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A B S T R A C T 
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A significant proportion of mined natural corundum (ruby and sapphire) contain fractures, 
which negatively affect a gemstone’s clarity and value. Over the past decades, heat treatment 
techniques have been developed for either fracture healing or filling to make such gems 
marketable. The clarity enhancement processes are mainly based on techniques which are 
either not durable, as in the case of lead silicate fillers, or do not yield perfect transmittance 
through a fracture, as in the case of borax based fluxes. Therefore, the gemstone treatment 
community is actively in pursuit of better techniques for clarity enhancement in corundum. 
Given that application of pressure is a recent advancement in the heat treatment processes of 
natural sapphire, it is essential to explore the possibilities regarding different outcomes such 
treatments can have. In this perspective paper, we have briefly described how the application of 
pressure during heat treatments can lead to in-situ sintering of transparent polycrystalline 
ceramics within the fractures of corundum, which can result in clarity enhancement. Spinel-
structure based fillers can be tailored to mimic corundum in terms of tribological, chemical, 
and optical properties. Therefore, gemstones treated with such fillers will be durable, unlike 
currently used glass-based filler material. We also provide a possible explanation for ghost-
fissures in sapphires heated under pressure, as being a by-product of an in-situ sintering process 
of ceramic fillers that are thermodynamically compatible with Al2O3. The prospect of 
transparent polycrystalline ceramics in the gem and jewelry industry opens a new field of 
research in this area, given that ceramic fillers can outperform currently used methods and 
materials for clarity enhancement in gemstones. In essence, we present a novel application for 
sintered transparent polycrystalline ceramics. 
© 2021 The Authors. Published by Synsint Research Group. 
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Heat treatment 
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Transient liquid phase sintering 
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Single crystal alpha-alumina (α-Al2O3), or corundum is generally 
known   as    ruby   if  red,  and  sapphire  in  case  of  all  other   colors. 

 
 
Corundum is widely used for technological and industrial applications, 
including optoelectronic devices such as lasers and LEDs, optical 
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windows, and ballistic armors. The wide electronic band gap of 
sapphire makes it highly transparent in 200 to 4000 nm range, and 
therefore it is colorless in the absence of significant intrinsic and 
extrinsic defects. The 20 GPa Vickers hardness of sapphire, melting 
temperature of 2050 ºC, chemical inertness to corrosive media (acidic 
or high-temperature), and wide transparency range have made it 
possible to use Al2O3 for demanding applications [1]. However, one of 
the oldest applications of this material can be seen in the jewelry 
industry, as a gemstone. Major deposits of natural corundum are found 
and mined in Sri Lanka, Myanmar, Tanzania, Kenya, Madagascar, 
Australia, and Mozambique just to name a few. A comprehensive list 
of corundum deposits has been reported in the literature [2, 3]. Dopants 
and defect equilibria in corundum crystals are primarily responsible for 
the wide range of colors. Transition metal dopants with d-shell 
contribution to the density of states can cause deep levels in the 
electronic band gap, which can result in absorption within the visible 
spectrum. The influence of charged and acceptor defects on color are 
especially remarkable in corundum [4]. Hereafter, corundum, ruby and 
sapphire terms are used only when referring to single crystal Al2O3, and 
alumina refers to polycrystalline Al2O3.  
The majority of natural corundum is heat treated, for modifying color 
and/or clarity [5-7]. Natural sapphires often contain secondary phases 
in their microstructure, which reduce clarity due to scattering of light 
[8]. Precipitates in a gemstone can be dissolved into the host crystal 
lattice at particular treatment conditions, as dictated by thermodynamic 
equilibria to produce a solid solution, thereby changing defect 
chemistry of such crystals, which can generally alter the color and/or 
increase clarity [6]. Rutile, hematite and ilmenite are often reported as 

nano or micron size precipitates in sapphire [6, 8], dissolution of which 
can alter the overall color of a gemstone. In fact, dissolution of titanium 
oxide or sub-oxides in sapphire makes up a considerable proportion of 
commercially produced blue sapphires. Themelis [6], Nassau [9], and 
Emmett et al. [10] have explained this heat treatment process in detail. 
The purpose of some treatments is to decrease the impact of fractures 
on the clarity of a gemstone, which is achieved either by growing 
synthetic corundum in the fractures through fluxes (generally referred 
to as fracture healing), or by using fillers of similar refractive index as 
that of corundum (1.76-1.77 at 588 nm) [7, 11]. Healing of fractures 
through fluxes, such as borax, takes places by dissolving alumina from 
the corundum surfaces, and forming a supersaturated solution, which 
leads to crystallization of synthetic corundum through slow cooling or 
evaporation. Fracture healing can cause a substantial increase in 
transmittance of light through a fracture, as shown in Fig. 1. However, 
considering the ternary phase diagram [12] of Al2O3-B2O3-Na2O for the 
case of borax as a flux, it can be seen that crystallization of 
boroaluminate and sodium aluminate phases are inevitable, causing a 
eutectic microstructure. Such aluminates have significantly different 
optical properties in comparison to corundum, and thus reduce the 
efficiency of this treatment. As part of the fracture healing method the 
induced eutectic, peritectic or eutectoid microstructures are an inherent 
part of the process, with corundum being one of the multiple phases 
solidifying upon cooling. Given that such microstructures are generally 
not comprised of phases of the same optical properties, the 
transmittance through a healed fracture is not optimal [13]. Themelis 
[7] and Emmett [11] have explained the fracture healing process in 
detail. It is noteworthy that such eutectic, eutectoid, or peritectic 

Fig. 1. Left: a schematic overview of the conventional fracture healing process, which uses fluxes. A surface reaching fissure or crack is filled with a 
fluxing agent, which dissolves alumina from the corundum surfaces and recrystallizes the corundum phase within fractures, followed by a eutectic 

solidification. Right: micrograph of a ruby treated in this manner, captured under an optical microscope. Fractures are now far more capable of 
transmitting light, but the secondary phases (or residues) tend to reduce the efficiency of the treatment process. (Photo Credit: Ted Themelis) [7]. 
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microstructures are referred to as “fingerprint inclusions” [14] in the 
gemological literature. Fillers are not perfect either. Majority of the 
used formulations for a filler material, such as lead silicates, have 
significantly different tribological properties, while not being resistant 
to corrosive media, through which jewelry production takes place, 
resulting in a product that is not durable [15]. For in depth information 
regarding heat treatments of ruby and sapphire, interested researchers 
are referred to the comprehensive books on this topic [6, 7, 16]. Given 
the problems associated with present methods of clarity enhancement, 
the gemstone heat treatment community is actively in pursuit of better 
techniques, which makes it important to study the possibilities in this 
regard to safeguard the fine jewelry industry from treatments that may 
go undisclosed.  
Application of pressure during heat treatment of natural sapphire is a 
recent development [17]. The method is primarily based on hot press 
technology, where sapphires are heated under a pressure of 
approximately 1 kbar and temperatures of 1600 to 1800 ºC [17-19]. 
Sapphire has a ductile brittle transition temperature of 1100 ºC [20]. 
Therefore, plastic deformation and rapid diffusion through line defects 
are an inherent part of the process. Both of which are well documented 
at this pressure and temperatures [21-23]. This makes pressure assisted 
heat treatment of sapphire rather controversial and significantly 
different from previous heat treatment techniques. Moreover, these are 
conditions under which sintering of transparent polycrystalline 
ceramics can prevail [24]. Considering the suspicions over involvement 
of lithium compounds (i.e. lithium carbonate) in the process [18], we 
find it necessary to explore the potentials of transparent ceramics on the 
clarity enhancement of corundum. The following paragraphs briefly 
introduce transparent ceramics and describe how an in-situ sintering of 
a spinel phase can be achieved within the fractures of such gemstones, 
through the application of pressure in the treatment process.  
Transparent ceramics have a long-range atomic order and are therefore 
crystalline material, unlike glasses. Many of the gemstones are 
transparent ceramics as well, such as; sapphire, emerald, quartz and 
many more. However, these gemstones are single crystals, unlike the 
polycrystalline nature of industrially sintered ceramics, which have the 
same chemical composition. Therefore, optical properties of 
transparent polycrystalline ceramics are either identical or extremely 
close to their single crystal counterparts, when it comes to indices of 
refraction, dispersion, density, melting point, coefficients of thermal 
expansion and so on [1, 24]. Polycrystalline transparent ceramics are 
generally produced through sintering of the precursor powder under 
pressure, and serve a wide range of industries [25]. The most 
commonly used equipment for sintering of transparent ceramics are; 
hot-press (HP), hot isostatic press (HIP) and spark plasma sintering 
(SPS), as well as vacuum furnaces if the powder is compacted under 
pressure through cold isostatic pressing (CIP) [24]. Mao et al., [26] 
have shown that it is possible to produce transparent polycrystalline 
alumina with optical properties identical to that of sapphire by sintering 
Al2O3 powder at 1850 ºC for 3 hours in hydrogen atmosphere. Apak et 
al. [27] have shown that it is possible to reduce the sintering 
temperature and time through spark plasma sintering, with an SPS 
soaking temperature of 1300 ºC, a pressure of less than 1 kbar and a 
total sintering duration of just 5 minutes. Sintering of transparent 
alumina poses challenges due to birefringence of the material, which 
can make a polycrystalline alumina opaque, even in the absence of 
porosity, mainly because of the random orientations of grains. The 
problem with birefringence is partially solved if the grain size is kept 

below a few hundred nanometers [24, 27], or if the grains are oriented 
along a single crystallographic axis [26], especially through dopants 
which cause spin delocalization [28, 29]. Both of these methods are 
technologically challenging. However, isotropic structures such as 
spinel do not pose this challenge [30]. Therefore, industrial scale 
production of spinel-based transparent ceramics such as aluminum 
oxynitride (AlON) and magnesium aluminate (MgAl2O4) are widely 
anticipated. Such ceramics can revolutionize fields requiring abrasion 
resistant, transparent material at high service temperatures or corrosive 
media [24]. It is also noteworthy that a technological frontier of 
transparent polycrystalline ceramics is the field of high-energy solid 
state lasers [31]. Kong et al. [24] have elegantly reviewed and 
documented the advancements in the field of sintering transparent 
polycrystalline ceramics, therefore interested researchers are referred to 
their book for further information. 
Lithium-spinel (LiAl5O8) also known as zeta-alumina [32], has a 
refractive index of 1.73 (at 588 nm). This phase can grow in the surface 
reaching fractures of sapphire, based on the Li2O-Al2O3 phase diagram, 
especially at temperatures between 1600 and 1800 ºC [33, 34]. Upon 
contact of Li2O with sapphire, a eutectic fluid is expected at 
temperatures over 1350 ºC, which can facilitate material transport into 
the fractures. Subsequently, growth of lithium spinel phase begins at 
the interface [32] and proceeds within fractures. The applied pressure 
of 1 kbar and temperature of over 1600 ºC during the heat treatment of 
sapphire are well within the range necessary to sinter monolithic 
transparent polycrystalline ceramic of lithium spinel. It should also be 
noted that the reported temperatures for sapphires treated under 
pressure are debatable, since the temperature distribution in the setup 
used [19] can be highly dependent on spatial coordinates of a die, as is 
the case in SPS systems [35], and the actual temperature at the center 
of the die may be significantly higher. Generally, transparent 
polycrystalline ceramics do not show devitrification, gas bubbles, 
striations or glass transition temperatures, which are common in 
glasses. Once formed, this phase is durable to a wide range of extreme 
conditions, much like its host material. However, lithium spinel 
exhibits polymorphic transitions [33], and is therefore capable of 
inducing unwanted stress in the fractures, which would reduce the final 
product’s average fracture toughness. Recent reports by Peretti et al. 
[18], regarding sapphires of a potentially lower fracture toughness that 
are treated under pressure, in addition to their observation of lithium 
content on the outer peripheries of such gemstones are cause for 
concern. However, in light of other reports [36] in this regard, further 
experimental and characterization studies are essential.  
There can be many different formulations of transparent polycrystalline 
ceramics, designed specifically for the purpose of clarity enhancement 
in corundum. However, let us consider an additional example of 
aluminum oxynitride (AlON), a spinel structure [37] with a refractive 
index of 1.79 (at 588 nm) [38], hardness of 16.7 GPa, fracture 
toughness of approximately 4 MPa m1/2 [39], and thermal expansion 
coefficient of 5.7×10-6 K-1 [40], thereby making it optically and 
tribologically similar to sapphire. AlON is also thermodynamically 
compatible with sapphire [41], while being resistant to high 
temperature, and a wide range of corrosive media. In fact, AlON is 
often used as an alternative to sapphire for demanding industrial 
applications [42]. Considering the binary phase diagram [41] of AlN-
Al2O3 system, a solubility region exists between approximately 30 to 
40 mol% AlN, where the AlON phase is stable. The melting 
temperature  of  this  spinel  phase  exceeds  that  of  sapphire  for  most 
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compositions and therefore, one cannot use this material as a filler in 
the conventional sense of melting the filler and relying on capillary 
forces for material transport into fractures, as in the case of glasses. 
Nevertheless, through transient liquid phase sintering, it becomes 
possible to transport precursors into the surface reaching fractures by 
capillary forces. Pressure of approximately 1 kbar and temperatures of 
over 1700 ºC are sufficient for successful sintering of the AlON phase 
[39, 43], within the fractures of sapphire. Fig. 2 presents a phase 
diagram of AlN-Al2O3 system at a constant temperature of 1800 ºC and 
1 kbar pressure for an alumina rich compositional range, with respect 
to nitrogen partial pressure, calculated using FactSage [44]. The 
equilibria clearly shows the possibility of growing AlON within 
fractures of sapphire at 1800 ºC, by regulating partial pressure of gases 
during treatment. It is also possible to achieve fracture filling of the 

precursors by increasing the temperature to approximately 1950 ºC, 
where a eutectic fluid will form at the interface of AlN and Sapphire, 
wetting the fracture surfaces, and facilitating growth of the 
thermodynamically compatible phase, AlON. Fracture-filled sapphires 
with aluminum oxynitride used as a filler, would be mechanically 
durable and optically suitable for the gemstone industry, as the filler 
material is similar to sapphire. In other words, application of pressure 
and proper additives during heat treatment processes of corundum, can 
cause an in-situ sintering of transparent polycrystalline ceramics 
through liquid phase sintering, thereby rendering gemstone cracks 
invisible to the unaided eye for all practical purposes.  
In any formulation where a transparent polycrystalline ceramic (X) is 
thermodynamically compatible with alumina, there should exist a two 
phase region of X-Al2O3, similar to that shown in Fig. 2 for an alumina 

Fig. 2. Left: calculated phase equilibria of AlN-Al2O3 system at 1800 ºC and 1 kbar pressure, based on thermochemical database of FactSage [44] 
for alumina rich composition, as a function of nitrogen partial pressure. Right: an example of transparent AlON as sintered by SPS technology [43].

Fig. 3. Schematic representation of a sapphire which is fracture-filled by AlON through an in-situ sintering process. The 
microstructure of the filler should inevitably contain crystallites of corundum, based on the phase diagram shown in Fig. 2. 
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rich compositional range. Such formulations can lead to X-filled 
fractures where microscopic crystals of corundum should reside. 
Considering the example of AlON mentioned earlier, by reducing the 
partial pressure of nitrogen at 1800 ºC, a transient liquid phase emerges 
which can facilitate transport of the necessary constituents into the 
fractures. Increasing the nitrogen partial pressure subsequently will 
result in formation of AlN+Al2O3 in solid phase, which will then go 
through solid state sintering process. Once sufficient densification is 
achieved, as a result of the applied pressure and temperature, one 
should expect a transparent AlON ceramic with excess alumina grains 
remaining segregated. A schematic representation of this process is 
shown in Fig. 3. In other words, corundum crystallites within such 
microstructures would be inevitable. The eerie similarity of this 
hypothetical description, with the recent reports on ghost-fissures that 
have been observed by Renfro [45], containing crystals of corundum, 
as identified by Hughes [46, 47], are an additional cause for concern in 
this regard.  
If fillers made of transparent polycrystalline ceramics enter the 
gemstone market without disclosure, it will be a serious threat to the 
very foundations of the fine jewelry industry. There are no reports 
regarding the use of such ceramics in gemstone treatments at this time. 
In order to avoid a future where such treatments may go undisclosed, 
gemologists and gemological laboratories alike should be aware, 
vigilant and cautious regarding the current state of affairs and future 
advancements on sapphires treated under pressure. The methodology of 
heat-treating corundum under pressure is still in its infancy, but we 
anticipate that over the coming years more advanced technologies, such 
as HIP and SPS will become mainstream in the gemstone treatment 
industry, and therefore it is only a matter of time until highly 
engineered transparent polycrystalline ceramic fillers emerge. 
Therefore, we recommend researchers in gemology to focus part of 
their efforts on finding methods of non-destructive testing for 
identification of such filler materials.  
It is also important to note the opportunities in this regard. There are no 
reported fillers available in the gemstone industry, which can compete 
with the prospects of transparent polycrystalline ceramics at this time. 
Furthermore, the potentials far exceed sapphire. It is possible to 
enhance the clarity of other gemstones, such as diamond, in a similar 
manner. Especially given that high pressure high temperature heat 
treatments (HPHT) in diamond have a long history [48]. Ceramists are 
encouraged to consider research in this area, while bearing in mind that 
disclosure and publication of results, as well as collaboration with 
gemological institutes for identification of such heat treatments, are 
essential not just from an ethical perspective, but also for the 
sustainability and acceptance of successful new formulations.  
In conclusion, transparent polycrystalline ceramics have immense 
potentials in the gem and jewelry industry, and reports on the 
application of pressure during heat treatment of sapphire make us 
confident that the gemstone industry is now one-step closer to the next 
generation of fillers, specifically designed to be optically, chemically 
and tribologically ideal. 
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