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Abstract

It is demonstrated that a complete elimination of pores on sintering is governed not only by the size of the ceramic powder particles and by the
homogeneity of their mutual coordination but similarly strongly by the state of the crystal lattice: with different cation disorder at fixed stoichiometry
(n=1) the sintering temperatures may differ by as much as 200 °C at constant powder particle size and equal homogeneity of the green bodies.
Additionally, the impact of stoichiometry was investigated over the range between n=1 and n=3 with retarded reactive sintering at moderately
increased Al, O3 concentrations but promoted densification of alumina-rich compositions. Taking advantage of the observed effects, sintered spinel
ceramics were derived by reactive sintering of undoped MgO/Al,O; mixtures resulting in an in-line transmittance which equals spinel single

crystals of similar composition from 200 nm wave length up to the IR range.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium aluminate spinel is a candidate for sintered win-
dows, domes and lenses for ultraviolet (UV), visible (VIS), and
infrared (IR) applications. As in all transparent materials the
residual porosity has to be <0.01% when the target is a high trans-
mittance and a glass-like appearance. Obviously, this extreme
challenge needs raw powders with a high sintering activity, i.e.
with small particles. Additionally, the sintering densification of
a given high-purity powder with particles <300 nm is signifi-
cantly promoted by processing approaches which improve the
homogeneity of the mutual particle coordination in the green
bodies. By such improved processing, the sintering temperature
of Al,Oz was reduced from about 1500 °C to <1300°C! and,
later on, to 1130 °C.2 Evidence for the homogeneity as the origin
of this big effect comes from measurements of improved (more
narrow) pore size distributions of the green bodies.>> A compre-
hensive summary of the roles of particle size and of homogeneity
was given previously (e.g. by Fig. 9 in Ref. 4).

The optimization of transparent ceramics with their spe-
cial challenge to eliminate not last tenths but the one last
hundredth of 1% of residual porosity needs a sufficiently
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sensitive record of this extreme densification in the last stage of
sintering. A commonly accepted tool is the in-line transmittance
of finally sintered, ground and polished samples. Eventual scat-
tering losses depend, however, not only on the porosity but also
on the ratio of the typical size of the pores to the applied wave
length. For 1 mm thin spinel Fig. 1 demonstrates the general
understanding that (i) the most detrimental pore size scales with
the wave length and that (ii) the scattering power of nanopores
diminishes at larger wave lengths.> On the other hand, Fig. 1
also shows that even at longer (IR) wave lengths only very thin
windows will tolerate smaller pores <100 nm for imaging appli-
cations. Altogether, Fig. 1 shows that the most sensitive check
for last nanoscale pores will be the in-line transmission measured
through thicker windows at shorter wave lengths.
Unfortunately, most cubic oxide lattices preferred for trans-
parent ceramics exhibit structures which are not as well-defined
and stable as that of, for example, corundum. It is, therefore,
highly probable that (i) the sintering performance and (ii) the
inherent transmittance of such ceramics will be influenced by
differences in the real structures of the crystals. Published work
on this issue is, however, rare and often inconsistent. For Mg—Al
spinel (MgO-nAl,03) one early report® showed an increased dif-
fusion of oxygen (the rate-controlling species’) when n increases
from unity to 1.8 and on to 3.5. Enhanced diffusion should
promote sintering with a positive influence on the final trans-
mission, but another investigation published in the same year
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Fig. 1. Mie calculation of the influence of pore size on the transmittance of
MgO-Al,O3 spinel windows with different thickness at 200, 600, and 2500 nm
wave length.

did not reveal a significant benefit of n=1.8 compared with e.g.
n=1.1.8 In contrast, a recent Japanese patent application claims
an optimum transmission (with minimum scattering losses) for
compositions with 7= 1.05-1.30” and refers to lower transmit-
tance data at lower and at higher n. The latter is in a partial
agreement with Dericioglu et al.'® who reported an increased
UV-vis absorption of Al-rich compositions with higher n-values
of 1.5 and 2 while there was, surprisingly, no influence on
the sintering densification. On the other hand, the claim of
an optimum transmission at n=1.05-1.30 appears surprising
since for similarly increasing Al contents (n=1-1.5) Ting et al.
observed a retarded densification during reactive sintering of
MgO/Al,O3 mixtures in air as in a vacuum.!! Probably, these
numerous discrepancies cannot be attributed to one single fea-
ture such as e.g. the composition. It has, however, to be noted
that the most complete elimination of last pores (indicated by the
highest transmission of sintered spinel ceramics at short wave
lengths) was achieved with compositions close to a 1:1 stoi-
chiometry (MgO-nAl,O3 with n=1) by two Japanese groups
which published their results in the form of patent applications
only:

- Ikesue'? claims a transmittance (not explicitly termed “in-
line”) of ~76% for 10 mm thick (!) samples at 193 nm
wave length, achieved by conventional vacuum pre-sintering
(1550°C/2h) and subsequent hot-isostatic pressing (HIP,
1780 °C/2h) of pressed bodies made from some powder with
100 nm particle size and a “spinelization rate” of 90% (pre-
pared by incomplete calcination of unknown precursors) with
a doping additive of 0.3% MgF, and 0.3% AIFs.

- For the same wave length of 193nm Tanaka et a
report an in-line transmission of 73% for 4 mm thick
samples (=equivalent to about 61% at 10mm thickness)
after reactive hot-pressing (1550 °C/2 h) and subsequent HIP
(1800 °C/2.5 h) of an Al,O3/MgO mixture with a conventional
doping additive of 4% LiF.
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It is worth noting that both these outstanding results were
achieved by quite common sintering regimes and a preference of
compositions close to a 1:1 stoichiometry using, however, reac-
tive processes (instead of starting with completely pre-calcined
spinel powders) supported by doping additives.

It has to be emphasized that neither Ikesue!? nor Tanaka
et al.!3 reveal a preference for extremely fine (nanoscale) raw
powders <100 nm. This is in agreement with another investiga-
tion which has demonstrated that spinel powders with

2

- particle sizes of 50-60 nm may decrease the sintering and HIP
temperature to less than 1400 °C improving the mechanical
performance at a high visible and near IR in-line transmit-
tance but associated with a deterioration of the transmission
<400 nm caused by nanopores that survive the HIP process,
whereas

- the use of coarser powders (~120 nm) reduces the amount of
such nanopores by one order of magnitude.'*

Regarding these previous results'>~!# the present investiga-

tion was aimed at answering the following questions:

e Can spinel lattices with identical stoichiometry but synthe-
sized by different approaches give rise to a significantly
different sintering densification as a consequence of differ-
ences in their lattice structures?

e Can, therefore, a reactive sintering of MgO/Al,O3 powders
(eventually with coarser particle sizes >100nm) provide an
advantage for the elimination of last pores compared with the
sintering of pre-calcined spinel powders?

e Does the stoichiometry influence (i) the sintering densifica-
tion and (ii) the inherent transmittance of spinel lattices?

e Are doping additives (which may initiate specific absorptions
or precipitations with scattering losses) imperative for mini-
mizing the amount of residual porosity in transparent spinel
ceramics prepared by pressure-assisted sintering?

2. Experimental procedure
2.1. Raw materials

With the recent experience of less nanopores in those trans-
parent windows prepared from the coarser spinel powders (with
about 120 nm particle size),'* magnesia and corundum pow-
ders with similar or even larger particles were preferred for the
present investigations of reactive sintering with variations of the
stoichiometry (Table 1). For the comparative spinel powder the
equivalent particle size of 120 nm derived from the specific BET
surface was confirmed by laser scattering (Mastersizer 2000,
Malvern Instruments, USA) after ultrasonification of the pow-
der in water with sodium hexametaphosphate dispersant which
resulted in a median value of 150 nm (=close to the BET-derived
value and indicating, thus, a low degree of agglomeration).'* A
similarly low degree of agglomeration was indicated for corun-
dum powders of similar particle size e.g. by a median value of
150nm (Mastersizer) and 116 nm BET-equivalent size of the
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Table 1

Raw powders for reactive sintering investigations compared with a commercial
spinel powder of similar granulometric characteristics. The derived equivalent
particle size (=6/(p-SggT) With p — density, Sger — specific surface) assumes
spherical particles and a mono-size distribution.

Materials Specific Equivalent
surface (BET) particle size
a-AL O3 13.5m?/g 110nm
13.0m?/g 116 nm
9.2m%/g 163 nm
49m?/g 305 nm
MgO 8.6m?/g 195 nm
8.2m?/g 205 nm
Comparative: commercial spinel 13-15m?/g 120 nm

powder in the second line of Table 1. The purity of all powders
was >99.98%.

In order to provide shaped samples for sintering experi-
ments starting with almost equal particle sizes and an equal
homogeneity of the mutual particle coordination in the green
bodies, additional spinel powders were synthesized by differ-
ent approaches'> which cannot be outlined here. Most of these
powders were prepared from different dissolved inorganic or
organic precursors whereas two tests dispersed a 50nm MgO
or a 116 nm corundum powder, respectively, in the solution of
the second component which was then precipitated on the sur-
faces of the suspended oxide particles. After calcination most of
these powders exhibited high specific surfaces >50 m?/g. Fun-
damental difficulties of a correct assessment of size distributions
of nanoscale spinel powders and strategies for a solution of
these measuring problems were discussed in a previous paper. '
Focused on consequences for sintering the present investiga-
tion classifies these powders by their specific BET surfaces and
derived “equivalent” particle sizes (Table 2) and by the result-
ing pore size distributions of the green bodies (Fig. 2a). These
pore size distributions are more directly related to sintering than
powder particle size distributions which are modified signif-
icantly by following processing (Table 2) and frequently are

Table 2

incorrectly recorded by common dynamic or static laser scatter-
ing approaches. '

2.2. Powder processing, shaping and sintering

The degree of dispersion of the spinel powders and, for reac-
tive sintering, of the MgO/Al,O3 mixtures was improved by
several hours of ball-milling followed by drying, granulation,
uniaxial pre-pressing at about 50 MPa, and subsequent cold iso-
static pressing (CIP) at 700 MPa as described previously.'* In
most of the investigations no sintering additives were used in
order to investigate the original sintering ability of the powders
without secondary influences.

After careful burnout of organic additives (0.2 K/min up to
completed burnout), all samples were pre-sintered in air up to
closed porosity (about 95-98% of relative density) followed by
HIP in argon for 8—15h with a pressure of 200 MPa.'*

For comparison, a few samples were hot-pressed with a 4%
LiF additive at 1650 °C with an isothermal hold of 5 h.

2.3. Measurements

The achieved degree of homogeneity of the particle coordi-
nation in the green state was evaluated by measuring the pore
size distributions’ after outgassing at 800 °C. The equipment
used here (Autopore IV-9500, Micromeritics Instrument Corp.,
Norcross, GA) derives the pore diameter assuming cylindrical
pores (Washburn equation) with a constant contact angle of 130°
(mercury intrusion). The lower bound of recorded pore sizes
was 6 nm for the present measurements, and an upper bound of
500 nm was considered as a limit between “real” pores and larger
defects, which were excluded from the pore size evaluation.

Green densities were measured geometrically and checked
by the total intrusion volume of mercury porosimetry. These
data together with the wide range of recorded pore sizes enable
a reliable assessment of those features of homogeneous or
aggregated particle coordination which influence the sintering
densification.’

Raw materials and granulometric data of synthesized spinel powders'> and green compacts prepared for comparative sintering investigations of spinel bodies with
similar green structure but different synthetic origin. Same meaning of equivalent particle size as in Table 1.

Raw materials Synthesized powders:

Green bodies:

Temperature of Resulting specific Equivalent BET Particle Relative
calcination surface (BET) particle size size density
A-1 Different combinations of 1100°C 81 m?/g 21 nm 70 m?/g 24 nm 59%
A-2 Mg and Al alkoxides'” 1100°C 19m?/g 88 nm 27 m%/g 61 nm 60%
N-1 Al and Mg nitrates 900°C n.d. 61 m?/g 27 nm 56%
N-2 1000°C 52m?/g 32nm 63 m?/g 27nm 57%
MgO/Al-A MgO (50 nm equivalent to 1100°C 65m?/g 26 nm 68 m?/g 25nm 57%
BET) dispersed in
solution of Al alkoxide
Al,O3/Mg-A Al,O3 (116 nm equivalent 800°C 14 mz/g 112nm 17 mz/g 99 nm 51% (?)

to BET, 150 nm median
size by Mastersizer)
dispersed in solution of
Mg alkoxide
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Fig. 2. (a) Pore size distributions of green bodies (annealed 800 °C) made of
differently synthesized'> spinel powders (Table 2). (b) Sintering performance
(in air, 2h isothermal hold at indicated temperatures) of the two green sam-
ples with the finest pore size distributions in (a) (A-1, MgO/Al-A in Table 2).
Inserts to the curves give the measured average grain sizes and the real in-line
transmissions (at wave length 640 nm) after sintering + HIP. (¢) NMR spec-
tra of two of the differently synthesized spinel powders A-1 and MgO/Al-A
(Table 2) prepared for green bodies (a) with the sintering performance dis-
played by (b). Equal calcination at 1100 °C with completed conversion to spinel.
The ratio of the peaks at 7 and at about 67 ppm represents the amounts of Al
species on regular Al sites (AlOg octahedra) and of “displaced” Al on tetrahedral
sites (AlOy).

of sintering. Solid-state 2’ AlMAS-NMR (magic-angle spinning
nuclear magnetic resonance spectroscopy) conducted with an
Avance™ 400 MHz WB spectrometer (Bruker Corp., Billerica,
MA, USA) was used to characterize differently synthesized vir-
gin spinel powders after calcination at 1100 °C (where X-ray
diffraction indicated a completed conversion to cubic spinel).
Comparative measurements were performed with the materi-
als of transparent spinel bodies of different stoichiometry after
sintering and HIP.

3. Results

3.1. Influences of different spinel lattices with n = 1 on the
sintering densification

With only 1/8 of the available tetrahedral sites occupied by
Mg?* and 1/2 of the octahedral sites occupied by AI** species
the MgAl,Oy4 crystal exhibits a significant propensity for cation
exchange and interstitial defects even at fixed stoichiometry.'8
With the common assumption of an equal disorder of Al and Mg
species (in Kroger—Vink notation: Mgf{,[g + Al — Mg, +
Al;\,[g) the degree of inversion is described by a parameter i which
is defined by (Mg;_;Al;)[Mg;Aly_;]04 (curved brackets refer to
the tetrahedral and square brackets to the octahedral sites). With
this definition the relationship between the inversion parameter i
and the ratio of Al species on “disordered” tetrahedral Al1O4 and
on “normal” octahedral AlOg sites is {AlO4 }/{AlO¢ }=i/(2 — i).

The propensity for cation exchange does, however, not
imply any basis for a forecast of quantitative consequences for
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diffusion (on sintering) and other processes (e.g. light transmit-
tance). In order to separate lattice effects from other influences
on sintering densification comparative tests have to be performed
with green spinel bodies which definitely associate

e different real structures of their lattices (preferably at same
stoichiometry) with

e equal particle sizes, particle size distributions, dispersibilities
and homogeneities of the particle coordination.

This target was matched by two of the green bodies which
were cold-isostatically pressed from differently synthesized!>
spinel powders (A-1 and MgO/AI-A in Table 2). Fig. 2a sum-
marizes the pore size distributions of all of these green bodies;
typical green densities (Table 2) were 56-60% of the theoretical
value (3.57-3.58 cm® measured after HIP). After equal calcina-
tion at 1100 °C and with equal processing (milling, shaping) the
two grades of green samples made of

- the finer of the two spinel powders derived from organic MgO
and Al,O3 precursors (A-1) and, respectively, of

- aspinel prepared by precipitation of the Al-component on the
surface of a 50-nm MgO powder (MgO/Al-A)

exhibited single-phase spinel (X-ray analysis) with (i) a nomi-
nally equal 1:1 starting stoichiometry, (ii) same average particle
sizes (indicated by specific surfaces of 68 and 70 m?/g measured
on the green bodies after milling of the powders, compaction and
removal of organic additives - Table 2), (iii) a same homogeneity
of the particle coordination (same narrow width of the pore size
distributions and an almost equal ratio of pore size to particle
size of (1/2.5)—(1/2.4)), and (iv) a similar specific volume of
pores <125 pm (0.165-0.170 ml/g) and similar green densities
(57 and 59%). Also, both spinel powders were subjected to the
same milling procedure such that lattice differences caused by
different mechanical activation'? are excluded.

Thus, if with fixed composition the sintering performance
were governed by particle size and homogeneity only, these
two grades should exhibit a similar sintering densification. In
fact, however, Fig. 2b gives evidence of a completely different

a 3.80
+ Spinel, 120 nm - 2h attr.
3.70 A MgO/AI203, 195/116 nm - 2h attr.
& MgO/AI203, 195/116 nm - 4h attr.
&~ 3.601 ® MgO /AI203, 205/163 nm - 6h attr.
g A % e
5 3907 4-- R ~0.96p,,5in!
2> 3404 (min. for subsequent
‘@ HIP)
& 3.301
©
B 3.201
5
£ 3.101
(%]
3.00
2.90 T T T T
1400 1450 1500 1550 1600 1650

Sintering temperature (°C)

sintering performance with a big temperature difference of about
200°C.

NMR spectra of the pre-calcined spinel powders were
recorded in order to explain this surprising behavior (Fig. 2c). In
fact, the different syntheses of these raw powders do not com-
pletely exclude the possibility of some compositional change in
the course of the chemical preparation, and such change could
have contributed to the different NMR spectra in Fig. 2c. Never-
theless, these NMR results highlight the one obvious difference
between these two spinel powders: the spinel with enhanced sin-
tering activity (i.e. the powder derived from organic MgO and
Al>Oj3 precursors in a way where the spinel lattice was com-
pletely formed from the molecular precursors) exhibits a higher
degree of disordered Al species than the spinel which was “re-"
formed from the template of a pre-existing cubic MgO pow-
der. For this latter grade the split satellite peak at —210 ppm
additionally points to an eventual residual content of a second
phase (probably MgO or some Al,O3 phase).

With this impact of spinel lattices of different origin on the
sintering densification displayed by Fig. 2b it is highly prob-
able that an in situ formed (during the first stage of reactive
sintering) spinel could exhibit a significantly different sintering
performance compared with pre-calcined spinel powders. As a
check of this idea Fig. 3a compares the pressureless sintering
(in air) of

- green bodies prepared from a 120 nm spinel powder (after 2h
of milling and shaping as outlined above) with

- the reactive sintering of green composite bodies which were
manufactured from an equally (2h) processed MgO/Al,O3
mixture with an originally larger average particle size than
the spinel (the particle size of the alumina component was
similar as the spinel, but the 195 nm MgO powder was much
coarser).

- Additionally, Fig. 3a includes the reactive sintering data of
MgO with a still coarser corundum powder (163 nm) after 6 h
of milling.

For a clear understanding it has to be noted that X-ray analy-
ses indicated a completed spinel formation in the present reactive

b 7
4
]
]
- [
o !
5 !
3 v
9 05 ! !
° ! /
L ! 3
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3 .
’ /
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77 = =MgO/AI203, 195/116 nm -2h
—--MgO /AI203, 205/163 nm -6h
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Fig. 3. (a) Improved densification on reactive sintering of MgO/Al,O3 bodies (starting molar composition equivalent to MgO:Al,O3 = 1:1) compared with the
sintering performance of bodies prepared by equal powder processing and shaping of a commercial spinel powder with same stoichiometry and an average particle
size of 120 nm. (b) Pore sizes of green bodies (after burn-out of organic additives at 800 °C) used for the sintering study of (a).
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sintering tests with 1:1 stoichiometry up to about 1100 °C or
below. Therefore, all data points in Fig. 3a refer to a state of
100% spinel independent of the different raw materials.

Fig. 3a confirms the assumed benefit of reactive sintering:
after 2 h of identical milling the composite bodies which were
shaped from a mixture of 195nm MgO and 116 nm a-Al,O3
come to the state of closed porosity (=pre-requisite for subse-
quent cladless HIP) at a temperature which is 50 K lower than
observed for the bodies made of the 120 nm spinel powder. This
benefit disappears apparently only with the use of a still coarser
corundum: in fact, with extended 6 h of milling even these bod-
ies reproduce the sintering behavior of the originally much finer
(1) spinel powder.

Since, however, sintering responds (i) to the particle sizes
in the processed green bodies (not to the original size distribu-
tions of the raw powders) and (ii) to the homogeneity of particle
coordination®!* the cause of the improved densification on reac-
tive sintering (Fig. 3a) is not obvious without additional checks.
Therefore, the pore size distributions are displayed in Fig. 3b
which reveals a surprising effect: equal milling (for e.g. 2h)
influences the (originally coarser) MgO much stronger than the
spinel powder and brings, thus, the whole MgO/Al,O3 mixture
to a state where the shaped green composite bodies exhibit a finer
pore size distribution than that of the spinel body — despite the
originally much coarser particles of this MgO/Al,O3 mixture.

Therefore, Fig. 3a and b do neither exclude nor confirm an
increased activity of the lattice of the in situ formed (by solid-
state MgO/Al, O3 reaction) new spinel on reactive sintering. An
enhancement of the sintering densification by improved diffu-
sion of the “new” spinel lattice becomes, however, clear when
the reactive sintering of Fig. 3a is compared with the results of
Fig. 2a and b:

- The green bodies prepared from the pre-calcined spinel
(synthesized by a templating cubic MgO powder and an
Al-precursor) sintered to closed porosity at about 1500 °C
(Fig. 2b) starting from a spinel particle size of about 25 nm
and a median pore size of 11 nm (Fig. 2a), whereas

- asimilar sintering temperature is displayed by Fig. 3a on reac-
tive sintering of the composite bodies made of much coarser
195nm MgO and 116 nm Al,Os particles and with about
40 nm median pore size. With reference to these different (by
a factor of 4 and more) particle and pore sizes the similar
sintering temperatures are a clear indication of the higher dif-
fusional activity of the in situ formed “new” (probably highly
defective) spinel during reactive sintering.

An information about the impact of the temperatures of reac-
tive sintering and HIP on the concentration of antisite defects
comes from a comparison of the NMR spectrum of the sin-
tered and HIP-ed compact with 1:1 stoichiometry in Fig. 4a
(lower curve) with the two spectra of differently synthesized
but equally calcined and processed spinel powders in Fig. 2c.
At same 1:1 stoichiometry, the ratio of the peaks at 64.68 ppm
to the peaks at 7 ppm in Fig. 2¢ is {AlO4}/{AlO¢} =0.21 for
the MgO-derived powder and still higher (0.26) for the other
powder with the improved sintering shown in Fig. 2b. This peak

ratio is, however, lower (0.18) for the reactively sintered body
with same 1:1 stoichiometry in Fig. 4a in some contrast to its
high reactive sintering activity discussed above. It has, there-
fore, to be concluded that the high temperatures of pre-sintering
(1570 °C) and of HIP (1750 °C) have given rise to some decrease
of the concentration of antisite defects at constant stoichiometric
composition.

The small but significant splitting of the major NMR peak
of the stoichiometric spinel in Fig. 4a (at 8.45 and 4.16 ppm)
was seen in previous NMR records of — apparently single phase
and stoichiometric — MgAl,O4 spinel?*2? and is attributed to
a second-order nuclear-quadrupole interaction.>>?* A formal
computer simulation of the spectrum including the first-order
contribution to the spinning side bands as well as the contri-
bution of the second-order interaction to the central transition
was performed by Maekawa et al.?? It turned out that a suc-
cessful fit of the spectra has to take into account two different
types of AlOg octahedra which are distinguished by a differ-
ent degree of asymmetry (asymmetry parameter n=0.26 and
0.4, respectively).2> Apparently, 1 and the shape of this doublet
are not directly correlated with the cation disorder in spinel: in
Fig. 4a the peak at about 4 ppm is higher for the stoichiometric
spinel (n = 1) with the lower disorder (a smaller peak at 69 ppm
attributed to AlO4) whereas for natural spinel (with an inversion
<0.1) Maekawa et al.?% observed an increase of this part of the
doublet associated with increasing disorder.

3.2. Role of stoichiometry during reactive sintering

With the above results of significantly different cation dis-
order in spinel lattices originating from different syntheses it
is not a surprise to find that in Fig. 4a a larger variation of the
composition MgO-nAl,O3 (n=1-2.5) gives rise to NMR spec-
tra which exhibit a bigger difference of the concentration of
displaced Al species on sites of 4-fold coordination than
observed in Fig. 2¢ for powders of different syntheses but similar
composition. The high degree of cation disorder in the Al-rich
sintered body is indicated in the spectra of Fig. 4a not only by a
higher ratio of the A104/AlO¢ peak heights (~0.27 atn=2.5 vs
0.18 atn=1) but additionally by a much larger width of the A1O4
peak of this material compared with the stoichiometric one. This
increase of cation disorder in Al-rich spinel with n ~ 3 is known
for at least 35 years> and is easily understood: compared with
the lattice at n=1 “alumina-rich” spinel is, in fact, a low-Mg
structure with a concomitant rise in the concentration of both
cation vacancy species?® and with the consequences of (i) stim-
ulated site exchange processes which increase the occupation
of tetrahedral sites by Al species'"?7 and (ii) with a decreasing
lattice parameter (Fig. 4b, incorporating a standard reference®).
A more profound (atomistic) interpretation of the relationship
between increasing inversion and decreasing lattice parameter
was recently proposed by Shukla et al.>

The expected consequences for the sintering densification are
seemingly clear: irrespectively of some controversial data in the
literature the smaller lattice parameter of Al-rich spinel should
retard the diffusion of oxygen (as the largest and, therefore,
rate-controlling species’). In fact, the present sintering results
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expedted above) but

- shifts for higher n to lower values than observed on reac-

sintering of same MgO and Al,O3 powders with 1:1

stgichiometry.

This turning behavior at n ~ 1.5 (Fig. 4c) can, however, not be
tributed to an eventually changing diffusion in spinel lattices
ith higher alumina contents because, surprisingly, all data
points in Fig. 4c for n> 1.5 do not refer to sintered Al-rich spinel
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- single phase and increasingly Al-rich spinel with M
AlpOgz-ratios close to the starting mixtures was obtained
for compositions with n=1-1.5 only (with increasing pre-
sintering temperatures of 1520-1650 °C)

- whereas with starting compositions with n> 1.5 only spinel
with n~ 1 was formed during the promoted by Al-rich com-
positions reactive pre-sintering at temperatures <1500 °C.
Disregarding kinetic effects addressed by the discussion below
this observation seems to be in conflict with known phase dia-
grams which at 1300-1500 °C and for a state of equilibrium
allow single phase spinel withn=1.3—1.6 (ase.g. given by Roy
et al.2®). This surprising formation of 1:1 spinel in these Al-
rich pre-sintered bodies is, of course, associated with an excess
of residual corundum and with an equivalent spinel content not

Please cite this article in press as: Krell A, et al. Influence of the structure of MgO-nAl,O5 spinel lattices on transparent ceramics processing
and properties. J. Eur. Ceram. Soc. (2012), doi:10.1016/j.jeurceramsoc.2012.02.054



dx.doi.org/10.1016/j.jeurceramsoc.2012.02.054

+Model

JECS-8688; No.of Pages 12
8 A. Krell et al. / Journal of the European Ceramic Society xxx (2012) xxx—xxx
100 100
e 100 nm Al,O4
90 — = =200 nm Al,O5 907 N —
80 1 \\~\\\\' ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ —— 300 nm Al,O4 807
— i N S
S \\ é 70 1 . 1.0AI203, Saint-Gobain, Sept. 2005, t=5.0 mm
\c/ 70 | \\ % . 1.0AI203, Saint-Gobain, Feb. 2005, t=3.4 mm
2 60 A AN 8 607 . 1.0A1203, IKZ Berlin, t=2.8mm
2 1 N IS ] . 2.7A1203, Saint-Gobain, t=4.4mm
I \ ®» 50
® 50 1 \ c
c \ @
® 1 \ £ 40+
= 40 \ Qo
g 1 \ = 30
= \ -
4 30 1 \ <
£ g \ 20
20 1 Mie calculation for \ o .
1 . . \ 10 all spectra re-calculated for unified thickness 4 mm
thickness: 4 mm N
b N
10 | wave length: 633 nm AN 0 T T T T T T T T T T T T
o , , AN 150 200 250 300 350 400 450 500 550 600 650 700 750 800
0.01 0.1 1 10 Wave length (nm)

Al,O5 particles in spinel (vol-%)

Fig. 5. Influence of small amounts of Al,O3 grains in spinel on the in-line
transmittance of 4 mm thick windows.

only <100% but below the concentration expected at these
temperatures from the phase diagram (Fig. 4d). The residual
alumina was incorporated into the primary MgO-Al, O3 lattice
at higher temperatures of the subsequent HIP process only.

One consequence of the consumption of the residual Al,O3 at
higher temperatures only is that the low temperatures enabled by
reactive pre-sintering of alumina-rich compositions withn>1.5
(Fig. 4c) cannot be used for the preparation of highly trans-
parent (single phase) spinel ceramics at low HIP temperatures
that produce fine grain sizes: Fig. 5 illustrates that despite the
small difference between the refractive indexes of Al,O3 (1.765
at 600 nm wave length) and spinel (1.715 at 600 nm) as few as
0.1-0.5 vol% of Al,O3 grains in spinel will intolerably deterio-
rate the in-line transmittance of the transparent ceramic.’

We have, however, to note that this restriction does not
exclude an eventual contribution of the promoted by a higher
Al content sintering densification not only during pre-sintering
(Fig. 4c) but also on the final elimination of last nanopores dur-
ing HIP at the higher temperatures required for the consumption
of residual alumina.

3.3. Spectroscopic results

Fig. 6 compares the transmission spectra of different magne-
sium aluminate single crystals published in the literature'®!7 or
measured in the frame of the present investigation (for this figure
all original data were re-calculated for one intermediate uni-
fied thickness of 4 mm). The important message is that different
growing conditions influence the visible and the UV transmit-
tance just as or even more strongly as observed for the widest
variations of the composition between n=1 and n~3 (with
increasing deviations at shorter wave lengths). Thus, with the
data of single crystals (Fig. 6) a larger impact of the composition
on the inherent UV and visible transmittance has to be denied.

The UV-vis and the IR parts of the transmission spectra of the
prepared polycrystalline sintered spinel ceramics are presented
by Fig. 7a and b. The decrease of the UV transmittance at wave

Fig. 6. Transmission spectra of MgO-nAl, O3 single crystals with different com-
positions and different original thicknesses (unified here for one intermediate
thickness t of 4 mm; the original spectra of the Saint-Gobain crystals with
t=5.0mm and 7= 3.4 mm are derived from Refs. 16,17).

lengths <300 nm was much smaller for the reactively sintered
bodies than for samples made of spinel powder if the employed
MgO and Al, O3 powders were coarser than the successful spinel
powders of a former!# investigation. The best transmission was
achieved with starting particles of about 150-200 nm and with a
composition of n=2.5: the in-line spectrum of these reactively
pre-sintered and HIP-ed bodies matches closely that of a single
crystal with similar composition.

In Fig. 7a the declining spectrum <300 nm of the bodies made
of commercial spinel powder suggests scattering losses as mod-
eled by the Mie calculation of the transmission of spinel with
0.005-0.01% of 40 nm small pores (Fig. 8 in Krell et al.).
Therefore, the elimination of such last pores was one of the
targets of the present work. An improved reactive sintering den-
sification was indicated by Fig. 3a, and now in Fig. 7a it is the
coincidence of the in-line and the total transmissions of these
reactively sintered samples made with the 163 nm Al,O3 (com-
position with n=2.5) which gives evidence that the improved
transmittance of this material was, in fact, achieved by minimiz-
ing the amount of nanopores and of associated scattering losses.

Apparently, this strategy works well with starting alu-
mina and magnesia powders which originally are coarser
than the typically used commercial spinel powders. With
Figs. 2b and 3a and b it is assumed that this effect is partially
caused by

(i) an improved inherent diffusion and sintering densification
of the “new” spinel lattice formed in situ during the first
stage of reactive sintering and

(ii) by the stronger impact of milling on the MgO/Al,O3 mix-
tures enabling smaller average pore sizes of the shaped green
bodies with coarser MgO/Al,O3 powders than possible by
the same processing with finer spinel powders (Fig. 3b).

Fig. 7a demonstrates, however, an upper limit for this benefit
of coarser MgO or Al,O3 raw powders: the coarsest of the
MgO/Al, O3 mixtures investigated by Fig. 3a and b contributed
to the best transmittance in Fig. 7a, but with a still bigger
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Fig. 7. (a) Transmission of bodies manufactured by pressing, pressure-less pre-sintering and HIP (i) from different MgO/Al,O3 mixtures, and (ii) from a 120 nm
spinel powder (the UV transmission drops even more when still finer spinel powders are used'*). The best results are compared with the spectrum of a spinel single
crystal of similar composition. The upper line gives the theoretical limit (=2n/(n? + 1), with n — refractive index [depending on the wave length]). (b) IR transmission
of reactively sintered spinel starting from similar MgO and same o-Al,O3 as used for one of the samples in (a).

average AloOj3 particle size of 305 nm the spectrum is depressed
to a lower level by incomplete sintering: a population of pores
that cover a wide range of sizes is indicated now by the large
difference between total and in-line curves.

This latter statement needs the comment that within the frame
of the present study experiments with different compositions
and starting with identical raw MgO/Al,O3 powders did not
generally confirm the strong difference of the in-line spectra
displayed in Fig. 7a for the reactively sintered ceramics with
n=1and n=2.5. Thus, the difference of these spectra in Fig. 7a
has to be attributed primarily to the very coarse corundum pow-
der (305nm, 4.9 m2/g) used for this individual test with n=1
and not to some — speculative — impact of the composition on
the final pore elimination during high-temperature HIP (note
that Fig. 4c describes an influence of the composition during
an earlier stage of sintering only — without a valid information
about an eventual impact of Al-rich compositions on the final
HIP densification).

The IR limit of the transmission in Fig. 7b is clearly dom-
inated by a negative influence of Al-rich compositions. The
general character of the recorded spectra’ is as expected for
spinel with, however, one remarkable detail: after optimized
reactive processing the transparent windows do not exhibit
the well-known for spinel absorption at ~2825 and 2980 nm
commonly attributed to the incorporation of hydrogen into the
spinel lattice (giving rise to OH stretching vibrations).3'=33 With
Fig. 7b this problem can be minimized by right thermal process-
ing: whereas in agreement with the literature3? this absorption
is not generally removed when alumina-rich spinel is replaced
by MgO-1.0A1,03, alumina-rich spinel materials can, on the
other hand, be manufactured e.g. with n =2.7 without significant
absorption in this range.

4. Discussion

The fundamentally different sintering performance of two
differently synthesized spinel powders with similar average
particle sizes and specific surfaces, similar narrow pore size dis-
tributions of the green bodies and with identical calcination and

milling conditions is a major result of this investigation (Fig. 2b).
The constancy of all parameters of calcination and processing,
of nominally equal compositions, same particle sizes and homo-
geneity suggests that the different lattice structures indicated by
the NMR spectra of Fig. 2¢ have significantly contributed to the
different sintering temperatures. The real mechanism how the
different cation disorder displayed by Fig. 2c contributes to the
observed different sintering behavior cannot be explained here
but it is commonly accepted that antisite defects govern the
whole defect chemistry of magnesium aluminate.® Therefore,
it is expected that these differences in the structures of the two
spinel lattices will strongly influence the diffusion processes.

When such differences in structures of differently synthe-
sized spinel lattices represent a third major factor that governs
the sintering densification together with the particle size and the
homogeneity of the green bodies, then it is highly probable that
special lattice structures can have contributed to the exceptional
transmittance results reported by Ikesue!? (starting with a raw
powder with 90% “spinelization™) or achieved by reactive hot
pressing by Tanaka et al.'? In the present experiments this posi-
tive influence was confirmed by the improved reactive sintering
of MgO/Al,O3 composite bodies (Fig. 3a) and, finally, by the
increased in-line transmission of such bodies which coincides
with the total transmittance and fits the spectrum of a single
crystal of similar composition (Fig. 7a).

Comparing the sintering and NMR results of powders and
of transparent compacts with 1:1 stoichiometry in Fig. 2b and
c and in Fig. 4a it was concluded above that the temperatures
of pre-sintering and HIP (>1500°C in the present investiga-
tions) diminish the cation disorder. This conclusion agrees with
a similar observation made by Morey et al. after annealing at
1450 °C.2% In some contrast, several studies reported an increase
of the Al-Mg inversion (measured by electron spin resonance
or by NMR) of natural spinel minerals during annealing at mod-
erate temperatures of 750—1400 °C?>?> starting, however, from
an extremely low inversion <5% as it appears typical for natural
crystals with their very special growing conditions>* and end-
ing then at similar values as found for synthetic crystals of 1:1
stoichiometry. Interestingly, the direct high-temperature NMR
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measurements performed by Maekawa et al. also give some
indication of a slightly decreasing inversion at temperatures
>1350°C.%

As to the relationship of antisite defects and sintering densi-
fication at different compositions in the range between n=1 and
n=1.5ithas to be noted that a detail in Figs. 2band cand4aand ¢
is only apparently in a conflict when similarly increasing cation
disorder initiates opposite sintering effects: increasing antisite
defects at higher alumina contents (Fig. 4a) increase the sin-
tering temperatures of reactively formed spinel up to n~ 1.5
(Fig. 4c) whereas they reduce the sintering temperatures of
spinel powders with 1:1 stoichiometry (Fig. 2b and c). However,
these observations refer to very different compositions and have,
therefore, to be addressed differently: as outlined above it is the
Mg deficit which in lattices with higher n values stimulates site
exchange processes additionally to the smaller effects observed
for different lattice structures with n = 1. Therefore, in spinel lat-
tices with a 1:1 stoichiometry and in Al-enriched spinel changes
in the cation disorder occur in different crystallographic environ-
ments and will imply different consequences for other defects
and diffusion processes. The more recent literature expects that

- antisite defects in MgAl,O4 (i.e. at n = 1) should be associated
with trimer Schottky defect clusters which include oxygen
vacancies!® (and should, therefore, promote diffusion and sin-
tering as in Fig. 2b and c) whereas

- with compositional deviations cation exchange is expected to
give rise to oxygen vacancies for Mg-rich compositions (with
n<1) only.%6

The consequence is that moderate n>1 should be accom-
panied by retarded sintering as in the left part of Fig. 4c and
observed by an earlier study.!!

The results of the phase analyses above have shown that the
decrease of sintering temperatures observed in Fig. 4c for start-
ing compositions with n > 1.5 must not be correlated with Al-rich
spinel lattices because, surprisingly, no Al-rich spinel is formed
on reactive pre-sintering of such MgO/Al,O3 mixtures. These
observations need a more detailed explanation. A transforma-
tion of molar into volume amounts shows that for n=1.5-2.0
the volume content of residual Al,O3 (associated with the for-
mation of 1:1 spinel only) increases from 24 to 56 vol% with two
consequences which both promote the sintering densification:

1. At high Al,Os starting concentrations increased diffusion
distances around the MgO particles require a longer time for
solid state diffusion up to the equilibrium spinel composi-
tion than it is, apparently, available during 2 h of isothermal
pre-sintering. Probably, this is the kinetic reason (not evi-
dent from phase diagrams) why starting from MgO/Al,O3
compositions with n>2 spinel is formed with low
n~1.0-1.1. As outlined above, such 1:1 spinel sinters at
lower temperature than reactively formed spinel lattices with
n=12-15.

2. Additionally, at n> 1.5 the continuous network of the excess
alumina will promote the sintering densification since the alu-
mina component typically exhibits a higher sintering activity

than the spinel. This benefit will be active until the residual
alumina is consumed at higher temperatures.

Since both processes depend on the increasing distance
between the original MgO particles in alumina-rich MgO/Al, O3
mixtures (where MgO/Al,O3 interfaces are the nuclei of first
spinel formation), the details of the sintering curve in Fig. 4c
will depend e.g. on the particle size ratio of MgO and Al,O3
raw powders, and the shape of this curve will be different when
starting e.g. with a mixture of MgAl,O4 and Al,O3 instead of
using MgO. In fact, such experiments with MgAl,O4+Al,03
showed a similar general shape of the curve of sintering tem-
peratures as given by Fig. 4c but with smaller changes of the
temperatures and with a maximum at lower 7.

The best UV-vis transmission was achieved by reactive
sintering of MgO/Al, O3 composites with starting particles of
150-200 nm and with a composition of n=2.5 (Fig. 7a). How-
ever, no benefit of the alumina-rich composition was observed
in the spectra of the single crystals in Fig. 6. Therefore, the bet-
ter transmission of the reactively sintered spinel ceramic with
n=2.5 compared with the n=1 composition in Fig. 7a has to
be attributed to improved sintering and not to a higher inherent
transmittance of the alumina-rich lattice.

In contrast to the UV to VIS and near-IR parts of the spectrum
the IR-limit of the transmittance is clearly deteriorated by Al-
rich spinel compositions (Fig. 7b). The absorption at about 3 pm
wave length (commonly attributed to hydrogen in the spinel
lattice!=33) has to be addressed differently: it is promoted by
Al-rich compositions only if special chemical and thermal pro-
cessing conditions enable the formation of this absorption band
(Fig. 7b). Therefore, right thermal processing can provide Al-
rich single crystals and sintered polycrystalline spinel ceramics
without this absorption.

5. Conclusions

Extended investigations with MgO-nAl,O3 single crystals
which cover compositions between n = 1 and n ~ 3 did not reveal
an impact of the stoichiometry on the inherent UV and visible
transmissions (Fig. 6). The IR limit is, however, clearly deterio-
rated by higher n values (i.e. Al-rich compositions — Fig. 7b). On
the contrary, the absorption at about 3 wm wave length may be
intensified by a higher Al content but can be undetectably small
even with n ~ 3 (Fig. 7b) and appears, therefore, dominated by
manufacturing conditions.

Depending on the synthesis of spinel the cation disorder
can differ significantly at 1:1 stoichiometry (Fig. 2c) and is,
then, a third major influence on the sintering densification
(Fig. 2b) together with particle size and homogeneity. This
observation is the more important since several other complex
transparent ceramics are commonly manufactured by reactive
sintering of their components without a wider range of stoi-
chiometric homogeneity. Nevertheless, some of these materials
show indications that scattering losses associated with small
compositional changes are caused not only by precipitates
but also by changes of the lattice structures: recent reports
observed a change of the lattice parameter in non-stoichiometric
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yttria-alumina garnet (Y3Al5012, YAG) although this material
is always expressed as a line compound in phase diagrams.3*3>
It was, however, shown by 27 Al MAS NMR that the Al species
in this garnet also occupy both octahedral AlOg and tetrahedral
AlOy sites.0 It is, therefore, expected that similarly strong
effects as displayed by Fig. 2b for the sintering of different
“stoichiometric” spinel lattices may also apply for other
complex ceramics.

Sintering and HIP decrease the concentration of antisite
defects compared with calcined spinel powders (Figs. 2c—4a).
Despite this diminishing effect, HIP-ed bodies with different
compositions (n=1-2.5) exhibit big differences in their NMR
spectra (Fig. 4a). This increase of antisite defects in alumina-
rich spinel is accompanied by a decreasing lattice parameter
(Fig. 4b) and retards the densification on reactive sintering as
far as moderately Al-rich starting compositions are transformed
into a single phase spinel ceramic of same composition. On the
contrary, starting compositions with n > 1.5 increase the distance
between the MgO particles in way that on pre-sintering a first
spinel is formed close to a 1:1 stoichiometry, and these stoichio-
metric spinel particles are surrounded by a continuous network
of corundum. These two effects promote the sintering and reduce
the temperatures for the closure of pores (Fig. 4c).

By use of such means last pores were eliminated more readily
by pressure-assisted reactive sintering of MgO/Al,O3 compos-
ites starting with coarser powders with median particle sizes of
100-200 nm instead of sintering pre-calcined raw spinel pow-
ders <100 nm. Undoped spinel ceramics were provided with an
in-line transmittance which matches the spectra of single crystals
with comparable composition from 200 nm wave length up to
the IR range when the processing was fitted to the different needs
of optimum UV, visible, and IR transmittance (Figs. 7a and b).
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