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Abstract

Efforts were and are made to develop performant fabrication technologies, for transparent polycrystalline spinel — a material used for armor,
infrared windows and other products. Significant progress was made — during some fifty years of research — regarding the understanding of the
structure of spinel, at various scales, and the best ways to correlate processing with the relevant structural features so as to improve properties. This
review compiles and comments the results of this progress, using as sources the literature and the author’s own work. As of now the best specimens
obtained combine submicron grains with an optical transmission close to the theoretical and a Vickers hardness of 15 GPa (size <25 cm). Larger
plates, more than 0.5 m in size, but with coarse microstructure and lower hardness, have also been produced, together with quite large dome shaped

parts, exhibiting highly uniform optical properties.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Applications of transparent spinel

Polycrystalline MgAl;O4-spinel (Sp) may exhibit, when
properly processed, a combination of properties including opti-
cal transparency (it is a cubic, isotropic crystal), making it useful
— together with other transparent ceramics like polycrystalline
AION or a-Al; O3 (single or polycrystal) — for the obtainment of
armor window strike-faces and protective windows for sensors
operating in the mid infrared (MIR) range.!~® It was measured,
for instance, that panels of spinel needed to stop a given type
of projectile had an areal density 60% lower than that of pan-
els made exclusively of glass, outperforming also single-crystal
sapphire.’” These applications are the main reason for the great
interest existent, for a long time now, in the development of tech-
nologies allowing the fabrication of transparent polycrystalline
spinel parts.

Transparent spinel is a useful material also for other inter-
esting products, including windows for barcode reader, pressure
vessel or laser spark plug, tunable laser (Ti) hosts, high index
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optics for ultraviolet (UV) microlithography, high pressure arc

lamps, watch casings, optical heat exchangers, etc.%%1°

1.2. Main objectives of current engineering research

Moderately transparent spinel was demonstrated already in
the late sixties by US researchers, and by the end of the eight-
ies high transmission parts were obtained,'~ in small numbers,
in the US, Japan and France; most of the early progress was
owed to a few teams led or including D.W. Roy.2> Nonethe-
less research and development efforts continue to this day. One
of the main goals of this effort is the perfecting of satisfac-
tory spinel fabrication technologies. A satisfactory technology
means one able to generate commercially viable transparent!!
spinel parts, i.e. ones which simultaneously exhibit good perfor-
mance, the desired size and shape, and are available in sufficient
amounts at a reasonable price. While obtainment of transparent
spinel which exhibits only one or two of the needed features
is a task of moderate difficulty, establishment of technologies
responding to all the requirements is a much more challeng-
ing goal, not fully achieved yet, despite some fifty years of
effort.

A second research topic, which received an increased atten-
tion lately, is the development of transparent spinel exhibiting
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an optimal balance between the transmittance and the func-
tional properties (the mechanical characteristics being the most
important). In fact, obtainment of fine grained (essential feature
for good mechanical properties) transparent spinel was tried
early.'? Specimens exhibiting an average grains size (GS) of
just 1 wm have been obtained, using a special incremental hot
pressing schedule, but the level of transparency attained was
modest. In the following decades sintering at high tempera-
tures was used by most research teams, especially in the US,
in order to improve optical transmission. The large grains size
(50-300 pwm) thus generated had a deleterious effect on mechan-
ical properties; hardness values reported were limited to around
12 GPa.!3-15 More recent research, in which new, better pro-
cessing approaches were developed, succeeded in dramatically
reducing the grain size while keeping transmittance close to
the theoretical level; as a result hardness was raised toward the
15 GPa level.'® Further improvements of the balance between
transparency and mechanical properties are one of the main goals
of current efforts.

1.3. Structural features which influence transparent spinel
performance: requirements

As noted above, in the case of transparent spinel, high
performance requires, in most cases, a combination of high
in-line optical transmission (ILT) with good mechanical
properties.>>%? Various features of the structure, at the atomic or
nano/micro scales, determine the performance controlling prop-
erties. The most important such features are discussed in this
section.

For good mechanical properties (including suitable behav-
ior after impact by high velocity projectiles and resistance
to erosion) it is important to keep the GS as low (<5 um,
with submicron being best) 2681016 45 hogsible. In order to
fully exploit the benefits of a low GS the amount of macro-
scopic processing defects — such as cracks, pits, delamination
voids, residual stress and porosity — has to be severely lim-
ited (excessive amounts of dislocations are also deleterious).
The theoretical limits for these properties are not known. The
values achieved in practice will be discussed in Section 3 and
Tables 1 and 2.

Table 1
Range of values of transparent spinel performance-controlling properties
reported by the literature.

Characteristics Range of values

ILT [%] 75-85 (A =750 nm; for t=3-1 mm in
most cases)

GS [wm] 0.4-120

HV [GPa] 12.0-15.0 (for testing loads 5 and 10kg)

TRS [MPa] 150-250

E [GPa] 260-310

@85-1000°C rc 1 77-80

Mh [Wm™!°K~'] 10-15

For high ILT Eq. (1) — which describes the dependence of ILT
on the characteristics of the electromagnetic radiation — suggests
the relevant factors of influence.

2n _
ILT = mexp. ot (1)

where n is the real part of refractive index ~1.72 for Sp; o is
the total attenuation coefficient (including scattering and absorp-
tion); ¢ the Sp plate thickness.

The maximal transmission of a spinel plate is ~87% in a wide
wavelength (1) range (0.25-5 pm). Below, specimens exhibit-
ing an ILT > 75% will be labeled as “highly transparent”, those
with an ILT in the 50-75% range — as “transparent”, while
“translucent” covers the 20-50% span.

As it may be seen, for ensuring high ILT the important tasks
are the minimization of radiation scattering on heterogeneous
phases (n # ngp) and of its absorption. A more detailed descrip-
tion of these tasks is given in the following subsections. The
width of the UV-IR high transmittance window will be addressed
in Section 2.1.4.

1.3.1. Porosity and other heterogeneities limitation

The cubic spinel has no birefringence (even the inherent bire-
fringence, significant at A <200nm, is ~0 for polycrystalline
parts®), but may scatter radiation if it includes second phases
exhibiting a refraction index different from that of the matrix [in
the visible (VIS) range n ~ 1.72]. Porosity (n~ 1) is the most

Table 2
Characteristics of high performance transparent spinel parts.
Developers (location and approach) Characteristics
GS  ILT@)or TFT(T)  Hardness TRS E Merit
% GPa MPa GPa
IKTS — Dresden AS + HIP 0.35 84 (I) t=3 mm HV10=14.0-15.0 200-250 275 IxGS (<1 pm) xHVxmedium size (25 cm)
ICSI — Haifa AS + HIP 0.45 81 (I) t=2mm HV5=14.0-14.5 180-220 290 IxGS (<1 pm)
TA&T - US HP + HIP >50 83 (T) HKO0.2=16.4 210 280 Large size (L ~ 50 cm) x complex shape x
uniform properties
NRL-MER - US HP + HIP ~25 82 (T) 16.0% 300% 280 Large size (L ~ 40 cm), complex shapes xT
Coors — US HP >50 82 (T) HKO0.2=13 170 265 Early good performance
NIMS - Japan SPS 0.40 70 (T) >15% 400* - Fast sintering

2 Unusually high values; not consistent with microstructure.
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deleterious such phase. The pores scattering coefficient agp is
given by the relationship!!

Po
=————C
(3/4m)(@pr/2)

where Po is the percentage of porosity; ¢p is the pores diameter
(in practice there exists a A¢p) and Cs, the scattering cross
section of one spherical pore.

After calculating the Csp, using the Mie approach (the cal-
culation was done for a matrix with n=1.76), it was shown
by Apetz and Van Bruggen!! that both the ILT and the total
forward transmission (TFT) are markedly affected by the char-
acteristics of porosity. These results were confirmed by the
more comprehensive (various “n” values) calculations reported9
where a curve corresponding to the n=1.72 applicable to spinel,
is also given. The main factor of influence is the A/¢p ratio.
Radiation scattering decreases when this ratio deviates from
unity, as shown by Fig. la of Krell et al.” For decreasing opti-
cal loss to acceptable levels — by reducing pores size — the
A¢p ratio has to be at least >8. Thus, reducing pore size to
under 40nm (A/¢p ~ 10) markedly decreases their scattering
ability” 10 of visible light, but even such small pores may con-
tribute to transmission loss, especially if UV applications are
considered.”!”20 When ¢p > A, average optical loss is once
againreduced, but large pores are stress concentrators. The worst
situation is A & ¢pp. For n=1.76 (AlpO3) the back scattering (not
total) of a ~1 mm part — having a residual porosity of as low as
0.01 vol% (¢p =50-100 nm) — is still ~2%.

The amount of porosity also influences transmission.' 18 As
it is clear from the above, the admissible Po is correlated with
the pores size distribution. Practice shows that, considering the
usual size distribution of the residual porosity in transparent
spinel parts, one has to limit its volume fraction to Po < 100 ppm
(and for some applications <10 ppm). Finding ways to produce
parts of low enough porosity is the main challenge confronting
transparent spinel development. Moreover, such porosity has to
be achieved at temperatures low enough to limit the concentra-
tion of oxygen vacancies and the gray “color” such sites and/or
other absorbers might cause (see Fig. 10 of Krell et al.” and
further discussion here in Section 2.1.4.2). Such a task becomes
really hard if the additional requirement of GS 3 pm (imposed
by the mechanical properties) is added. The state of the parts in
which Po < 100 ppm will be called below as “full densification”.

It is also important to keep the parts free of radiation scatter-
ing (ns # nsp),solid, second phases (crystalline or amorphous).
Such phases may be carried by impure raw materials or intro-
duced by processing tools (especially grinding media), being
located along grain boundaries, at triple junctions or as micro or
larger size, randomly distributed, defects.

QaSp p ()

1.3.2. Limitation of radiation absorbing centers content

Besides the nano/micro scale heterogeneities discussed
above, atom scale impurities may also have a deleterious effect
on optical transparency. The «;, which appears in (1), also
includes a component describing the influence of absorption
(which obeys the Lambert-Beer relationship) on ILT.

In amounts higher than ~50 ppm, transition metal or rare-
earth cations may negatively affect VIS or IR transmission
owing to absorption, while in UV (important for applications
like lithography) transmission may be deteriorated by as little as
afew ppm.%!718 Similar effects may be caused by certain oligo-
atomic clusters (a term which here includes both small molecules
and disordered assemblies of a small number of atoms) and also
by point defects able to capture free electrons.’>!®!7 Therefore
such centers need to be kept in very low concentrations.

1.4. Paper’s objective and structure

For reaching the targets of research mentioned above in a
way which uses minimal trial and error experimentation, it is
important to develop a deep and comprehensive understanding
of spinel’s structure, from atomic to macro scale, and of the
possible correlations between the structural features, the pro-
cessing operations and the functional properties of the finished
parts. Based on such an understanding the optimal correlations
can be selected, i.e. efficient technologies can be designed within
areasonable timeframe. While certain issues are still open, con-
siderable progress was made in about fifty years of technological
research.

This paper endeavors first of all to give a critical review of
this progress. Results presented in the literature or obtained in
the author’s lab (some of them published here for the first time)
are used. It was tried to address as many as possible of the rel-
evant issues. The data presented are discussed, mainly, from an
engineering perspective. Certain suggestions on how to improve
current practice, based on the more recent research results, are
also offered, together with notes on topics requiring additional
research.

2. Structural characteristics (atomic to macro scale)
with influence on transparent spinel fabrication. Their
correlation with processing

“High” levels of densification are required by many types
of ceramics, like those used for electronic, prosthetic or high
wear resistance parts. In such cases residual porosities in the
0.1-1.5% range are acceptable. Really high densification levels,
i.e. the need to ensure reduction of porosity to under 100 ppm,
are specific, however, to technologies for transparent spinel (or
other transparent ceramics) obtainment.

Some guidance on which are the most relevant characteris-
tics one needs to control in order to achieve full densification
— was provided, even for early efforts, by the general relation-
ships governing various aspects of the densification process. For
instance, from the relationship (3)?! the necessity of ensuring
low particles and pores size, together with high surface energy,
for maintaining a high drive for sintering, is seen.

2ysv

os [MPa] = 3)
where og is the sintering stress; y,y is the surface tension (it
is ~1J/m? for oxides similar to Sp?!); r the radius of pores or
powder particles.
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The equation describing the kinetics of the process (its
advanced stages) (4)>2 shows the importance of raising “good”
diffusion rates [Dy, 1, (as opposed to surface diffusion, Dg, which
helps grain growth)]. Eq. (4) (or similar) also shows the use-
fulness of a low grain size, which controls the pores length
(intermediary stage) and their spacing after pinch off (final
stage).

o _ 315 M _ {DL n ”&’Db} P
de kTGS? GS
where p is the density; 7 is the time; V), is the molar volume
of diffusing species; Dy is the lattice diffusion coefficient; §, is
the grain boundary width; Dj, is the grain boundary diffusion
coefficient; and P the pressure.

As it will be shown below (chapter 2), the technologies put
forward — especially during the last 15 years — improved, bring-
ing toward optimal, the value of the parameters mentioned in (3)
and (4), by the aid of adequate processing operations especially
at the nano/micro level.

However further progress is needed and possible. The signif-
icant degree of influence of certain other factors [not carried by
(3) and (4)], like initial pores size distribution and its dynam-
ics, pores topology in the final stage of sintering (see Section
2.2.2) or the agglomerated state of nano-powders, was realized
more recently. Processing improvements, for which the effect of
such factors is taken into consideration, are under development;
applied early versions have already been able to reduce grain size
into the submicron range while preserving transparency.'%-16-23
Recent progress also allowed a more complete identification of
the characteristics influencing radiation absorption and ways to
control them.

“

2.1. Atomic scale (1-104)

Some of the characteristics mentioned above concern the
ionic lattice; those are addressed in this section while those
concerning the nano/micro scales are discussed in Section 2.2;
macro scale issues are treated in Section 2.3.

2.1.1. Influence of magnesium aluminate (MgO-xAl,03)
lattice intrinsic characteristics on sintering

The lattice of spinel is a very slightly distorted cubic
one, being usually described by the space group Fd3m (no.
227 in IT), or more accurately, by SG F43m.?* Some of its
inter-dependent characteristics — such as distortion pattern and
level, point defects type, concentration and mobility — influence
ionic diffusion and, as a consequence, the sintering process. The
lattice configuration is affected by many factors, including: pow-
der preparation conditions, impurities, sintering atmosphere,
thermal treatment schedules, electromagnetic fields, irradiation,
etc.; an additional factor specific to spinels is the inversion
degree. Inversion is a term describing the fact that a fraction of
the AI** ions occupy sites — exhibiting a tetrahedral coordination
by 02~ — which in an ideal, fully ordered, lattice are reserved
to Mg?*. As a result, Al ® type point defects are formed. The
ratio of [Alvg®1/[Al] =i is the “inversion parameter” {i e [0-1];
for synthetic spinel i € (0.2-0.8)}. It is considered that such
defects are compensated, electrostatically, by Mg}, (i.e.

[Alvg*]= [Mggl]), but, depending on conditions, other neu-
tralization schemes, involving larger sets of point defect, may
be thermodynamically preferred. When the thermodynamic
conditions are modified, the three degrees of freedom of the
lattice [the lattice parameter (a), the ““i”, and the repeat unit of the
anions sublattice (u)] are used for rearrangement, so as to attain
the lowest energy configuration in the given set of conditions.>*

The information available on the various characteristics of
the lattice, and their correlation with diffusion, comes from
measurements of diffusion coefficients, computer simulation of
lattice behavior and interpretation of sintering results.>**> The
real lattice is a very complex system. An example may illustrate
this. Both the O/ and the V,,**® type of defect help oxygen’s diffu-
sion. It does not necessarily mean, however, that anion diffusion
rate will increase in proportion to the concentration of the indi-
vidual defects. As a result of a change in sintering conditions
some of the V,*® s may capture interstitials, or only trap them,
depending on their relative positions; in both cases mobility is
reduced.’” The ratio between the mobility of the two defects is
not always the same.

Despite the fact that the available data offer a still fuzzy
image of the lattice structure, its examination is able to facilitate
the understanding of certain aspects of the sintering process, as
shown below.

For instance, ions self-diffusion rates measurement suggests
that the most important types of defect are those related to the
anion, i.e. the oxygen interstitial O/ and the oxygen vacancy
Vo ** (using the usual Kroger—Vink notation). In the case of Mg-
spinel, the slowest ion is the 02~ anion {Do(Oz_) ~ 10~ m2/s,
while for the cations Do &~ 10~ m?/s3! }. The activation energy
(Q) for 0>~ diffusion (~400-500kJ/mol) is similar to that of
the general densification process (Q =430-490 kJ/mol), a result
which lends further support to the view that the anion diffusion
controls the sintering rate.3! This view is currently universally
accepted.® Recent simulation work, however, suggests that A13*
might be, in certain cases, the slowest ion.30

The diffusion of O>~ seems to take place mostly by the aid
of vacancies, despite the fact that the interstitials (O} ) migrate
faster.’" In spinel the oxygen interstitials are of the split type,
aligned with a V,*® along (110). The effect of the vacancies
is expected to be stronger, despite their lower mobility, because
the [O] is, in most conditions, supposed to be much smaller
than [V,*°].

The composition, qualitative and quantitative, of the point
defects population (including V,*®) varies as a function of
a number of parameters, like, for instance, the value of the
[Al,O3]:[MgO] (X) ratio. This is of practical importance because
single-phase spinels of various X can be obtained despite the
fact that the thermodynamic diagram, of the MgO-Al,O3 sys-
tem, indicates only the stoichiometric (X = 1.0) material as stable
at RT. In reality, owing to kinetic reasons, solid solutions with
the X varying in a wide range (0.7-7.0, according to some>?)
are also stable at low temperature. Possible, qualitative compo-
sitions of the point defects population — for spinels exhibiting
various “X”’ values — have been put forward (based, though, on
the incomplete information available on lattice structure). Quan-
titative treatments were also attempted,3? but considering how
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little solid knowledge exists on the interaction patterns of the
multi point defect systems, existent in a real spinel lattice, such
endeavors seem premature. Here the set of defects proposed by
Y.M. Chiang and W.D. Kingery and the potential consequences
of their existence on densification and grain growth rates, is
given,33¢ in order to illustrate the type of predictions such a
correlation allows. According to these authors, for X< 1, in the
case of the grains cores, the main point defects are V,*®, Mg;°,
Al;**® and Mg),,. At the grain boundaries, however, the AI/Mg

. . . n
ratio increases, and the dominant defects become Al;**®, V,,,

Mg),,. For X> 1 the bulk includes Alyig®, Vjy; and Vyy,. The
increase in Al/Mg ratio in the grain boundary region occurs
also for X>1 compositions. So, for X> 1 at grain boundary
the defects are Aly°®, O;’, Vl/\/,[g, and VKI. The actual point
defects existent at a given “X” are also influenced, of course,
by aspects like the inversion process and sintering atmosphere
composition. The inversion, for instance, introduces (or modi-
fies) the concentration of Mg/, and Aly,® type defects. It does
not directly modify [V,*°®] as long as defects pairs form. By
creating quite deep energy traps, on certain sites, inversion may
affect indirectly the oxygen vacancy concentration too.>? Com-
pensation of Alye® by O} and of [Mg/,,] by V,** is also a
possibility.

From the above it would appear that a X< 1 is advanta-
geous for densification. The [V,*®] concentration increases in
this region (thus improving anion diffusion) and, as a result,
densification rates (in the intermediary and most of the final
stage) should indeed increase. However, in the case of transpar-
ent spinel, this benefit may be offset owing to the simultaneous
increase of grain growth rates. The deleterious effects of coars-
ening are felt, mostly, at the very end of the final stage (the most
problematic segment); grain growth increases both pores size
and occlusion probability. It was shown in Refs. 33,36 that for
X <1 the grain growth rate is dramatically raised (owing, mostly,
to the specific point defects populations present) compared to
the X > 1 domain. It is therefore likely that the strong negative
effect on grain growth outweighs the benefits to diffusion (and
thus densification rates) brought by the favorable point defects
composition. Experimental sintering tests are needed in order to
determine which effect is stronger. Looking, now, to the defects
present for “X” > 1, both in the bulk and at grain boundaries, it
can be seen that variation of stoichiometry, in this range, is not
directly affecting the [V,°**]. The grain growth is much slower
when X > 1 than in the case of X < 1.33-36

Recent experimental work shows that variation of X, in
the X=1.0-3.0 range, affects sintering in a rather complex
manner.>’ While X varied from 1.5 to 3.0, an increase in
sinterability was observed after a decrease in the X=1.0-1.5
range. This is explained by the fact that in this region a
spinel + corundum phase system appears. An increase in oxy-
gen diffusion rate, for X > 1.0, was reported by K.P.R. Reddy and
A.R. Cooper.” It may be that the presence of O/ —which form
at the grain boundaries when X>1 — explains, at least in part,
together with the phase composition modification, these obser-
vations. The results of>’ show that besides the modification of the
lattice, the variation of X affects sinterability also through other

aspects, like phase composition variation. The number of publi-
cations regarding the effects of “X”” on processing and properties
is rather small, e.g. Refs. 37,46-50.

Simulations showed an interesting effect, with signifi-
cant consequences on the way point defects affect properties
and/or diffusion. In MgO, for instance, interstitial clusters
(anion + cation) migrate faster, in a way different from the
components.*? In spinel clusters seem immobile but tend to act
as nuclea for larger defects formation.>? Clustering, especially
trimers, of charge compensating defects, is favorable (energet-
ically), more than in other lattices, with the antisite defects,
produced by “i”, raising the probability of the process. Some
dimers (without antisite components) also show high binding
energy, albeit less high than trimers (for the former configura-
tion entropy loss is more significant). Large size lattice defects,
like dislocations, are not addressed here; their effect on densi-
fication seems to be less important than that of point defects,
except situations in which high pressure is used.’!

2.1.2. Extrinsic point defects effect on sintering

Any real spinel lattice includes impurities. Their effect has to
be considered too in addition to that (dominating) of the intrinsic
ones. Most of the Sp lattice impurities tend, in order to mini-
mize elastic energy and/or effectuate electrostatic compensation
(maybe also other reasons), to massively segregate towards sur-
faces, including grain boundary regions. This essentially affects
the way these ions exert their influence. Compelling evidence
for the segregation process is already available. The work of
G.B. West et al.3® showed that this is the case for a number of
lanthanide cations, while Y.M. Chiang and W.D. Kingery have
done the same for elements such as Si, Ca or S.3¢ The latter
authors (1989) considered that the influence of the segregates is
minor, at least on grain growth. However it was shown by recent
work®® (for the case of YAG but also actual for Sp) that seg-
regation drive depends significantly on surface crystallography.
Segregated solutes affect, inter-alia, the ysv,8’43 (sintering drive
is sensitive to segregants) with this dependence being modu-
lated by the type of planes making up the surfaces.>® Moreover,
in a study (still underway, at ICSI) we observed that even addi-
tion of low amounts of transition element cations containing
oxides (80-250 ppm range) has a strong deleterious influence
on densification. It is not yet clear how much of the additions
entered the lattice and what fraction operates as a second phase.
Solutes affect also grain boundary mobility>' =3 and, as a result,
also pores topology. These examples suggest that transition ions
(segregated at grain boundaries) may influence, more than ini-
tially thought, by various mechanisms, both densification and
grain growth. It is yet premature to draw general conclusions on
the way segregates affect spinel’s sintering.

The complexity of the issue (i.e. influence of extrinsic ions)
can be further underlined by considering the effect of LiF addi-
tion to spinel sintered by pressure assisted firings. This additive
—introduced, for Sp, by W.H. Rhodes (sixties) and made popular
by D.W. Roy> — has a number of useful effects (lubricant, car-
bon scavenger) and is used in most of the hot pressing (HP)
procedures today.>!>*57 Moreover, it was proposed by LE.
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Reimanis et al.%® that, in the presence of LiF, a defective spinel

re-precipitates, from an oxyflouride melt formed (850-1000 °C)
by interaction of LiF with spinel, on regular spinel cores, accord-
ing to: 3LiFﬁ>Li{v[g + 2Li}; + 3Fo® + Vo**. The defects thus
formed, especially V,*®, are able to promote O>~ diffusion at
the peak HPing temperatures (>1550 °C). Such an additional
effect of LiF may significantly enhance sintering in the last
stages, explaining the observed reduction of activation energy
from ~480kJ/mol for pure spinel down to ~200kJ/mol for
LiF-MgAl,Oy4 (hot pressed).”® A highly uniform distribution
of the additive is important to fully exploit its abilities.>’

2.1.3. Oligo-atomic clusters influence on sintering

During sintering various species of oligo-atomic clusters
move along the grain boundaries, with important consequences
on densification (and other processes). This term covers here
both small molecules and assemblies of a few atoms (like, say,
carbon); they may be neutral or charged. For instance, the out
diffusion — from closed pores — of O, and N> (low diffusion
rates in oxide lattices) is essential for advanced densification
during sintering in air (AS). Gas trapped in the closed pores
generates a pressure (high at 7°g) opposing densification. This
out diffusion process, difficult to complete in air, makes further
progress during hot isostatic pressing (HIP), which occurs under
Ar. As far as the negative effect of trapped gas is concerned,
effectuation of the first stage of sintering under vacuum (VS), is
advantageous (no gas in pores) on the condition that it is done
at temperatures where the evolvement of Mg or the generation
of vacancies (that cause absorption) (both favorized by vacuum,
as further discussed in Section 2.1.4.2) is negligible.>*

In the case of VSed parts, further subjected to HIPing, Ar
coming from the HIP atmosphere (at ~200 MPa) can reach the
closed porosity. Ar can be trapped also if open porosity left by
AS is closed during HIPing.

Individual carbon atoms, oligo-atomic clusters or larger par-
ticles are, in some cases, present in Sp parts that have been
subjected to HP (spark plasma sintering — SPS) or HIP (possi-
ble formation mechanisms will be discussed in Section 2.1.4.2,
dealing with effects of carbon on radiation absorption). Here it
is only noted that a number of processes — including chemical
reaction, dissolution (mostly in the grain boundary region) into
the lattice, reduction of boundary mobility (M}) — may occur,
when carbon is present, and affect the interrelated grain growth
and densification®; data available does not allow a detailed dis-
cussion of this issue yet.

2.1.4. Point defects and oligo-atomic clusters influence on
radiation absorption

For ensuring high transmission, absorption loss of a trans-
parent spinel part has to be also strictly controlled, like the
scattering on pores. The band gap of pure poreless spinel (at
~8eV?8) is large enough to put transmission cutoff at a A as low
as ~170 nm. The “window” limit, at high wavelength (T~ 70%
at A=5pm; t=4 mm), is set by the lattice vibrations (highest
energy phonons). A number of local electronic systems — able
to cause absorption within this window — may appear in practice

and significantly affect transmission. These systems are briefly
discussed here.

2.1.4.1. Transition and rare-earth cation impurities. Suchions,
if present in the lattice (mostly at grain boundaries), may affect
transmission in a wide spectral range, from the UV cutoff down
to frequencies near the MIR edge of the window. However, with
a few exceptions (Ni**, Co?*), the d—d or f—f type transitions,
which generate bands in the VIS and IR, are weak (orbitally for-
bidden), so that only at relatively high concentration they pose
a problem. High concentrations are not frequent, because cur-
rent powder preparation methods ensure high purity. Lanthanide
impurities appear in even lower amounts than the d-ions. Fur-
thermore, solubility of most such ions seems to be very low in
the Sp lattice. However this type of impurity, even in the low
amount they appear in, is deleterious for applications in which
the UV domain is relevant. There, much stronger bands, pro-
duced by charge transfer transitions, are present; even a few
ppms may pose a problem in such cases. Certain ions, like Cr3*
seem able to improve mechanical properties,** but owing to
the pre-eminence of optical properties, they are still viewed as
deleterious impurities.

2.1.4.2. Carbon single atoms, clusters and V,*®. When sinter-
ing stages are performed in oxygen lacking atmospheres, shades
of gray to black “color”, of variable intensity, appear. This effect
is stronger when carbon containing elements are present in the
heating enclave, with its intensity significantly dependent on the
carbon release “ability” of those elements. In the case of thick
parts (#>2mm) a coloration intensity gradient exists, with a
reduction toward the median plane of the plate. These undesired
hues markedly reduce optical transmission (see Fig. 1, gray-
black curves set). They can be eliminated, usually, by annealing
in air (Fig. 1 set of colorless curves). As far as the temper-
ature required (depends on color intensity) is low enough to
avoid reformation of pores, the annealing does not cause loss of
transparency. The most likely causes for these hues are either
carbon atoms (individual or clusters) or oxygen vacancies, or
both. There are “symptoms” suggesting the presence of both.

Transparent, colorless
100 . A

T [%]

o T
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

A [nm]

Fig. 1. Optical transmission spectra of transparent spinel specimens (=2 mm;
polished) obtained (ICSI) by AS + HIP. Colorless (three upper lines): after post
HIP annealing in air (1100 °C/5h). Gray-black (lower two curves): as HIPed
(polished) state.
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Fig. 2. EPR spectra of un-doped transparent spinel specimens (X-band, RT). As
sintered (air) specimen: white, slightly translucent. As HIPed (Ar) specimen:
highly transparent; light-gray tint (strong signal at ~3500 G, probably from Vo
or Vp** type absorptive clusters).

The profile of the optical spectra (see curves in Fig. 1; gray-black
set) is consistent with a situation in which a strong absorber and
a source of scattering are simultaneously present. This may hap-
pen in the presence of carbon colloidal particles or much smaller
clusters (molecular size) associated with some residual poros-
ity. On the other hand, electron paramagnetic resonance (EPR)
examination of HIPed specimens (see Fig. 2) strongly suggests
the presence of V,* and/or Vg color centers [A. Goldstein, A.
Stevenson, unpublished results]. The profile and position of the
major signal are very similar to ones attributed to Vo.%° Such
defects are present in oxygen scarce atmospheres, owing to:

1
Oo & Vo°** + 502(8) +2¢

where

n

Vo'l = ——"
- P

&)

Po, =partial pressure of oxygen; n=[e']. They may also be
responsible for the colors seen. The Vg or V,,* are aresult of V,**®
entrapping the electrons released by Og. Only if other very favor-
able electrostatic compensation options are available, is there no
electrons trapping. The Vg type centers alone, though, cannot
explain the profile of the optical spectra like those in Fig. 1.
Such defects, being localized electronic systems, can produce
only discrete absorption bands, with a more or less Gaussian
profile.! Spectra of specimens which surely include color cen-
ters (irradiated) do show the expected local bands*!; interaction
between V,,* and Vg clusters would generate an envelope one can
resolve into Gaussian components. Even the envelope produced
by a larger set of color centers cannot generate transmission
curve profiles like those observed.

A possible conclusion, consistent with both the optical and
EPR data, is that both carbon clusters and oxygen vacancy based
point defects are present, but the former dictate the overall spec-
tral curve profile. For the case of HP (SPS)ed parts, the presence
of carbon inside the parts was observed and can be explained
easily. The parts are in a porous state at the start of the sintering.
If the graphite parts release true carbon particles (this depends

on the state of the graphite parts) they will be trapped within
the pores. In fact, G. Bertrand-Granger and colleagues®® were
able to detect such particles and even to reproduce the transmis-
sion curve of a SPS spinel part by a calculated one (assuming
the presence of porosity + graphite particles). The presence of
carbon in HPed or SPSed parts has been, indirectly, proven also
by S. Meir et al.”> and I. Reimanis et al.® In Ref. 55 it was also
shown that LiF, besides its effect on sintering, may also help
in “cleaning” the parts subjected to SPS based on the reaction
nLiF +nC —nLi+ (CF)n?.

If carbon is admitted as a color source in HP (SPS)ed parts, it
is very tempting to consider this source also in the case of HIPed
parts, especially because they have similar transmission curves.
In the case of the latter, though, it is more difficult to under-
stand the way carbon appears inside the parts; the specimens
subjected to HIPing are without open porosity. The diffusion
of CO molecules or individual carbon atoms along the grain
boundaries may provide an explanation. The fact that inside —
along its grain boundaries — a spinel part, subjected to HIPing,
a strongly reductive atmosphere prevails, is demonstrated by a
simple experiment. An air sintered part doped with copper shows
the greenish-blue color proper to Cu”*. After HIPing the initial
color changes, first to lack of color (Cu*) and then to red (Cu®
clusters) as the HIPing temperature is increased, indicating a pro-
gressive reduction of Cu?*. A strong reductor, able to interact
(redox) with Cu®*, must be present. CO is presumed to be present
in the atmosphere of HIPing machines or it may form at the car-
bon coating/spinel interface. Carbon may re-form then, inside
the part, from the CO diffusing along grain boundaries, accord-
ing to: 2CO =Cg + CO». Spinel structure oxides are known to be
good catalyzers for reactions which extract solid carbon from its
gaseous oxides.%! If this sequence of events occurs, the reaction
product has to take the form of the oligo-atomic clusters owing to
the limited space available. Another possibility is the slow diffu-
sion of carbon single atoms, along the grain boundaries, from the
macroscopic surface toward the inside zone of the specimens.
The as-HIPed parts exhibit, often, black, opaque thin coatings,
in which we clearly detected the presence of C by EMPA (SEM).
Such coatings are an efficient carbon source; after removing the
coatings, the black hues remain with the color intensity decreas-
ing markedly from the specimen’s surface toward its middle
plane.

In both cases the size of the carbon impurities has to be close
to that of atoms; this may explain the failure of TEM to detect
such units. If carbon really exists in the HIPed parts, it also seems
to be present in very low amounts. Preliminary explorations —
by ToF-SIMS, XPS or NMR, failed to detect its presence.

It results from the above that, especially for the case of HIPed
parts, firm identification of the gray coloration cause(s) still
needs further work.

2.1.4.3. Sulphur. A task more easily accomplished was the
identification of the origin of the yellow tint (its intensity also,
usually, decreases toward the middle plane of the thickness)
that sometimes accompanies or even dominates the gray hues
discussed above. It became apparent to us, recently, that such
tints appear only when powders derived from sulphates are
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Fig. 3. Optical spectra of transparent spinel specimens (=2 mm; polished).
(1) Colorless highly transparent part (AS + HIP). (2) Yellow tinted transparent
part (AS+HIP), derived from powder including sulphate. (3) Low transparency,
colorless (includes many white opaque spots). (AS 1380 °C/3 h; no HIP); derived
from SN2.

used. Sulphate anions can enter (moderate concentrations) the
lattice of oxides like spinel by substituting O%>~. In air they
remain stable up to high temperatures [like those prevalent
at T°s during the AS stage (when an AS+HIP approach is
used)]. In Fig. 3 curve 2 the optical spectrum of a transpar-
ent disk, exhibiting a yellowish, slightly gray, hue, is given.
Analysis of the curve (based on 62) clearly shows that it
is generated by the presence of Sg molecules. The sulphur
molecules result from the reduction of the sulphate during
HIPing. The yellow tint can be always (i.e. even if intense)

eliminated by annealing in air (Sg&)SOQ) but bubbles may
form if the required temperature is too high (over ~1250°C)
owing to high color intensity (the intensity increases with HIPing
temperature).

While strong yellow tint seems to require the presence of
sulphur, lighter coloration may be caused, in principle, also by
other mechanisms. For instance, certain scattering loss curve
profiles cause stronger transmission reduction in the violet-blue
region, favoring yellow-orange hues formation. Moreover, the
most intense d-d type bands [*A1, “E (G) and *T, (G)] of Fe**
are located, for oxides like Mg-spinel, in the same region. For
the d° type Fe3* ion, the ground state is such (°A;) that the
bands are also spin-forbidden and, as a result, very weak. !9
Certain yellow sapphires owe their color to these Fe’* d—d
bands; the cation is present though in significant concentra-
tions (up to 1%). At high concentrations of Fe3* the tails of
the strong charge transfer bands (located at A <250 mm) can
extend into the visible domain, adding to the absorption of
the d—d bands.!® Similar effects are possible also in spinel if
enough Fe is present, but most of the powders used for trans-
parent parts fabrication include less than 50 ppm of Fe. This
is not enough to generate perceptible coloration; it is enough,
however, to cause significant absorption in the UV (180-350 nm
range). The fact that the yellow tints loose intensity when the
specimens are heated in O, containing atmospheres (e.g. air)
is additional evidence showing that the color is not caused
by Fe3+.

2.2. Nano/micro scales (10 nm—100 pm)

The structure, at these scales, of the spinel particulates and
bulk bodies (green and in various stages of the sintering process),
has a marked effect on the properties of the finished parts. As far
as optical transmission is concerned, structural features — at this
scale (especially porosity) —seem to be the most important aspect
within the set of factors which influence this property. Correla-
tion of structure at these scales with processing is discussed in
this section.

2.2.1. Powder and green body structure

The fact that the configuration of the green body affects
Sp sintering was taken into consideration already in the early
works.!*3 How important this aspect is, however, was only
gradually understood. 6:1823.63.64

2.2.1.1. Structural requirements for sinterable green bodies.
How strong is the influence of the green body nano/micro scale
structure (especially the pores size distribution, measurable by
mercury intrusion) and its long range uniformity on the advanced
sintering of spinel was demonstrated only recently, mostly by
the work done at IKTS Dresden.'®!7%3 The need to consider
the contradictory effects of lowering crystallites size under a
certain limit (variable from ceramic to ceramic), was stressed.
It was also shown that by control of the pores size distribution
width, the sintering temperature may be drastically reduced.'”
Some further discussion of the topic is attempted here.

For this let us first briefly recapitulate, by the aid of the
schematic in Fig. 4, which are the desired features of a green
body derived from agglomerated powders. These features are
suggested by some simple requirements of densification ther-
modynamics, kinetics, and transparent spinel sintering practice.
For a high sintering drive the crystallites need to be as small
as possible, and so do the pores. The size distribution of both
has to be narrow. Owing to the extremely low final porosity
volume necessary, the most relevant is the maximal, not the
average, size. Were the crystallites spherical, monosize and not
agglomerated (a state not yet achieved in commercial spinel
fine powders) — ordered arrangements like those in Fig. 4a (or
more compact) could have been obtained, by suitable forming.
In such a structure pores can be more than five times smaller
than the crystallites, and exhibit a very narrow size distribution.
In the case of silica we have observed that such a structure (even
for “large” particles 1 pm in size) allows massive reduction of
sintering temperatures.®> Considering these results for 50 nm

Fig. 4. Schematic representation of crystallites (represented as small circles)
packing pattern in a green-body. (a) Ideal state. (b) State attainable, in practice,
by optimized processing. (c) State resulting from poor processing (does not
allow attainment of full densification).
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spinel monosize spherical crystallites — exhibiting a compact
(bec or fee) ordered arrangement — pressureless sintering tem-
peratures not higher than ~1100°C would be expected to
suffice for the attainment of a fully dense state. The real spinel
green bodies are, however, collections of agglomerates of var-
ious size and shape, exhibiting internal, variable size, porosity.
Only a small fraction of individual crystallites exists. There-
fore, arrangements like in Fig. 4a are not obtainable in practice.
A configuration like that in Fig. 4b would be a realistic tar-
get, allowing satisfactory densification under 1400 °C, while
a state like in Fig. 4c would make full densification unattain-
able. In real compacts most of the largest pores are of the
inter-agglomerate variety (Fig. 4b) and thus they represent the
main concern. Moreover, while the intra-agglomerate pores size
decreases rapidly, the inter-agglomerate ones tend to grow, in the
first stage of sintering, due to the differential shrinkage of the
agglomerates.% Therefore it is critical to keep the ratio between
inter and intra-agglomerate pores as small as possible. It is also
important to note that after the closure of their internal porosity,
the agglomerates (particles) take the place of the crystallites as
pore coordinating units.

Of course, in order to keep the densification process going,
while new grain boundary is created, thermodynamics requires,
in all stages of sintering, the maintenance of sufficient surface
energy. This translates into the necessity of maintaining pore
coordination (by the particles) numbers (NC) lower than a criti-
cal value NC¢.% The NCc increases with size, so that particles
size growth, while undesired, helps at least in reducing pore sta-
bility. The worst configuration is that in which large pores are
limited by small particles. The necessary configuration has to
be provided in the green state; unsuitable green configurations
tend to become worse during sintering.

A high green state density BD; (i.e. low Po) is also impor-
tant, but useful only if it is achieved without impairing the
features mentioned above; otherwise it may be even harmful.
For instance, improving packing efficiency by using variable
size particles, which are porous agglomerates themselves, is
deleterious for densification (owing to differential shrinkage
effects).

Critical and very difficult to achieve is the maintaining of suit-
able nano-microstructures in a homogeneous manner throughout
the whole volume of the part. As will be detailed below (Section
2.2.2, discussing sintering) it is enough that a few percent of
the green body volume — present in the form of relatively small
(50 pm to 1 nm in size) discrete zones randomly distributed —
have a non optimal nano-structure to make high transparency
unattainable — at practically usable levels of thickness (>2 mm).

2.2.1.2. Processing allowing the forming of easily sinterable
green bodies. In order to obtain highly sinterable green bodies,
first, suitable powders need to be selected. The complete set of
features a suitable powder has to possess is an issue yet under
debate, 10161764 {herefore currently such a selection can be
made only by the aid of tedious trial and error work. It would be
very useful for one to be able to make a choice based only on
analysis of a raw material’s measured characteristics.

All powders need to be processed before forming; the
processing varies markedly with their characteristics and the
requirements of the forming method used. The sinterability of
as-received powders can be significantly modified in this stage.

High purity, nano (refers to crystallite size), but agglomerated
Sp powders can be obtained, today, by a wide variety of methods:
co-precipitation, sol—gel, colloid/solution reaction, flame spray
pyrolysis, decomposition of alkoxides under hyper-critical con-
ditions, hydrothermal synthesis, nitrate melts cooling, etc. (e.g.
Refs. 67-70).

In most cases forming is done by pressing, but procedures
using suspensions in liquids (minimize re-agglomeration after
milling)’! like pressure slip-casting, gel-casting, pressure filtra-
tion or ultra-centrifugation were also examined, especially for
complex shape parts. Such methods, though, are very difficult to
apply in the case of the powders based on crystallites <100 nm, ¢
the ones of most interest.

Agglomerates formation is the main cause of low sinter-
ability. Agglomerates form because during powder synthesis
temperatures in the 700-1200 °C (or higher) are attained. As
a result incipient sintering necks form. The van der Waals
(mostly the part owed to the London dispersion force) attrac-
tion, despite its low range, is also relevant, especially in the
dry state of the raw material where the probability of inter-
particles contact is high. Inter-particle bonds form also due to
absorbed (small amounts) of water and organics. Comminution
of the as-received powders by vigorous milling (or other meth-
ods, like rapid expansion in supercritical conditions or exposure
to intense ultrasound waves) allows marked agglomerates size
reduction (even sintering necks can be broken). Depending on
its agglomeration pattern each powder needs a specific com-
minution program. Powders quite different in the as-received
state can be brought to a similar fine state if suitably milled.
The main problem is to achieve the desired level of comminu-
tion without introducing impurities. Agglomerates breaking is
crucial, but is not always sufficient. Many of the bonds broken
during comminution remain in that state, and yet, during drying
of the suspension used for de-agglomeration and, even more,
during pressing, a complex process of agglomerates re-forming
also occurs (along with further breaking events). Bridges formed
by water or organics, van der Waals forces, and, possibly, even
“cold sintering” (the sintering stress for nano-size Sp parti-
cles may be higher than 200 MPa, and external compressive
forces, active during forming, add to that) are responsible for re-
agglomeration. Owing to these processes, the size distribution,
shape and internal porosity of the particles — in the green body
— are significantly different from what they were in the loose
state of the as-received raw material. The flow of the granules,
the shape, size and internal porosity of the fragments (generated
by granules breaking) depend both on the characteristics of the
raw material and the granulation conditions. Both the granules
and the fragments (=smaller agglomerates) — under the action
of the compressive force — change their position and structure
continuously. If strong surface interaction operates, a number of
small agglomerates or even individual crystals may lock to each
other, defining among them large new pores. While the struc-
ture of raw material agglomerates is well studied,®®71-7 the
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Fig. 5. Pores size distribution of green powder compacts (strengthened by heat-
ing to 900 °C/2 h) derived from spinel powders SN1, SN2, SN3. D: pores size;
X: average crystallites size [nm]; A: specific surface area [m?/g]; BDy: green
bulk density [%TD].

effects of re-agglomeration are often overlooked, despite their
significant influence on the pores size distribution and particles
arrangement compactness, in the formed green body.

Some of the actions used in the powder processing and form-
ing procedures already developed contribute to the limitation
of the negative influence of re-agglomeration. So does, at the
macro scale, the preparation of granules allowing good flow but
which are also soft enough to breakup into small fragments eas-
ily and fully and exhibit a homogeneous internal structure and
bonds strength. The use of non-aqueous suspending media dur-
ing milling (reduces bonding of particles by the molecules of
the liquid), dry storage atmosphere, low organic binder amounts
and pressure schedules limiting spring-back, proved also quite
helpful. Because most of the early technological research effort
used the HPing approach, green body structure got less atten-
tion than it deserved. Most of the HP procedures focused —in the
forming stage — only on ensuring good powder flow (for uniform
die filling), giving less attention to the nano/micro scale of the
green body. For instance granulation was done by spray drying.
While generating granules which ensure good flow, this tech-
nique, if not perfectly tuned (the commercial spinel spray dried
powders we examined do require much further improvement),
leaves significant amounts of strong, porous aggregates in the

Oto10 101020 201030 30to40 40toS0 S0to60 60070 701080 80to90 90to 100 over 100
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Fig. 7. Histogram of the crystallites size distribution of powder SN1.

green body thus significantly hampering densification. The real
importance of the green-state, even when HP is used, is bet-
ter understood now.'® Consolidation by cold isostatic pressing,
prior to hot pressing, is examined, especially for large parts.

In all cases where sintering to >97%TD under 1350 °C was
achieved, the green body had an optimized structure.!?->3:% The
lowest AS temperature for attaining a sintered state density
BDA =99%TD — made possible by the use of a special pow-
der and the formation of an adequate green body — was reported
to be in the 1150-1170 °C range.®® Unfortunately no attempt to
further densify, to transparency, was made by the authors.

2.2.1.3. Green body structure effect on densification: an
example. In Fig. 5 the pores size distribution of powder com-
pacts derived from three stoichiometric (X = 1.0) nano-powders
(labeled SN1, SN2, SN3) is shown. As the figure shows, the
green bodies differ both regarding the average size of the pores
(¢p) and the width of the distribution. A limitation of such
graphs is the fact that they cannot tell which pores are of the
intra-agglomerate and which of the inter-agglomerate variety.
The influence on sintering pores of a given size exert, notice-
ably depends on their location. The size, morphology of the
crystallites and the patterns of primary clusters configuration
are illustrated in Fig. 6. Most of the crystallites are smaller than
70nm (Figs. 6 and 7); the crystallites of SN3 are the finest. The

Fig. 6. Morphology, size and clustering pattern of powders SN1, SN2, SN3 crystallites (incipient sintering necks visible). TEM.
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Fig. 8. Particles size distribution of spinel powders SN1, SN2 suspended in ethylene glycol (1.8% blown fish oil as deflocculant). Top: as received. Bottom: after
agglomerates breaking (20 min attrition + low intensity ultrasonic field); D5y = median size of particles.

clustering pattern is specific to each powder. For the case of SN1,
SN2 the size distribution in as-received and comminuted state
are shown in Fig. 8. The SN3 initial material had a strong mode
at ~6 pm and a fraction of particles under 1 wm much smaller
than SN2; even after strong milling its median size was as high
as ~3.5 pm.

In Fig. 9 the BDA =f sintering temperature (7°s) curves are
presented. As it can be seen, the 7°g needed to cause advanced
densification (BD > 97%TD) significantly vary from material

= SN2

SN1
SN3

25

1200 1300 1400 1500 1600

Temperature [°C]

1700 1800

Fig. 9. Densification (AS) curves of green-bodies formed from powders SN1,
SN2, SN3. SN1: BDg =51%TD; SN2: BDg =59%TD; SN3: BD, =44%TD.

to material. The SN2 sinters satisfactorily at ~1300 °C, while
the SN 1 require a 7°g of ~1500 °C; the SN3 is not dense enough
even at 1700 °C.

Besides green body structure, other factors can also influ-
ence sinterability.”’~8> The degree of influence of each factor
is difficult to estimate in most cases. Here one of the impor-
tant ones — the general disorder state of the powders’ lattice —
was estimated (only roughly). It was done by the aid of XRD
data, following the method used in Ref. 69 (based on Ref. 28).
The values obtained for the order degree (OD) parameter were:
SN1=0.76, SN2=0.72, SN3=0.69. The OD values obtained
are quite close and their order is different from that of sinter-
ability. Therefore it is very likely that the observed differences
in sinterability are caused mostly by variation in the green body
structure, mainly pores size distribution, brought about by the
different characteristics of the powders. Such a view seems to
be substantiated by practice. In the case of the SN2 powder,
densification®® — of green bodies as they were at the start of the
optimization process — required high temperatures, generating
grains a few microns in size. Only after bringing the green body
to the configuration shown in Fig. 5 was the sintering temper-
ature reduced to 1300°C.23 Certain levels of correspondence
exist between sinterability and a number of factors like powder
particles size distribution (especially in the after milling state) or
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Fig. 10. Grains si_ze distribution of densified spinels (SN1, SN2, and SN3) obtained_at ICSL (a)- SN2 after AS+HIP; GS = 0.5 pm (ILT =82%, t=2 mm). (b) SN1
after AS + HIP; GS = 3.5 wm (ILT =79%, t=2 mm). (c) SN3 after HP at 1780 °C; GS = 95 wm; white, opaque.

ordering degree of the lattice. The highest level of direct correla-
tion appears, however, between sintering temperature and green
body pore size distributions.

In this example the main effect of the green body structure
comes from the long “tail” of SN3 in the large size pores zone
(Fig. 5). Such a green body (SN3) cannot be fully sintered
even at 7°g > 1700 °C. The less pronounced, green structure,
differences between SN1 and SN2 (Fig. 5) are still able to
cause a change of ~200 °C in the temperature required to attain
BDa =97%TD. How important, especially for the mechanical
properties (less for the optical), this difference is, can be seen
in Fig. 10. While both SN2 and SN1 can be brought to a state
of high transparency (ILT > 80%) by HIPing, this happens at
temperatures which keep the GS at ~0.5 um for SN2, while
raising the average grain size to ~3.5 wm for SN1. As a result
the Vickers hardness (HV5) is reduced from 14.5 to 13.8 GPa.

This comparison also allows one to put some numbers on
the structural requirements for a sinterable green body. In order
to attain a BDA =97%TD, at a T°s <1350°C, the n has to
be <25 nm, the ratio between the maximal size (¢,) and qb_p,
dml/pp<1.5,and BDg > 52%TD (a correct @ p is of little help if
the size distribution is not narrow enough).

2.2.1.4. Identification of the characteristics defining powder
performance. The example above demonstrates how important
the selection of a suitable raw material is (processing correction
abilities are important, but limited) for the obtainment of sinter-
able green bodies. It shows that the differences in green body
porosity characteristics — which control the maximal level of
densification attainable — are, to a considerable extent, a result
of differences in powder structure. SN2 is seen as an excellent
raw material, SN1 — suitable, and SN3 — a disappointing one.
Less clear is, however, why the SN2 powder is so performant.
Which exactly are the characteristics which differentiate these
powders, as to their ability to generate a suitable structure green
body? Among the important features may be aspects currently
not considered (some not easily measurable) when powder per-
formance is estimated. Some of these features may affect the
green body structure, others — the diffusion rate. Considering
properties that might affect green structure, let us observe that
the examined materials are roughly similar regarding some of

the usually measured characteristics like crystallites and — for the
case of SN1 and SN2 — as-milled particles size. The slight exist-
ing differences — regarding the size of basic particles — do not
cause the effect expected, based on sintering theory formulated
for compact arrangements of spherical non-agglomerated parti-
cles. Thus the SN3 powder is the finest powder (d5o ~ 15 nm)
yet it generates a green body much less sinterable than those
derived from the other two somewhat coarser powders.

Because, as shown above, the differences, regarding the
usually measured properties, do not explain the behavior of
the powders during pressing, it follows that influential differ-
ences exist concerning other aspects (rarely measured), like the
strength of the aggregates (which controls behavior during com-
minution), their internal porosity, their surface chemistry (which
influences inter-particle friction, during pressing) or morphol-
ogy (which influences flow and arrangement pattern); the size
and morphology of the agglomerates varies continuously dur-
ing die filling and pressing. For instance, if surface interaction is
strong, formation of large pores — by bonding, during pressing,
of sets of particles (even very small ones) — is facilitated. The
bonded particles define pores which they coordinate. In relation
to such events it may be significant that the SN2 powder has
spherical crystallites, while SN1 is based on faceted ones. As a
result (and possibly also owing to differences in OH™ content
on surface) the inter-particles friction is reduced in the case of
the former, and more compact particles arrangement is made
easier; hence the better green body structure (simultaneous finer
pores and more compact particles arrangement). The powder
behavior during compact forming is the resultant of the summa-
tion of these effects; coefficients quantifying the contribution of
each effect need to be determined if one intends to make accu-
rate prediction on green structure, based on measurements on
powder.

Other powder characteristics, with influence on diffusion, like
the type and level of disorder, also need attention, as shown by
Krell et al.’’

Establishment of an accurate and complete list of character-
istics likely to influence powder sinterability, and estimation of
their relative importance, is yet an only partially fulfilled task.
Such a list, accompanied by measurements on the parameters
of the list, would significantly reduce the amount of trial and
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error work needed in transparent spinel fabrication; it would
allow powder sinterability level estimation through analysis of
the data regarding the relevant characteristics.

2.2.2. Microstructure in the final stage of sintering

When full densification is the target, the green body struc-
ture is so important mostly because it has a strong influence,
together with other features, on the microstructure during the
last phase of the final stage of sintering (the one occurring when
BD>97%TD). The essential features of the structure, in that
phase, are the amount, size distribution and location of the pores.
In addition to green body structure, the characteristics of poros-
ity, in the final stage of the sintering process, are determined by
factors which exert their influence during firing, as shown below.

2.2.2.1. Influence of grain size. The mostimportant microstruc-
tural feature is the grains size which, besides its influence, in all
stages of sintering, on aspects like pores length and spacing (e.g.
Ref. 4), controls an additional aspect, not carried by the kinet-
ics equation, i.e. the fraction of the total porosity which is in
an occluded state toward the end of the densification process.
When final porosities <0.01% are sought, this fraction is crit-
ical, because such pores are much more difficult (sometimes
impossible) to close than those attached to a grain boundary.
The relationship between occlusion and GS is complicated also
by the fact that once pore/grain boundary separation occurs (the
“separation zone” defined in Ref. 77 is entered), the GS increase
profile is changed owing to enhancement of abnormal grain
growth. A suggestive example about the deleterious effect of
occluded porosity is given by K. Tsukuma.”® Of course coars-
ening enlarges also the “regular” pores, those in contact with the
grain boundaries. Occluded porosity amount depends not only
on GS but also on the GS distribution, because the critical den-
sity (pc) over which the probability of occluded pores formation
becomes significant is given’® (case of pore drag control) by the
relationship:

== \3
£ (1 _ ﬂ) ©)
33 GSuy
where pc is the critical density; ¢ is the dielectric constant with
a value dependent on the microstructural pattern.

Of course AGS is important also because if large it causes
local variations of the densification rate (aspect not incorporated
in (3) or similar) in real microstructures.

In Fig. 11 a schematic representation of the microstructure
(at BD~97%TD) is given. The desired configuration “a” in
which all residual pores are small and attached to grain bound-
aries may appear if the GS and AGS are small enough. For
alumina®%-8! such a state [and consequent near full densification
by pressureless sintering (PS)] was obtained for GS~0.8 um.
In the case of Sp the maximal GS for which occlusion is negli-
gible is not yet known. As Fig. 12 shows some occluded pores
are present even at GS of ~1 wm; over 5wm the fraction of
occluded porosity noticeably increases and becomes massive for
GS > 25 wm. This means that despite the fact that grain growth
rate increase with temperature is moderate up to ~1650 °C (see

pc=1-

Y
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a b c

Fig. 11. Schematic representation of pores topology of spinel brought, by AS, to
~97%TD. (a) Ideal case; small pores attached to GBs of small grains. (b) Con-
figuration allowing full densification state attainment; low fraction of occluded
porosity. (c) Configuration precluding attainment of full densification state: large
fraction of occluded porosity, large pores and grain size.

Fig. 12. Occluded porosity in fine grained (GS = ~1 pum) spinel after AS. SEM.

Fig. 13), and abnormal grain growth becomes marked only when
GS exceeds ~20 wm, some occlusion has to be reckoned with
when 7°g > 1300 °C. Therefore in most practical cases the best
microstructure achievable is better represented by situation “b”
of Fig. 11; for T°g > 1650 °C situation “c”’ may also appear. The
grain growth can also be limited by reducing the My. In the
most difficult stage, when pore drag is lost, only solute or sec-
ond phase drag may help (in the case of transparent spinel such
a phase needs to exhibit n~ngp) in grain boundary mobility
slowdown. These options are not well examined yet; they may,
especially the first, prove as quite efficient. The grain growth
may be influenced also by sintering aids. In transparent spinel
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Fig. 13. Grains size (@, GSwm) as a function of AS temperatures (3 h dwell at
peak temperature).
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fabrication, however, efficient sintering aids are difficult to come
by owing to the requirement that they do not affect transmission.
Besides the transient LiF, only BoO3 was reported as suitable.’”®
The LiF, however, if not fully eliminated before closure, may
generate many visible defects.'37 The oxide was demonstrated
(0.15%78 additive is optimal) as useful only for thin (~1 mm)
disks (Tinax ~ 80%).

Besides its effect on densification, GS also influences
mechanical properties. In order to obtain measurable val-
ues (e.g. HV5>13.5GPa), the GS has to be lower than
3 wm; maximal values for the mechanical properties require a
@’\‘05 Mm.10’18’64

Because the final stage microstructure is rarely ideal, it is
essential to use another lever, indicated by Eq. (3): application
of external pressure during sintering. The sintering stress for
oxides?!”® under PS conditions and considering 0.1—1 wm pores
is lower than 20 MPa. Therefore adding external pressure (which
may vary in the 40-200 MPa range, depending on procedure)
significantly facilitates pores closure.

2.2.2.2. Influence of external pressure. Obtainment of trans-
parent spinel by simple pressureless sintering, was of course,
attempted from the start,">82 but neither high temperatures
(>1800 °C), use of microwave fields®?-3¢ and/or high diffusivity
atmospheres could raise the transmission over 50-60% (VIS).
In most of these attempts, the general green structure was not
well designed. However, even when this feature was somewhat
improved and 7°g reduction could be attained, the transparency
achievable remained limited. In Fig. 3 (curve no. 3) the trans-
mission spectrum of a disk — derived from a green body having
a porosity like that shown in Fig. 6 (SN2), obtained by AS
at 1380°C/3 h — is shown. The ILT of only 50% (A =750nm)
is mostly a consequence of opaque spots (20 pm—2 mm) (see
Fig. 14) generated by those regions in the green body where
most of the residual pores are large ones, initially of the inter-
agglomerate kind. The use of pressure is especially effective
for the sintering of these loosely packed macro-agglomerate
clusters; some such spots are always left after forming.

Fig. 14. Opaque, white spots in densified (AS) translucent, thin disk; spots
generated by regions of unsuitable, green state, structure. Optical microscopy.

Pressure was used, from the early stages (D.W. Roy) of trans-
parent spinel development, in the form of unidirectional hot
pressing [including its more recent variant called — more or less
correctly —spark plasma sintering (SPS)] and also as hot isostatic
pressing (HIP).

The use of very high pressure (1-5GPa range instead
of the usual 30-50 MPa of regular HP and 60-120 MPa of
SPS) allowed the obtainment of nano (GS = 50 — 60 nm) grain
size, because sintering was possible at temperatures lower
than 1000°C2°; such specimens exhibit, though, only mod-
est transmission values (~30%) as of now. The approach is
difficult to upgrade to industrial scale. Special pressing sched-
ules, based on gradual increase of pressure, also generated fine
(GS~1 um) microstructure but associated with only moderate
transparency. 12

Another way to exploit the benefits of pressure is the use of
a two steps sintering process in which the first stage brings the
consolidated powder compact to 95-99%TD by PS (open poros-
ity — OP ~ 0), and the second stage leads to a full densification
state by the aid of HIPing. In such an approach the most impor-
tant parameter is the HIPing temperature. At high temperatures
diffusion rates are raised, but so is the grain growth rate; optimal
tradeoffs need to be determined mostly by trial and error. Itis also
important to take, to HIPing, specimens exhibiting an optimal
tradeoff between pores amount and GS. Practice showed that
despite a higher pores content, ASed specimens having a BDp
of 96-97%TD attained, after HIPing, higher density than other
with a BDA of 99%TD.%* The former had a lower GS and, prob-
ably more important, GSy. The best ILT-GS-HV combinations
yet reported were obtained using this approach.!®%3

2.2.2.2.1. Reaction sintering. Theuse of pressure also alle-
viates, to some extent, the problems that may occur if the reaction
preceded sintering approach32%33 is used for Mg-spinel densi-
fication. In the case of Mg or Zn-spinels — as opposed to other
double oxides like YAG — formation of the spinel from oxides
engenders a significant volume variation, which may hamper
densification.®” This may explain the high temperatures needed
for densification, and microcracking at grain boundaries (not
observed in other sintering schemes), in approaches based on
reaction preceded sintering, like those examined by A.F. Der-
cioglu et al.>

Regarding the reactive sintering approach it is worth noting,
however, that despite the potentially deleterious effect men-
tioned in Ref. 87, in practice some interesting results were
recently obtained by using it. For instance, M. Tanka et al. and
A. Ikesue et al.®” have markedly improved the UV transmission
of thick spinel parts by using partial or total reactive sintering
(HP + HIP approach). Recently it was shown by A. Krell et al.
that for a mixture corresponding to X =2.5 an AS + HIP approach
can generate, at temperatures usual in normal processing, plates
(=4 mm) exhibiting a transmission spectrum (both ILT, TFT)
identical to that of a single-crystal of the same composition.3’

2.2.2.3. Comparison of pressure application techniques. The
HP (usually under vacuum), while expensive, allows early
application of pressure and processing of large parts; it can gen-
erate high quality transparent spinel. In fact, really large parts
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(L>40cm) have been demonstrated, as of now, mostly by this
method,’*3 by companies like TA&T, NRL + MER or Surmet.
A negative feature of most of the HP procedures reported is
the generation of coarse microstructures (sometimes multimode
GS distributions are observed) and strong discontinuous grain
growth. The GS values are, usually, in the 40-90 wm range and,
the largest grains fraction exhibit GSy values in the 120-250 pm
range; an example is shown in Fig. 10c. The main reason for this
state of affairs was (and in some cases still is) the use of very
high sintering temperatures. Accurate data on the temperatures
used are relatively rare in the literature (mostly patents) describ-
ing HP procedures. However, comparing the data in Fig. 13
with Fig. 10c it becomes apparent that the latter imply tem-
peratures >1750°C. In our view such high temperatures are
not a necessary feature of HPing. They are, to a considerable
extent, the result of the less than optimal structure of the mate-
rial in the green state. Recently progress was made by using
cold isostatic pressing for the forming of green bodies; even
for those of curved shape.’®®> HP pressure levels are usually
limited to ~70 MPa (by graphite strengths). The SPS variant
seems to be able to offer more uniform, very fast heating, and,
for low size specimens, high levels of pressure (60-110 MPa;
even 200 MPa>>949%) Large size parts, however, were not yet
obtained. Carbon impurification is a problem in both techniques,
being somewhat more severe in SPS machines (sputtering?). Up
to now large transparent spinel parts made by HP come with
large GS (GS >20 pm). In the case of SPS, upgrading to large
size, while feasible, seems very expensive.

In our view the HIPing (under pressures of 150-200 MPa
of gas) of presintered Sp parts seems the most promising
way to obtain reasonable cost parts for high performance.
Finest microstructure spinel (L < 25 cm as of now) was obtained
using this approach.'®?3 Large size and/or complex shape parts
can be processed; suitable HIP machines are commercially
available.

2.3. Macro scale (100 um—1m)

Selection of a suitable powder and application of adequate
processing usually leads to the obtainment of green bodies
exhibiting the desired structure in a large fraction of the part’s
volume. However, in most of the cases, a residual volume frac-
tion — in which the pores size distribution is not conform with the
requirements — is also present. It is made up of discrete regions
which may have a size in the 50 pum-3 mm range (micro/macro
defects). Such irregularities generated the white opaque “spots”
(black in the transmission photo) shown in Fig. 14. Their size
does not necessarily increase when that of the part is raised, but
their volume density is usually larger. Some of these defects
— which make obtainment, by PS, even of small transparent
parts extremely difficult — may remain even after the high pres-
sure sintering stage. Macro level flaws — like defective granules
flow, non-uniform internal structure and strength not correlated
with forming force — are among the causes of such defects. Get-
ting rid of such defects, for large parts, is the most challenging
task of those still confronting even the best technologies now
available.

Warpage, especially of polygonal shaped plates (much less
for disks), is also frequently seen; it originates, usually, from
large scale fluctuation of the green density.

Delamination and cracks may result from the use of pressing
schedules which do not match well powder characteristics.

Residual thermomechanical stress (which reduces noticeably
mechanical strength) may also appear if cooling from 7°g is too
fast. Both warpage and stress start to become significant for a
size >50 mm.

The grinding and polishing of the surfaces, while important
and responsible for a large fraction of the fabrication costs, will
not be treated in detail here. The major development of the last
decade concerns polishing of curved surfaces by techniques like
magnetorheological fluid finishing or chemical etching.

3. Performance, size and shape of transparent spinel
parts obtainable by the developed techniques

In Table 1 the range of values, regarding the main parame-
ters which decide transparent spinel performance, reported in
the literature, is given. Values out of range (HV =16-17.5 GPa,
or TRS =280-500 MPa) — which are either based on a single
source and/or are not consistent with the structural data — are
also reported in the literature; such values were not considered
for Table 1. These values may prove correct (or be related to spe-
cific measurement conditions), but before accepting them further
and independent confirmation is needed, together with plausible
explanations based on structure-processing correlation.

The true performance level of transparent spinel parts can
be estimated only considering the combination of the relevant
properties, together with their size and shape. In Table 2 a few
results, which constitute performance, are collected; the specific
merit of each item is indicated. In Fig. 15 some transparent parts
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Fig. 15. Tllustration of transparent spinel parts (ILT=79-82%; A =800 nm;
t=2.0mm) of various size and shape; left-bottom plate held at ~2 cm above
background; fabricated at ICSI.
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(ICSI), of small to medium size, are shown. Their level of optical
transmittance is shown in Fig. 1 (set of “colorless” curves).

4. Discussion: roadmap for further progress

Examination of the achievements and partially solved prob-
lems described above reveals certain ways of improving current
practice, and allows identification of topics which need addi-
tional research. Thus it appears, first, that in order to attain the
objectives listed in Section 1.2, a holistic research approach — in
which the factors of influence, at all the scales, and their inter-
action, are considered — is needed. Not all effects are equal in
strength, some of those operating at the nano/micro level being
the most influential (Sections 2.2.1.3 and 2.2.2.1).

The evidence accumulated strongly suggests that the sin-
tering strategy most able to generate acceptable cost products
— in large quantities, exhibiting the required size and shape
together with top performance — is a two stage process in which
a pressureless initial firing (to 96-98%TD) is followed by a
strong HIPing. It is clear now, however, that success of such an
approach, especially for large parts, depends massively on the
configuration of green body, much more so than in the case of
hot pressing. The most important and difficult task (especially
for large size and/or complex shape parts) is to form powder
compacts in which the optimal nano/micro scales (see Section
2.2.1.3 last paragraph) structure is homogeneously maintained
throughout the volume.

The extent to which the desired green structural pattern is
achievable and can be kept constant throughout the volume
depends critically on certain characteristics of the powder used.
Neither the complete list of powder features relevant in this con-
text, nor the true ranking of their importance, is fully understood.
One of the main reasons for this is the poor understanding of the
re-agglomeration process (during drying and pressing). Progress
regarding this issue may bring substantial benefit. It was shown
above, for instance, that the SN2 raw material allows the forming
of highly sinterable green bodies. Currently the SN2 powder is
prepared by a very expensive procedure (flame spray pyrolysis).
Were it fully known what makes this material so performant, it
is possible that less costly synthesis options could be found.

Insufficient attention devoted to the green state has kept, for
a long time, the microstructure of hot pressed parts at a much
coarser level than what it should have been (see Section 2.2.2.3).

It was also observed lately®® that it is critical to ensure
conditions for the limiting of occluded pores formation and elim-
ination of those the apparition of which could not be prevented.
In this context it was determined that the profile of the pressure-
less heating schedule and the way it is correlated with that of the
HIPing stage are highly influential (e.g. Ref. 64).

The fact that the kind of optimization processes, suggested
above for the green state and firing, may help, is supported by
practice. The most efficient green body obtaining procedures
were developed by the authors of 16. As a consequence they
were the first to reduce the grain sizes of transparent spinel
under 1 pm. Similar results were as of yet reported only by
one other group?? also as a consequence of green body structure
improvement.

Manipulation of lattice structure for increasing of “good”
diffusion rates is an additional (besides green structure
improvement) powerful tool. Unfortunately understanding of
phenomena occurring at this scale, especially point defects
behavior, is vague yet.

5. Conclusions

The most difficult task, when high transparency spinel parts
obtainment is the objective, is the reduction of the residual poros-
ity under 100 ppm. If, in addition, the best possible mechanical
properties are sought, the grains size needs to be kept under
1 wm. The residual porosity characteristics depend on the way
the sintering process unfolds. The green body structure seems
to be the strongest single factor of influence over sintering. The
sintering is also influenced by other structural aspects, some
of them interacting, like types and amount of point defects,
lattice general order level and forms of disorder present, mate-
rial stoichiometry, grain growth profile, impurities (especially
carbon) present, sintering atmosphere composition and pores
location. High transparency cannot be attained without pressure
assistance during sintering. The most attractive approach for
pressure application seems to be a two stage process in which
AS (up to OP=0) is followed by HIPing. Transparent spinel
performance (for most of the important applications) can be
quite well estimated considering a simple figure of merit which
includes ILT and HV5-10. Specimens combining an ILT > 82%
with HV10 of up to 15 GPa (GS ~ 0.5 pm) and L=25 cm have
been obtained. In other developments, large (L > 30 cm) plates
and dome shaped parts of excellent transparency, but lower level
mechanical properties, were fabricated.
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