
diffusing gas atmosphere is trapped in the pores [9]. He identified the
combination of MgO as a sintering aid and hydrogen atmosphere as a
suitable method to eliminate gas from pores by increasing the sintering
rate and suppressing discontinuous grain growth, in order to reach
transparency. In later studies it has been shown that in the case of Al,O3 it
is possible to produce fully dense ceramics even without the use of a
sintering additive, and nearly transparent materials may be obtained
when they have a very fine-grained microstructure [10,11]. The further
problem with the full transparency of alumina is its non-cubic crystalline
structure and the optical anisotropy leading to transmittance losses due
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to birefringence. In the case of non-cubic ceramics, there are differences
in refractive index at grain boundaries caused by birefringent nature of
the crystal and random orientation of grains. The problem of birefringent
grains and their effect on the transmittance of ceramics has been also a
point of interest for some authors [12,13], however, the models and
calculations seem to be either incorrect or still have many shortcomings,
as was recently explained by Pabst et al. [14].

After the first impulse and indication towards the fabrication of
transparent ceramics given by Coble, a number of ceramics has been
produced in translucent-to-transparent quality, e.g. transparent Y5Og
ceramics with LiF [15], or translucent yttrium aluminium garnet (YAG)
ceramics prepared from YAG powders by vacuum sintering with the
addition of MgO and SiO, as sintering aids [16]. By the end of 1980s,
however, the optical quality of transparent ceramic was limited. The
situation changed completely in the 1990s thanks to the effort of two
research groups in Japan: that of Haneda involving the Konoshima
Chemical Co. [17] and the research group of Akio Ikesue [18], both
presenting unprecedented results in the fabrication of transparent
ceramic Nd-doped yttrium aluminium garnet, Nd:YAG, with quality
close to that of single crystals. In both cases the authors used SiO5 as the
sintering aid, in the former introduced as colloidal silica, in the latter as
tetraethyl orthosilicate, TEOS, the organic precursor of SiOy. The two
pioneering groups have since remained leaders in the development and
production of high-quality transparent ceramics. In the following de-
cades, the research on transparent ceramics has been extensive [19-23],
and materials of high optical quality were obtained, often with the use of
sintering aids. Some transparent ceramics may be prepared without the
use of a sintering aid (e.g. MgAl;O4 spinel [24], Al;03 [25,26], CaF; [27],
(La,Y)203 [28]), often thanks to a combination of suitable starting
powders and a densification process providing a significant driving force
to the sintering process, viz. Hot Isostatic Pressing (HIP) or Spark Plasma
Sintering (SPS). Nevertheless, the use of sintering aids and its optimisa-
tion have been of major interest in the last four decades.

Nowadays, transparent ceramic materials are a valid group of mate-
rials with different applications, albeit with a limited commercialisation
yet. One of the key elements of the production process is the use of sin-
tering aids. While there is a consensus on their use in general, backed by
empirical evidence, some aspects are still not clear or sufficiently
described. In the present work we aim to provide an overview of the state
of the art and to point out both the most promising approaches and the
potentially missing pieces of the puzzle.

2. Sintering aids

The main issues addressed in the process planning in order to elimi-
nate porosity are the selection of highly pure starting powders with high
sinterability and suitable particle size [1], good particle packing in the
green body and a sintering step that leads to the densification without
exaggerated grain growth, which could lead to the closure of pores inside
grains.

Sintering aids usually help with the reduction of sintering tempera-
ture and with the elimination of pores from ceramic materials either
through the presence of a liquid phase, or by other mechanisms that
support the densification of ceramics, e.g. by introducing dislocations
and enhancing diffusion during thermal treatments. Sintering is mostly
accompanied by grain growth, as the reduction of the grain surface (grain
boundaries) is energetically favourable. When the grain boundary
mobility is too high, pores remain trapped inside the fast growing grains,
and are then difficult (nearly impossible) to eliminate, as the diffusion of
the gas entrapped inside pores is faster along grain boundaries compared
to the grains. In comparison with other types of ceramics, in transparent

! Throughout this article we distinguish between the dopants, ions providing
functionality, and often changing the spectroscopic properties, and sintering aids,
which serve to enhance densification of the ceramic.
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ceramics it is crucial that no secondary phase remains at the grain
boundary of the sintered material. The difference of the refractive index
of the crystalline grains and the secondary phase would lead to the
scattering of light and thus to losses in the in-line transmission. The ad-
ditives therefore need to either leave the material during the sintering
step, or dissolve into a solid solution with the ceramic matrix. For the
consideration of the latter it is thus very useful to know the solubility
limit of the different ions in the ceramic [29]. The additives should also
not introduce any defect states in the band gap of the ceramics [30].

The most commonly used sintering aids are oxides SiO (added in the
form of silica powder, colloidal silica or the organic precursor TEOS —
tetraethyl orthosilicate), MgO, CaO, etc. or alkali halides, above all LiF.
Other additives mentioned to a lesser amount in the literature are ZrO-,
Lag0s3, B2Os or Scp0s. Eventually, the sintering aids can also be com-
bined, as the different aids use different mechanisms to promote densi-
fication and the removal of pores.

2.1. SiOy

SiO,, often added in the form of TEOS, has been used largely for the
sintering of transparent garnet ceramics by vacuum sintering, above all
for the production of transparent YAG. The addition of SiO, promotes
densification, elimination of pores and grain growth [31], as is illustrated
in Fig. 1 for YAG, Nd:YAG and Yb:YAG. The grain growth may become
problematic for the complete elimination of porosity when some pores
remain entrapped within larger grains, as pointed out also by Boulesteix
et al. [32].

While the beneficial effect of SiO; on the densification and closure of
pores was recognized after empirical results [18,36,37], the sintering
mechanism of YAG ceramics with SiO, has been widely discussed in the
literature in past two decades, and still requires further analysis. Bou-
lesteix et al. proposed a liquid phase sintering model for Nd:YAG after
they observed a significant increase in densification rate and found
intragranular inclusions of silica after vacuum sintering with a relatively
high amount of SiO5 (0.3 wt%) [32,38,39]. However, when using 0.14 wt
% of SiO5 (equivalent to 0.5 wt% of TEOS), other authors did not observe
any amorphous phase at the grain boundaries [3,40], which would
support the liquid phase model, except for sample prepared with a very
low cooling rate [3]. Stevenson et al., on the other hand, proposed that a
solid solution is formed with Si*" ions substituting AI** ions in the
tetrahedral site of the YAG crystal structure, as supported by NMR
analysis, and the densification follows a solid state mechanism via solute
drag effect [35]. This is consistent with ab intio simulations [30]. In a
later study, Boulesteix et al. [41] discussed the effect of the amount of
SiO2 on the sintering mechanism of Nd:YAG. The authors sustain the
liquid phase sintering mechanism for elevated additions (0.3 wt% of
SiOg, about double the usually used amount), while for lower additions,
below the Si solubility limit in YAG, they agree on the solid-solution
hypothesis, which would enhance the diffusion kinetics. Moreover,
they report on the decrease of Si content in YAG at advanced stages of the
vacuum sintering process, an observation later confirmed by LIBS studies
[42,43]. This decrease would be due to the evaporation of volatile SiO at
higher temperature. More recently, Goldstein et al. considered the lattice
distortion due to the substitution of larger AP ions (0.39 A) by smaller
Si*t (0.26 [o\) in the YAG crystal structure to be the driving mechanism of
the diffusion and sintering of the ceramics, furthermore, helping with the
incorporation of larger rare earth ions. In the case of rare earth ions larger
than Y3+, grain boundary segregation was observed and in the case of
Stevenson [35] attributed to the solute drag effect.

It is important to note that the segregation of rare earth dopant on the
grain boundaries depends on the dopant itself and on the difference
between the dopant ion size and that of the substituted ion, here Y3+,
While in the case of relatively large ions like Nd3* [44] or Ce®t [45]
grain boundary segregation has been observed, in the case of Yb>* (ionic
radius comparable to that of Y3+), this was not the case [46], although in
both cases SiO, was used as the sintering aid. Some Si enrichment at
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Fig. 1. Relative density (a) and grain size (b) as a function of vacuum sintering temperature (2 h dwell time at each temperature); data taken from Refs. [33-35], all
the SiO, additions were 0.14 wt% (0.5 wt% of TEOS), except for the “Nd:YAG + 0.035% SiO2”, which represents a low Si concentration counterpart.

grain boundaries has been observed in YAG and Yb:YAG ceramics [47,
48]. As mentioned above, an important parameter influencing the final
microstructure and the presence of secondary phases at grain boundaries
is the cooling rate and the solubility of Si in YAG [3,29]. This is further
discussed in section 4.

The amount of SiO; typically used to produce YAG ceramics by vac-
uum sintering is 0.14 wt%, corresponding to 0.5 wt% of TEOS. The effect
of the decrease of SiO, addition from 0.14 wt% to 0.085 wt% (0.5 wt%
TEOS to 0.3 wt%) has been studied by Hostasa et al. [49], showing a
decrease in optical quality with the reduction of the SiO2 amount. The
authors suggest that longer sintering times could compensate the trans-
parency losses. The effect of SiO, amount on the sintering of YAG is
illustrated in Fig. 2; the SEM micrographs show the elimination of
porosity and the grain growth connected to higher additions, and the
optical quality of the ceramics is shown in the photographs. In the case of
1 wt% TEOS (equivalent to 0.28 wt% of SiOy), the grain growth is sig-
nificant and some pores are already entrapped inside grains.

When vacuum sintering was coupled with a HIP post-treatment,
transparent ceramics could be also obtained with 0.14 wt% SiO, [50],
the amount of SiOy could be significantly reduced (to 0.02 wt%), as
illustrated by Lee et al. for Nd:YAG [40]. Recently, Ikesue et al. [51]
prepared Yb:YAG without the use of sintering aids by vacuum sintering
coupled with HIP, while later Chen et al. [52] managed the task by
vacuum sintering only.

Apart from YAG, SiO, proved useful also in the vacuum sintering or
vacuum sintering + HIP treatment of other garnets. Yb:LuAG (lutetium
aluminium garnet) ceramics have also been prepared by reaction
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Fig. 2. Fracture surface seen by SEM of YAG ceramic samples obtained with an
initial addition of 0 (a), 0.25 (b), 0.5 (¢) and 1 wt% (d) of TEOS, and in the insets
photographs of the respective samples with 0 (a) and 0.5 wt% (c) of TEOS.
Source [43].

sintering under vacuum with the addition of 0.07-0.28 wt% of SiO2
introduced in the form of TEOS [53]. According to the authors, the Si
solubility limit appears to be much lower compared to that in YAG, only
0.07 wt% of SiO,. Interestingly, there was not a significant grain growth
associated with the addition of SiO5, none when the amount of SiO, was
increased from 0.07 to 0.28 wt%. The authors assumed this to be the
effect of a liquid phase present at grain boundaries, however they did not
show or mention any secondary phases at grain boundaries in the sam-
ples with higher Si content, while a change in the lattice constant of the
material kept changing up to the addition of 0.14 wt% of SiOa. It is thus
likely that although the optimal addition of SiO for achieving trans-
parency is close to 0.07 wt%, the solubility limit is higher. Nd:LuAG and
Nd:YSAG (yttrium scandium aluminium garnet) can be prepared with
0.1 wt% of SiO5 [54]. Ce:GGAG (gallium gadolinium aluminium garnet)
was prepared by sintering in air followed by HIP with 0.14 wt% SiO2
[55]. In the case of TAG/TYAG (terbium aluminium garnet/terbium
yttrium aluminium garnet) ceramics, Aung and Ikesue managed to pre-
pare nearly perfect material using only 0.01 wt% of colloidal silica and
the combined vacuum sintering and post-HIP treatment. When a higher
amount of SiO, was used, Al,O3 inclusions could be observed in the
microstructure, unless a longer pre-sintering times were used [56].

2.2. Mgo

MgO has been successfully proposed as the suitable sintering aid for
translucent Al;O3 ceramics by Coble [57], with its presence inhibiting
exaggerated grain growth by the solute drag mechanism [58]. MgO
proved useful also for vacuum sintering when added in the amount of
0.05-0.25 wt% [59]. Nevertheless, due to the birefringence of the ma-
terial, the achievement of transparency of Al,Oj3 is guided prevalently by
the use of fine starting powders and a pressure-assisted sintering
technique.

MgO can be used as a sintering aid in YAG ceramics, where Mg?* will
preferentially substitute AI** in the octahedral site [30]. As in the case of
Aly,O3, also in YAG MgO inhibits grain growth, by the solute drag
mechanism; the reduced grain size in comparison to YAG with SiO3 has
been observed even at high sintering temperatures [60]. This is in
accordance with the observations on grain boundary mobility in
Mg?*-containing YAG, about one order of magnitude lower compared to
YAG with Si** [61]. The limitation of grain growth likely derives from
the presence of Mg at grain boundaries at intermediate sintering tem-
peratures, while the Mg?* substitution for AlI>* in the octahedral site of
YAG and the thus derived oxygen vacancies enhance the sintering pro-
cess. This principle is used to stabilize Cr** ions in Cr:YAG, as described
in the following section. However, Doroshenko et al. [62] suggest that at
high sintering temperatures (above 1750 °C) Mg*" may occupy inter-
stitial position in YAG, and the stabilisation efficiency will decrease.
Compared to SiOp, the useful amount of MgO in YAG is significantly
lower, as is also its solubility in the YAG matrix (0.14 wt% SiO vs. 0.06
wt% MgO [29,63]).
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The use of divalent sintering aids like MgO and CaO in YAG has to be
approached with care when it comes to annealing in air, which is
sometimes necessary for the removal of oxygen vacancies or reoxidation
of dopants after vacuum sintering. It has been observed that after
annealing at elevated temperatures (1450 °C for 10 h), colour centres
were formed, deriving from Mg?" and Ca?* [64]. An opposite situation is
the case of vacuum-sintered Eu:YAG [65]. Here, the addition of TEOS
causes the presence of a series of absorption bands originating from
colour centres, in particular the Eu¢" +F* pair, that has been observed to
form easily in the presence of Si** ions. These absorption bands are not
observed when MgO is used as a sintering aid.

Similarly to YAG, also LuAG ceramics can be sintered under vacuum
to transparency with the use of MgO. In Ce:LuAG the addition of MgO not
only improved transparency by the elimination of Al-rich secondary
phases, but also the scintillation performance [66]. The addition of only
0.02 wt% MgO in Cr,Nd:LuAG was sufficient to provide transparent ce-
ramics sintered by the combination of vacuum sintering and HIP [67]. In
Pr:LuAG, the use of 0.01 wt% of MgO allowed to significantly reduce the
annealing temperature [68]. This effect is due to charge compensation,
discussed in the following section.

2.3. MgO + SiO,

The combination of MgO and SiO; is very promising for the vacuum
sintering of YAG ceramics [69-72], because while SiO; effectively
eliminates porosity, the addition of MgO limits grain size, allowing a
better densification potentially even in larger volumes of material. The
amount of MgO is usually lower than that of SiO». Liu et al. used 0.01 wt
% MgO with 0.14 wt% SiO; to obtain Nd:YAG by vacuum sintering [73],
but observed residual inclusions of MgAl,0O4 already when the MgO
amount was increased to 0.012 wt%.

Another advantage of the mixture of SiO2 and MgO is in the elimi-
nation of colour centres deriving from Mg2+ [34]. Ab initio simulations
suggest that MgO and SiO2 would form a liquid phase, enhancing the
densification rate [30]. While the aim of this article is to discuss sintering
aids in relation to densification, it is worth mentioning that as any ad-
ditive, also sintering aids may influence other process parameters, e.g.
the rheological properties of slurries for casting processes [71].

In Pr:LuAG the use of 0.2 wt% of TEOS and 0.2 wt% MgO enhanced
the optical quality but a deleterious effect was observed on the scintil-
lation properties due to the formation of point defects [74].

An extensive research has been dedicated also to the use of the
mixture of SiO5 and MgO in the production of TAG (Tb3Als012) magneto-
optical ceramics, which are particularly difficult to obtain as single
crystals due to incongruent melting. The optimal amounts used for vac-
uum sintering were 0.4 wt% TEOS (~0.11 wt% SiO5) and 0.1 wt% MgO
[75,76]. Chen et al. [75] observed a slight decrease of optimal sintering
temperature with the increase of MgO content (1670 °C-1640 °C), while
the grain growth was inhibited for small additions of MgO (from O to
0.06 wt% the mean grain size changed from about 23 to 11 pm,
respectively) and increased steadily with higher MgO content (for 0.2 wt
% of MgO the authors reported more than 30 pm mean grain size). A
small increase of SiO5 content on the other hand improved the optical
transmittance and the presence of Si*t ions substituting Al** in the
garnet structure is advantageous by preventing the transition of Tb>" to
the undesired Tb*" state [76]. In both [75,76] the authors assume the
presence of liquid phases during the sintering process, but they do not
provide relevant data to support the claim. The combination of vacuum
and HIP was also used for TAG, with the optimum amounts being 0.4 wt
% of TEOS and 0.1 wt% of MgO, and with MgO inhibiting grain growth
[77].

2.4. CaO

CaO also effectively inhibits grain growth when used in YAG ceramics
sintered under vacuum. Hua et al. [78] studied the effect of different
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amounts of CaO in YAG sintered at 1780 °C for 20 h under vacuum, and
demonstrated that additions of 0.1, 0.3 and 0.5 at.% of CaO result in
higher transmittances than YAG without any sintering aid (at least at
wavelengths larger than 400 nm), while higher concentrations (0.7 and
1.0 at.%) led to transmittances even lower. In general, the most suitable
concentration of CaO seems to be the lowest one, 0.1 at.%. It was also
shown that at low CaO concentrations, the grain growth is inhibited,
whereas when the concentration of CaO is higher than 0.3 at.% (0.085 wt
%), the grain size increases and with even higher concentrations, grain
boundary phases and large pores leading to significant decrease of
transparency occur. Even after a sintering step performed at elevated
temperatures (up to 1820 °C, compared to the generally used range of
1700-1750 °C), the fine-grained structure was reported to maintain the
mean grain size below 3 pm after the addition of 0.045 wt% of CaO [79].
The mean grain size of vacuum-sintered YAG with SiO5 can be larger by a
factor of ten.

2.5. CaO + MgO

Zhou et al. [80] studied the optimal ratio of CaO to MgO for achieving
highest optical quality in undoped vacuum-sintered YAG and found out,
that 1:4 M ratio is ideal (in all of the cases total 0.2 mol% of CaO and MgO
according to Al>" content was added). Using only CaO led to the smallest
grain sizes for all sintering temperatures (different sintering tempera-
tures between 1540 and 1780 °C for 8 h in vacuum), whereas the use of
MgO only led to largest grain sizes in samples with sintering aids (also for
all sintering temperatures). Grain sizes achieved by addition of different
ratios Ca:Mg were found to be between grain sizes of samples with only
CaO and MgO. Therefore, it can be concluded that the higher amount of
CaO with respect to MgO, the smaller grain sizes can be achieved.
Nevertheless, the highest transparency was attained with molar ratio
Ca:Mg = 1:4 closely followed by Ca:Mg = 2:3. Addition of only CaO led to
the worst transparency, while addition of MgO led to better, yet among
other samples mediocre transmittances.

This is in agreement with results reported by Chaika et al. [81], who
presented similar transmittance results for ceramics with 0.15 at.% MgO.
Addition of 0.5 at.% MgO, however, leads to significant decrease in
transmittance, while addition of 0.05 at.% MgO results only in slight,
approximately 5% drop compared to the sample with 0.15 at.% MgO. We
can thus assume, that amounts of MgO lower than 0.15 at.% (down to
0.05 at.%) have little effect on transparency, whereas higher amounts
have a significantly negative impact.

It was also reported in another paper by Chaika et al. [82], that the
addition of CaO results in fully opaque samples due to large amount of
residual porosity. While Zhou et al. [80] was able to achieve some level of
transparency using CaO, it was still the worst among all of the samples
with different ratios of Ca:Mg, including only Ca and only Mg. However,
in a more recent publication by Chaika et al. [64], transparent samples of
Cr:YAG with CaO as sintering aid (and simultaneously charge compen-
sator) were presented. The dependence of Ca amount on transparency is
highly non-linear and highest transmittance was achieved by using 0.5
at.% Ca. Zero transmittance was measured in sample with 0.16 at.% of Ca
and was caused by pores with size around 1 ym. The transparency and
microstructure are said to be outcome of interaction between CaO and
Cry03 resulting in presence of liquid phase on grain boundaries.

Chaika et al. [64] assume that while MgO and Cr,03 do not interact
during the sintering process, the combination of CaO and CryO3 does,
improving the optical quality in comparison with a dopant-free YAG with
CaO as sintering aid. The authors of this paper hope that further research
will shed more light on the possible combination of CaO with dopants in
garnet ceramics.

Grain sizes reported by Chaika et al. seem to be in agreement with
Zhou et al. as well. Additionally, Chaika et al. showed that the grain size
for the lowest amount of Ca (0.16 at.%) is the smallest and increases with
Ca amount.
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2.6. La203

Among sesquioxides, LapO3 is the one most commonly used as a
sintering aid. Typically it is added to other sesquioxides, e.g. Y203 [83],
and since the amount can be even 10 mol.%, it may be questionable, if it
is a typical sintering aid, or whether the obtained material is not simply a
mixed sesquioxide. Such systems can have a lower melting, and also
sintering temperature. Nevertheless, La;Os3 is potentially a useful sin-
tering aid for Y,03 (1.57 mol.% addition), promoting densification at
temperatures above 1550 °C [84], or combined with ZrO; to limit the
grain growth.

Lay03 has been also reported as an additional sintering aid to TEOS in
Nd:YAG ceramics, where its role was the limitation of grain growth, with
optimum addition of 0.8 wt% [85], and a slight decrease of the required
sintering temperature compared to the use of SiOy only [86]. Higher
amounts of LapO3 then led to the segregation of secondary phases on
grain boundaries.

Stuer et al. showed that LasO3 can be also used as an efficient sin-
tering aid for polycrystalline AlyO3 ceramics, and the best results were
obtained when MgO and Y203 were also introduced [10].

2.7. SCZOg

The combination of ScyO3 and LapO3 in vacuum-sintered Pr:YAG
provided good optical transmittance and a microstructure with finer
grains compared to the combination SiO»-MgO. However, a higher
concentration of LasO3 and ScoO3 led to the deterioration of scintillation
efficiency [87]. When used together with SiO, in Yb:LuAG, the addition
of Scp03 improved the optical quality after HIP treatment [88].

2.8. ByO3

While the use of BO3 alone has not been particularly endorsed, it has
provided very promising results when combined with SiOy in vacuum-
sintered YAG ceramic, in particular in the case of reactive sintering,
YAG phase formed at lower temperature [89]. The advantage of BO3 as a
sintering aid is its evaporation at elevated temperatures (above 1500 °C),
and the reduction of the sintering temperature by ~100 °C.

B,03 has also been used as a sintering aid (addition of 0.15 wt%) in
spinel ceramics obtained by HIP, both reducing the sintering temperature
and inhibiting grain growth [90].

2.9. ZrOz

ZrO finds use in the vacuum sintering of sesquioxides, in particular
of Y903. As vacuum sintering promotes the formation of oxygen va-
cancies in the material, leading to darkening and to the deterioration of
optical properties. Interestingly, to enhance the oxygen stabilisation
without introducing too much of the sintering aid, Jung et al. [91] pro-
posed the sintering of the Y503 ceramic pellet in an Y203 powder bed
surrounded by ZrO, powder. This approach uses ZrO, to prevent the
formation of oxygen vacancies, while limiting the necessary amount of
the aid in the material itself. 3 mol. % of ZrO, were added to the Y503
powder. In Tm:Y503-Lay03 ceramics, ZrO, (3 at.% Zr with respect to Y)
was successfully used to limit grain growth and promote transparency
[84], and the combination of 1.6 wt% ZrO, and 0.1 wt% MgO led to very
high transparency in vacuum sintered Yb:Y»03 [92].

In Nd:YAG, the simultaneous use of ZrO5 and SiO, enhances diffusion
rate and limits grain growth. The latter can be expected given the
significantly lower grain boundary mobility in YAG with Zr** (6.7 x 10’
16 m3NT1sh) compared to YAG with Si** (2.0 x 10 m®Nls) [61].
However, when sintered at too high temperature (1800 °C), the com-
bined effect of ZrO5 and SiO5 leads to the segregation of AlyO3 at grain
boundaries due to the possible substitution of AI** jons in YAG by both
Si*" and Zr*" ions [93].
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2.10. LiF, fluorides

While the use of SiO3, MgO and CaO is most common in vacuum
sintering, LiF and other halides on the other hand are used in pressure-
assisted sintering methods, viz. hot pressing (HP) and spark plasma sin-
tering (SPS). Both HP and SPS mostly use graphite equipment (molds,
pistons), which may cause carbon contamination of the ceramic material
[94-96] and, consequently, a deterioration of optical properties due to
scattering and absorption. Apart from enhancing the densification, the
use of halides can also prevent this contamination.

2.11. LiF

LiF melts at about 850 °C [19] and creates a low-viscosity lubricating
film on the particles, allowing them to slide and rearrange and leading
thus to a better densification through the liquid-phase sintering. With
increasing temperature, LiF evaporates and leaves the material before the
pore closure. LiF is the additive of choice in the densification methods
involving uniaxial pressure, e.g. hot pressing (HP) and spark plasma
sintering (SPS).

Among transparent ceramic materials, LiF has been most known and
most widely used in the production of MgAl,;O4 spinel. There has been a
massive interest in the production of transparent spinel ceramics due to
its high theoretical transparency, low density, good mechanical proper-
ties and thermal, chemical and mechanical resistance. As summarized in
the comprehensive review by Rubat du Merac et al. [97], a wide range of
sintering additives has been tested for the production of transparent
spinel ceramics, including both oxides, halides, and their combinations,
e.g. CaO [98], B,0O3 [90], TiOy, LiF [99-103], LiF + CaCO3 [104].
Eventually, LiF has been the additive providing the best results, in
particular for pressure-assisted sintering methods.

Apart from the low viscosity of the liquid film, another advantage of
LiF is the very good wetting of the spinel system [105] which allows for
its homogeneous dispersion on the surface of the particles. In the case of
reactive sintering, the addition of LiF promotes the formation of the
spinel phase [104,106]. Moreover, the presence of LiF film prevents the
penetration of carbon inside the material. While the effect has been
observed by many authors, there is not a consensus regarding the
mechanism behind it [100,106-108]. Goldstein [100] suggests that after
the liquid-assisted-sintering in the temperature range between 850 °C
and 1300 °C LiF does not react with spinel, but seals the material, pre-
venting thus the contamination with carbon. When LiF eventually
evaporates, the material is already dense enough to withstand the
penetration. Esposito et al. [106] took a similar view, concluding that the
liquid phase covering the grains prevents carbon contamination.

The mechanism of interaction between LiF and spinel is still a matter
of discussion, as there is still a lack of evidence to fully support a single
model. Reimanis and Kleebe [109] proposed a hypothesis assuming that
the evaporation of LiF leads to the reprecipitation of dissolved spinel,
where Li* and F ions are incorporated in the spinel matrix, substituting
Mg?", AI*" and 0%, respectively. This substitution would thus lead to the
creation of oxygen vacancies, which decrease the activation energy of
sintering, thus lowering the sintering temperature. Later, Goldstein et al.
[100] rightly pointed out that substitution of AI** by Li™ is very unlikely
due to relatively large difference in ionic radii and valence. Only Mg>*
would thus be substituted and no oxygen vacancies generated. Recently,
Necina and Pabst [107] agreed with Goldstein et al. in the former point,
but assumed that oxygen vacancies are still created, lowering the acti-
vation energy of sintering. The authors adapted the hypothesis of
Reimanis and Kleebe [109] and suggested that LiF behaves similarly to
MgO in context of spinel, so if LiF substitutes MgO, the MgO is then
dissolved in spinel resulting in a pseudo-excess of MgO. It is known that
excess of MgO in spinel is compensated by oxygen vacancies [110].

With increasing temperature LiF eventually evaporates, unless trap-
ped in the material, e.g. by the application of external pressure [111].
Indeed, the identification of the intermediate soaking step is one of the
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crucial parameters for process optimisation. The final microstructure
depends on the sintering method: materials produced by HP have usually
larger grains compared to those obtained by SPS or by HIP. The optimal
LiF addition is generally reported between 0.25 and 1.5 wt%, typically 1
wt% with respect to the dry ceramic powder [97,100-102,106,107,112,
113].

Transparent YoO3 was also obtained by HP with 1 wt% LiF [114], and
with the wider use of SPS, LiF has been used to produce also transparent
YAG [111,115], Dy:Y505 with 0.3 wt% LiF [116], Sm:Y203 [117],
Nd:Lu203 [118] or MgO [119]. The LiF amount ranged from 0.2 to 1 wt
%. In the case of YAG prepared by SPS, Katz et al. [111] pointed out that
the starting powders should have as low sulphur content as possible to
avoid the formation of S-rich phases arising from the reaction with LiF.

2.12. Other halides

When different alkali halides (LiCl, NaF, NaCl, KF, KCl) were tested as
sintering aids for MgAl;04 spinel ceramics produced by SPS [107], LiF
provided the highest optical transmittance among the tested aids, while
also causing excessive grain growth, which — as was confirmed - is caused
by Li" ions, because similar grain size was observed in the case of LiCl
(although with only a limited effect on densification). The authors
observed decrease in the onset temperature of sintering down to 812 and
831 °C for LiF and NaF, respectively (compared to 989 °C for spinel
without any sintering aid). The effect of the addition of LiF and NaF on
SPS-produced MgAl;O4 spinel is illustrated in Fig. 3. The best optical
quality is observed for LiF addition; in the case of spinel without addi-
tives, a dark coloration can be observed, which is mainly caused by the
penetration of carbon into the ceramics during the sintering process. Both
LiF and NaF prevented this effect, although the optical quality of samples
with NaF was scarce. Moreover, NaF led to significant grain growth in-
hibition. Grain growth inhibition has been also observed in HP-produced
spinel with the addition of MgF, [100]. The advantage of MgF in spinel
ceramics is the presence of Mg, which is already in the crystal lattice; for
the same reason also AlCl3 is a potential candidate [120].
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Fig. 3. View through spinel ceramic samples prepared by SPS with LiF (top
row), NaF (middle row) and without sintering additive (bottom row), at 1000 °C
(left column), 1100 °C (middle column) and 1200 °C (right column) as the
temperature of first dwell; thicknesses of samples vary between 0.94 and 2.09
mm; samples are fixed in a wire frame in a distance approximately 10 cm above
the logo in order to demonstrate the degree of in-line transmittance.

Source [107].
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The volatility of fluorides makes them interesting for the possible
limitation of the presence of sintering aid-based secondary phases. This
approach has been tested for YAG with 0.57 wt% of the mixture of AlF3
and YF3 added together with a small amount (0.027 wt%) of SiO3. The
obtained results were promising, although some F impurities were
observed in the sintered materials [121].

To provide also the perspective of materials selection, Table 1 shows a
list of different transparent ceramics and the main sintering aids and
processes used in their production. We chose not to include the different
doping ions, so as to provide a more general overview. However, in some
cases, the selection of the dopant or application dictates the sintering aid
to be used. Probably the most specific case are dopants requiring charge
compensation.

Unlike the addition of other sintering aids, where the optimal amount
of sintering aid usually does not change much with functional doping, the
charge compensation requires a balance between the amount of dopant
and that of the sintering aid.

3. Charge compensators

Apart from the above described effect on the elimination of pores, the
additives can have yet another role related mostly to the functional
dopants in the transparent ceramics, that of a charge compensator. The
dopants of interest have been above all Cr** and Ce** in garnet ceramics
for the use as absorbers in the former, and scintillators and phosphors in
the latter case. Here the dopants replace the ions in the dodecahedral
sites (Y3" in YAG, Lu®t in LuAG, etc.), but after a vacuum sintering the
ions are mostly present in the reduced form.

Therefore, the main challenge besides achieving high transparency in
the preparation of Cr**:YAG ceramics is the conversion of chromium to
its tetravalent state. That can be achieved by the addition of CaO and
MgO as the charge compensators and sintering aids, and annealing after
sintering [81,128]. SiOy, commonly used in YAG is not suitable for
Cr'*:YAG, because Si** ions may occupy tetrahedral AI3* positions in the
lattice and that due to the ** charge inhibits the conversion efficiency of
cr*t and Cr3* ions to Cr** [129]. In general, it was found that the
addition of Si** is ineffective or even counter-productive in the conver-
sion of chromium ions to the tetravalent state [72].

Both Mg?t and Ca?' offer charge compensation for Cr** ions,
although MgO appears to be more promising, due to ionic radius of Mg?*
that is similar to AI** [116]. As in the case of mixing SiO, with the
divalent additives, also the mixture of CaO and MgO has been tested and
provided promising results [128].

Based on the paper by Zhou et al. [80], Balashov et al. [130] used the
molar ratio of Ca:Mg = 4:1 (but in contrast to Zhou et al., who used 0.2
mol.% total addition of CaO and MgO, 0.1 mol.% was used) for a suc-
cessful preparation of highly transparent samples of Cr:YAG, Nd:YAG and
Yb:YAG. In the case of Cr:YAG, the addition was on one hand optimal to
achieve high transparency, but on the other hand, the conversion of Cr>*
to Cr** was not sufficient, even after annealing at 1400 °C in oxygen
enriched atmosphere for 10 h. A more promising approach for Cr**:YAG
seems to be the one applied by Zhou et al., who reached not only high
transparency but also sufficient conversion of Cr’* to Cr** by using
Ca:Mg = 1:1 and with annealing temperature 1300 °C for 10 h in air and
1:0.93 ratio and annealing temperature 1300 °C for 30 h in oxygen [131].

Another point of view may be provided by the assessment of the effect
of the molar ratio of Ca and Mg to Cr, R = (n¢e + nug) /ner. Surprisingly,
Zhou et al. [80] reported that the conversion efficiency of chromium ions
was higher for R = 2 than for R =1, and that the conversion efficiency is
not proportional to amount of charge compensators. Besides that, it was
found out that R should be < 2 [80].

The use of different amounts of CaO was studied by Chaika et al. [81],
who found out that (besides the effects of CaO on the overall trans-
parency and its function as sintering aid — see Section 2 of present paper)
the efficiency of chromium conversion to Cr** does not depend mono-
tonically on the Ca amount and that use of 0.5 at.% Ca leads to the best
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Table 1
lustration of the different sintering aids used in various transparent ceramics.
Material ~ Sintering aid Typical amount Densification Ref.
added process
Al,03 MgO 0.05 wt% sintering in Hy [57,
122]
MgO + Y505 0.05 wt% + 0.05 [57,
wt% 122]
MgO + Y03 + 0.05 wt.% + 0.05 [57,
Lay0O3 wt% + 0.05 wt% 122]
Mg, Y, La and all 0.045 wt% total SPS [10]
their combinations,
introduced as
nitrates Mg(NO3),-
6H,0
YAG TEOS 0.05-0.3 wt% vac, vac + HIP [32,33,
(corresponding to 35,39,
0.17-1 wt% of 40,49,
TEOS) 50,123]
MgO 0.03-0.05 wt% vac [60,63,
82]
Ca0O 0.028-0.14 wt % vac [79,82]
CaO + MgO 0.04 mol.% CaO +  vac [69]
0.16 mol.% MgO
SiO, + MgO 0.11-0.15 wt% vac, vac. + [34,70,
SiO, + 0.08-0.1 HIP 71,73,
wt% MgO 124]
SiO; + B,0O3 0.1 wt% TEOS + vac [89,
0.4 wt% B,0s3 125,
126]
0.34-1.31 wt% [89]
(different ratios of
B3+:Si4+)
LiF 0.25 wt% SPS [99,
111]
La,03 + TEOS 0.8 wt% + N/A vac [85]
LuAG SiOy 0.14-0.28 wt% vac [53]
MgO 0.02 wt% vac [66,67]
SiO, + MgO 0.2 wt% TEOS + vac [87]
0.08 wt% MgO
Scp03 + Lay03 0.4 wt% Sc,03 + vac [87]
0.6 wt% LayOs3
TAG SiO, + MgO 0.4 wt% TEOS + vac, vac + HIP [75,77]
0.1 wt% MgO
SiO, 0.5 wt% TEOS vac + HIP [127]
GGAG Si02 0.5 wt% TEOS air + HIP [55]
Spinel LiF 0.25-1.5 wt%, HP [19,97,
mostly 1 wt% 101,
102,
106,
107,
112,
113]
LiF 1 wt% SPS [107]
NaF 1 wt% SPS [107]
MgF, 2.5 wt% HP [100]
MgF, 1.5 wt% MgFs + HP [100]
0.5 wt% LiF
B,03 0.08-0.15 wt% vac + HIP [90]
Y,03 ZrO, 3 mol. % vac [84,91]
ZrO, + MgO 1.6 wt% ZrO, + vac [92]
0.1 wt% MgO
LiF 1 wt% HP [114]
LiF 0.3 wt% SPS [116]
Luy03 LiF 0.2 wt% SPS [118]

In the densification process description, vac. stands for vacuum sintering, HP for
Hot Pressing, HIP for Hot Isostatic Pressing, SPS for Spark Plasma Sintering and
H, for sintering in H, atmosphere.

outcome both in the sense of highest transparency and Cr ions conver-
sion. Chen et al. [72] also reported that CaO is effective charge
compensator in Cr:YAG and sintering aid preventing pore formation and
increasing homogeneity of microstructure. Ideal composition for high
transparency and conversion efficiency of 0.25 at.% Cr:YAG in this case
was found to be 0.05 wt% of CaO.
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Another factor studied by Zhou et al. [129] that may have impact on
the resulting optical properties is the particle size of the sintering aids. It
was found that finer particles of sintering aids are beneficial to a higher
conversion efficiency of chromium ions.

Nevertheless, besides the charge compensator kind, concentration
and particle size, it should be kept in mind, that annealing conditions also
have crucial impact on Cr>* to Cr** conversion. Prolonged soaking times
(up to 30 h), temperatures around 1300 °C and oxygen atmosphere are
reported to be beneficial [129].

In scintillators, the use of MgO as a sintering aid in vacuum-sintered
Ce:LuAG not only improved the optical quality, but provided an
enhancement of the scintillation performance due to the presence of Ce**
ions, stabilized by Mg2* [132].

4. Secondary phases and other issues

While they are indispensable for the achievement of full transparency
of various ceramics, it was noted that the introduction of sintering ad-
ditives has also its downsides. Especially for certain applications like
laser sources or scintillators, the presence of any impurity, including
sintering aids, may be deleterious to the performance of the material [65,
74,133].

After sintering in a reducing atmosphere (e.g. vacuum sintering, HIP),
the ceramics may suffer from parasitic absorption, visible as coloration
(darkening or a hue from yellow to red or brown), often ascribed to the
presence of oxygen vacancies [32,134] or metal ions in reduced states
[135] In some cases the cause is clear, e.g. the green colour of vacuum
sintered Yb:YAG samples due to the reduction of Yb>* to Yb?*, or the
colour difference caused by the presence of Cr ions in different oxidation
states, as described above, both requiring a further oxidating annealing
treatment). On the other hand, sometimes the explanation is not so
straightforward, as in the case of YAG samples, which gained a reddish
coloration after sintering under a reducing atmosphere. This is illustrated
in Fig. 4, where the presented YAG samples contained Si (0.5 wt% TEOS)
and a small amount of Zr (introduced by the milling process). After
vacuum sintering the samples had a red colour (left), which disappeared
after air annealing (right). This effect has been observed also by Gold-
stein et al. [135], who ascribed it to the presence of the reduced Y%+ jons.
In a recent article, Goldstein et al. [136] revised the previous work,
explaining the mechanism further as promoted by the presence of
tetravalent ions, which may be introduced as sintering aids, that cause
lattice distortion in YAG. Interestingly, while Goldstein observed the red
coloration in the case of Si-containing YAG samples sintered by HIP
[136], the authors of this paper saw the effect in vacuum-sintered sam-
ples containing both Si and Zr (see Fig. 4), but not in samples containing
only Si prepared under the same conditions. A relation between the red
coloration in YAG and Zr has been observed also by Palmero et al. [134]
for SPS-sintered YAG. Therefore, while the straining of the YAG lattice
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Fig. 4. Photograph of YAG ceramics containing Si (0.5 wt% TEOS) and a small
amount of Zr (introduced by milling process) sintered in vacuum at 1735 °C;
after vacuum sintering, the sample has a red coloration (left), which disappears
after annealing in air (right). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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certainly occurs, and the coloration (parasitic absorption) is related to the
presence of sintering aids, the explanation for the coloration is not
necessarily the simple presence of Y2* ions.

A common issue arising with the addition of sintering aids is the
segregation of secondary phases or the compositional variation between
the grains and grain boundaries [47,101,137]. Taking as an example YAG
ceramics with SiOy sintering aid, Si-rich secondary phases have been
observed [38,47,137,138] and Gaumé et al. reported the presence of
Si-induced colour centres in YAG ceramics [133]. The presence of sec-
ondary phases may be limited by a good homogenisation and dispersion
of the sintering aid. A typical example is the use of TEOS as a precursor
for the formation of SiO», or the use of colloidal silica. However, even the
“optimal” amount necessary for the achievement of full transparency
may lead to grain boundary segregation, when the material contains
certain dopants, e.g. Nd:YAG [44], Ce:YAG [45], or when the thermal
treatment is not optimised, e.g. when the cooling rate in vacuum-sintered
YAG ceramics with TEOS is too low [31], or when pressure is applied too
early in the case of a hot-pressed spinel with LiF [106]. In the quest for a
perfect material, transparency is thus not the only goal. The sintering aids
need to be chosen carefully, taking into account not only the host ma-
terial, but also the dopant. And in the search for defect-free ceramics,
researchers are passing from percentage to ppm in the use of sintering
aids, as long as the optical quality and uniformity of the material is not
compromised.

Eventually, at least in the case of SiO; in YAG and LiF in spinel, there
has been a series of works dealing with the sintering mechanisms and
especially in the former case, also by the solubility of the sintering aid.
After the older studies of Sun et al. [139] and Kuru et al. [140] on the
solubility of Si YAG at 1550 °C and in a powder treated at 900 °C,
respectively, more relevant data has been provided by Zamir [29], Ikesue
et al. [31] and Boulesteix et al. [41], while Goldstein et al. studied the
solubility of LiF in MgAl;O4 spinel [100]. For SiO in YAG, the reduction
of the amount of sintering aid was tackled in Section 2 of this article.
Nevertheless, the amount initially added to the material is not necessarily
the one in the sintered material. From the research on YAG and Nd:YAG
ceramics with SiOy or TEOS added as a sintering aid it results that there is
a significant decrease in the amount of silicon during the vacuum sin-
tering process [31,41,43]. Moreover, the remaining amount of Si in the
material depends on the cooling rate after sintering, as observed by Zamir
[29], who investigated the solubility of Si in YAG at high temperatures. It
was shown that the solubility limit is higher at high temperature, and
after a fast quenching (200 °C/s), the amount of Si in the ceramic was
higher compared to that in furnace-cooled (150 °C/h) samples. No sec-
ond phases were observed in the quenched samples and only a small
amount at triple junctions in the furnace-cooled samples. The effect of
cooling rate was observed also by Ikesue et al. [3] in Nd:YAG, where an
increasing amount Si-rich grain boundary phase was observed with the
decrease of cooling rate (from 150 °C/h to 10 °C/h). Zamir also suggests
that the heating rate affects the total amount of Si in the ceramic. This can
be explained by the formation of volatile SiO in the reducing atmosphere
of a vacuum furnace. Boulesteix et al. [41] observed a drop in Si content
between 1400 and 1700 °C during vacuum sintering in samples with a
higher initial SiO content (0.3 wt% SiO,, corresponding to about 1400
ppm of Si); interestingly, the authors showed that silica can be intro-
duced from an external source (here by placing a Si-doped samples close
to a Si-free one) during the sintering process. A similar process was
conducted by Meir et al. with spinel sample exposed to LiF vapours, thus
achieving transparency [105].

The use of MgO in YAG might appear promising given the lower
additions when compared to SiO,. However, at the same time the lower
solubility limit of Mg?" in YAG can lead to the formation of secondary
phases with lower additions, as was described in Section 2.

Another example is transparent MgAl;O4 ceramics prepared with LiF
as sintering aid. Since one of its main applications is transparent armour,
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high hardness and fracture toughness are beneficial. It is well known that
those properties improve with decreasing grain size; however, the
addition of LiF results in excessive grain growth. Even if nanosized
powder is used as starting material, the final grain size can be in tens to
hundreds of micrometres [109,141].

The use of SPS for the production proposes the possible elimination of
sintering aids, or at least a significant reduction of the added quantities,
as illustrated in Table 1. However, so far the optical quality is generally
lower compared to more traditional approaches like vacuum sintering or
HIP. Perhaps, one of the reasons can be that SPS provides the opportunity
of very fast heating (>100 °C/min are possible), thus allowing to pass
low temperature coarsening processes. Therefore, it is tempting to take
advantage of this even in preparation of transparent ceramics; however,
it seems that the complete removal of porosity is very much dictated by
the total sintering time.

The group of Wu has recently presented the fabrication of transparent
Yb:YAG without sintering aids by vacuum sintering, starting from co-
precipitated powder [52]. This is yet another proof that the selection
of the right starting powder may help to reduce, if not even eliminate the
need for sintering aids for the densification process.

5. Conclusions

We have presented an overview of the different sintering aids and of
the variety of transparent ceramics prepared with their addition. It was
illustrated, how certain sintering aids are functional for specific sintering
techniques (e.g. LiF for pressure-assisted sintering) or have a similar ef-
fect on different ceramic materials (e.g. MgO inhibiting grain growth).
The combination of sintering aids proved promising, especially when one
promotes densification and the other limits grain growth, providing thus
a uniform microstructure and allowing the densification of larger pieces.

In some cases we suggest that the use of the term “sintering aid”
should be used with consideration, like in the case of La;O3, which in a
small amount helps obtaining a fine-grained uniform microstructure of
Nd:YAG. On the other hand, when added to sesquioxides in a relatively
high percentage (10%), LapO3 forms a mixed sesquioxide ceramic, and in
such cases we would not consider this as a use of a sintering aid, although
such suggestion are made in the literature.

In the last years, there has been a number of studies analysing more in
detail the behaviour of sintering aids during the sintering process (LiF in
spinel, SiO in YAG) in order to understand the sintering mechanisms and
the behaviour of the sintering aids during the sintering process, e.g. the Si
solubility limit change under different cooling conditions or the
discrepancy between the amount of Si introduced to the powder mixture
and that remaining in the sintered material. It would be most helpful if
similar studies were undertaken also for other systems, to shed more light
into the empirical black boxes. From a practical viewpoint, while we
know how much of a sintering aid is added into the mixture, there is an
uncertainty about its presence in the sintered ceramic.
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