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Abstract

y-aluminum oxynitride (AION) is a hard transparemramic material. Like many
other ceramics, it has a good thermal and cherstadility. This unique combination
of properties makes AION an attractive candidateafavide range of applications,
while current focus is on transparent armor andsiisdomes. Another material
which has similar properties is sapphire, but asngle crystal it is manufactured
through expensive methods, while polycrystallin®©HNlis prepared by conventional
sintering methods. Thus, AION can be an alternatinagerial to sapphire wherever

high hardness and transparency in the visible afndred regions are needed.

AION is a solid solution in the ADs-AIN pseudo-binary system. Its crystallographic
structure is cubic spinel, thus its optical prosrtare isotropic. It is usually
manufactured from powder mixtures of alumina anthezi AIN or carbon black.
Pressureless sintering of AION usually results inlaite, single phase, ceramic
material. Pores are the most important light sdatgecenters in AION. The
production of transparent AION is extremely chaljexy because residual porosity
must be reduced to an absolute minimum, beyondrdwatired from conventional
ceramic processing. This can be achieved by intiodusintering additives, which

assist densification through liquid phase sintering

The main goal of the current research was to stivelynfluence of sintering additives
(magnesium, lanthanum and yttrium) on the micrastme and light transmission of
AION. As a first stage towards this goal, a higmperature (~2000°C) reaction
sintering process was developed. Dopants were aidée AbO; and AIN starting

powders and the sintered microstructure was inyat&d as a function of dopant

concentration, and sintering temperature and time.

Mg, La and Y doping resulted in significantly impeal materials relative to undoped
AION, with much less porosity. However, while Y dog causes a small amount of
residual large pores, Mg and La doping (togetheseaparately) resulted in a dense
microstructure (grain size of ~1%Mn) with the highest degree of transparency, due to

very low residual porosity. It was shown that a alwipconcentration above the



solubility limit results in a secondary phase aigrboundaries, which scatters light,
and thus should be avoided. The higher the sirgeamperature, the larger the grain
size, and longer dwells at this temperature reduttebetter transparency, because of

more efficient porosity removal via grain boundédiffusion.
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1. Introduction

Aluminum oxynitride ¢-AION) is a hard ceramic material in the AIN-@; system.
Most of its properties are comparable with thosealimina, but its cubic spinel
crystal structure allows processing it as a fulgnse, polycrystalline, completely
transparent material, if a proper sintering rosteused. Its high hardness and good
transmission properties make AION a real candifiateadvanced applications such

as transparent armor and missile domes.

AION can be synthesized by the reaction ofGlwith AIN in nitrogen or by the
carbothermal reduction of AD; and carbon mixtures. Pressureless sintering can be
utilized to produce fully dense AION. Its similarroperties, as well as the
conventional sintering methods, make it a poteraitdrnative material to sapphire,

which is very expensive because of being a simylstal.

A transparent ceramic must not contain any scatezenters. There are many kinds
of scattering sources in the bulk, one of the nmagbrtant of them being porosity. In
other words, transparency can be achieved only whenmaterial contains no
porosity. One of the well-known ways to reduce gayois by introducing sintering
additives, which form a liquid phase at the graoutdaries. Raytheon developed
manufacturing processes for transparent AION, dholy yttrium and lanthanum
additives. High temperatures and long times ofsiinéering processes were reported

as essential conditions to obtain full transparency

This research intends to investigate the influerfciiiree sintering additives (Mg, Y,
La) on the microstructure and transparency of AlQNwards this goal, various
compositions of single phase AION were manufactubgdreaction sintering of
Al,Os+AIN powder mixtures. The effect of sintering paeters such as temperature
and time were also studied. General guiding priesippn improving transparency

were deduced.



2. Literature Survey
21  Composition and Structure of AION

The AIN-AI,O3 system contains three important materials: AINDNIand AbOs. It
was first reported in 1959 by Yamaguchi and Yanalgithat ALOs could be
stabilized by nitrogen to form a spinel phase avaied temperatures. In the 1960's
and early 1970's more work was dbfteon crystal phases in the AIN-AD; system.
Long and Fostérfound that a spinel typg)(phase exists at about 76 mol%®¢ and

a tetragonal &) phase appears at about 93 mol%3l The first phase diagram for
the AIN-Al,O; pseudo-binary system was reported in 1964 by Eejnswhich six
phases were identified. Lejus observed that bel6@0IC no reaction took place and
that only above this temperature tigghase could be found. He found that the
homogeneity region of this phase extends from 684tanol% ALO; at 1700°C and
from 50 to 86 mol% AlO3 at 2000°C.

The phase diagram has been modified by GaucklePatzbw? who found that one
of the phases is actually composed of two polytypés polytypes, which are on the
AIN-rich part of the diagram, were further investigd by Sakai>** He found three
more polytype phases and added them to the diagfam.polytypes are layered
superstructures based on AIN with a large axis gradgular to the layer. The high
temperature part of the alumina-rich portion of thagram was determined under
flowing nitrogen by McCauley and Corbin in 19%9In this region the compounds
have basically defective spinel-type structureseylitoncluded that thg-phase
(AION) is stable between 60 and 73 mol%,®d for all temperatures between
1750°C and 2000°C. The AION phase seemed to nedhgruently at about 2050°C.
These results helped the authors to propose anaggaase diagram. In the same
work it was shown thay-AION spinel can be sintered to nearly full densityd

exhibits visible light transparency.

The most recent phase diagram of theOMAIN pseudo-binary system for an
atmosphere of 1 atm of nitrogen was published badey and Corbin in 1984.1t

is shown in Figure 2.1. In the new diagram somengba were introduced: the AION



phase was determined to melt congruently, and thking point was changed to
2165°C. Phase diagrams of the AINB4 pseudo-binary system were also calculated
from thermodynamic consideratioh&° This will not be discussed here, but it should

be mentioned that the thermodynamic properties I@iNAhave not been accurately

determined.
3000 3000
Aluminum Oxynitride Phases ®2A etc. - Figures]
2000 | Composition  Structure  Mole % AIN 1 2000
AN 2H 100
AlgO3N; 2R 88
2800 | | Al703Ns 21R 83 - 2800
AlgO3Ng 12H 80
Alg30p7Ns  ALON () 35.7
2700 | Al2203gNz " ¢' Spinel 16.7 — 2700
Alp03 Corundum 0
2600 —{ 2600
2IR +V .
Py
2500 | VAPOR — 2500
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2400 — 2400
LIQuID
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© 2200 |- * ] 21650+15°C 2200 ®
£ A Lo o L + ALON =
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Figure 2.1. Phase diagram for the AINv®$ pseudo-binary systeffi.



Takebeet al?!

of temperature. They found that it extends from®82 mol% A}O; at 1700°C and
from 66 to 80 mol% AJO; at 1800°C. In a recent work by Tabaatyal?, the widest
homogeneity region was measured to be 64.5-76.%mdjOs.

suggested, like Lejus, that the AION homogenadtyion is a function

Most of the authors agree that AION is stable @iipve 1600°C. Lejdsand Gille$
reported that an AION sample heated in a graphiteilule at 1400°C was converted

into a-Al,O3 and AIN. Sappeét al®®

made annealing experiments of AION powder
under nitrogen at about 1400°C and after 4 houtsydothat it was completely
converted im-Al,03; and AIN. However, Irene, Silvestri and coworkérs observed
the formation of thin AION layers on silicon sulzdts at 900°C when gaseous

precursors were used.

Even though the current research deals wiluminum oxynitride (AION), some
attention should be given to the other phasesisrssstem. The AIN-AO; phase

diagram contains at least 13 different phases wdlying concentration rang®s

which are listed in Table 2.1. As mentioned earlteere are two main groups of
phases which are separated by their crystallogcaptructures. The first one is
aluminum nitride polytypes, which are based on Al wurtzite structure. These
polytypes, in contradiction to SiC polytypes, diffia composition as well as the
stacking sequence of a two dimensional layer (pphbitds) and the compositions
given in Table 2.1 consider specific metal/nonmegaios which allow for charge

neutrality. The second group is based on the spinatture.



Table 2.1. Aluminum oxynitride phases observedhia AIN-Al,O; pseudo-binary
systent>?’

Notation | Mol% AIN | Fomula Structure
2H 100 AIN Polytype
32H 93.¢ Al 1603N 14 PolytypE
2H(S ~91 Al 1203N10 POlytypE
20H 88.9 AlOs3Ng Polytype
27R 87.5 AOsN~ Polytype
16H 85.7 AlgO3Ng Polytype
21R 83.c Al;O3Ns Polytype
12H 80.0 AEO3N4 Polytype
y-AION 35.7 Ab3027N5 Spinel
y'—AION ~21.C Al 10.7029.9N> 5 Spine
([J'-A|ON 16.7 A|22030N2 Spinel
0-AION 10 A|19027N Splnel
¢-AION 7.1 Al>7039N Monoclinic
a-Al,O; |0 Al,O3 Rhombohedral

From the early results of Yamaguchi and Yanagitlavas known that the crystal

structure of AION phase is spinel. Goursat and c&ers®?° determined it to be

spinel-type with the space groufd 3m, by neutron diffraction.

The spinel structure is based on an FCC close-paekeon sublattice in which
fractions of the octahedral and tetrahedral sitesfiled. Spinel compounds often
have ABX, stoichiometry in which the cations A and B areatidnt and trivalent,
respectively (AX-BX3).?® The number of atoms in a spinel unit cell is 56¢s it
consists of eight FCC anion subcells in a cubi@yarFigure 2.2 shows a three
dimensional depiction of the spinel structttelhe cations occupy one-half of the
octahedral sites (16 out of 32) and one-eighthheftetrahedral sites (8 out of 64).
Thus, A* ions occupy the 8a sites>Bons occupy the 16d sites and th& ¥hions
occupy the 32e sites (the characters are the WidktiErs of the positions, the
numbers stand for the multiplicity). This is théustion in a normal spinel, but in an
inverse spinel the cations are exchanged. THeédBs occupy the 8a and half of the
16d sites and the A ions occupy the rest of the 16d sites. In reatfityst spinels,
whether they are normal or inverse, are disordeyesme degree by exchange of the
A" and B" cations® One can find more details on the spinel struciurhe review

by Sickafuset al*
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Octahedral interstice
(32 per unit cell)

@@
Tetrahedral interstice
Oxygen (64 per unit cell)
@ Cation in octahedral site

Cation in tetrahedral site

Figure 2.2. Schematic drawing of the spinel stmecill

For y-AION the anions X are both oxygen and nitrogemdmly distributed on the
32e sites), while aluminum stands for both A ancBBons. This means that one-third
of the aluminum ions are Al and the other two-thirds are %Al Goursatet al?®
verified this from neutron diffraction results oilON. Since they found that trivalent
ions (AF") are located in the tetrahedral positions of thieed structure, AION can be
considered as an inverse spinel. 7H&ON spinel phase was found to be stable only
when a disordered vacancy is in the spinel octathqubsition. According to their
results the vacancies are located on the octahsitieal (16d positions). This will be

explained later in this chapter by the "constambrasi model of McCauley.

To summarize the description of the spinel strigttihe atoms are located on the

following positions®

Equivalent positions — (0,0,0) , (0,%2,%) , (%2,0,%k,%2,0)

Al (A)- (0,0,0) , (Ya,Ya,Y4)

Al (B) - (%,%,78) , C&,7%,7%) , (8,%,7%) , (/5,75,%)

O,N (X)- @Guu), ¥Yau,YeuYa), (uu,u) , (Yau,Y+u,Yat) ,

(U,u,0) , (Vatu,Ya-u,YaH) , (U,0,u) , (Yatu,¥a+u,Ya-U)
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If the anion parameteris 0.375, the octahedra have a regular shapehanstriucture
is called ideal. In the non-ideal structure, theoas are moved from the ideal
positions along the <111> direction and the octehedle trigonally distorted. Thus,

in the ideal structure the anions are located erfddowing positions:

O, N (X)-  Ghtak), (oTak), Con), (os%),
(%, %) %), O 5) , oa,74)

The anion parameters which appear in the literdturg-AION indicate only a slight
shift from the ideal structure. For example, Gotiegaal*® found an anion parameter
of 0.3816 for AION with a lattice parameter of 74FA. In a more recent work by
Tabary and Servafft a very similar value was found for the anion peeter,
0.38176. This means that the anion FCC structuidigbtly deformed. The spinel
structure forces a rule of forbidden diffractiofieetions, which is:

hkl:  h+k=2n, h+I=2n, k+l=2n.

Okl:  k+l=4n, k,I=2n.

hhl:  h+l=2n.

h0O:  h=4n.

Some defect models for the composition of AION wereposed by Adamet al?,
Lejus et al® and McCauley® Most of the models use a "constant anion” lattite
oxygen and nitrogen where cation (aluminum) vacesaecrease as the nitrogen
content increases. McCauley's constant anion rifoethe most convenient to use
because the total number of anions is 32, whicthesnumber of anion sites in a
spinel unit cell. This model describes the comparsiof AION as:

Al(%)VA.,(s;;)Oaz-xNx

where V,, are aluminum vacancies (or interstitials). In thisdel x=8 is an ideal

spinel (AbsO24Ng), X<8 represents cation vacancies, and x>8 reptgseation
interstitials. Of particular interest are compasis which give integer numbers of
aluminum cations and defects. Some of these appeafable 2.2, with the

corresponding mol% of AIN.



Table 2.2. Compositions of aluminum oxynitride byc®auley's constant anion
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model
X Defect Fomula Mol% AIN
2 2 vacancies| A}O3N, 16.7
5 1 vacanc Al 23027N5 35.7
8 - (|dealj Al 24024N8 50.C
11 1 interstitial Ai5021N11 61.1

From the phase diagram (see Figure 2.1) we knotwtllgacomposition with x=5 is
the only one in the stability region ¢fAION spinel. Thus, its stoichiometric formula
is Al3027Ns and there is one aluminum vacancy in each unit which agrees with
the observation of Goursat al?® mentioned above. The charge of the aluminum ions
in the defected AION is always 3+ and that of theogen ions is 3-: Al30%>/N%s.

|34

Dravid et al’" utilized TEM electron diffraction methods to detene the structure

symmetry ofy-AION spinel. They established the point group ®rm3m and the

space group was determined to B&3m (as that of ideal spinel). Most repft&3°
showed (from structure refinement of neutron ddfian and X-ray diffraction data)
that the vacancies are situated only on octahétial) sites. The results of Dravéd
al.®* which indicated that the vacancies are not odiened the symmetry of the
structure is that of ideal spinel, are exceptiaral considered to be incorrect. In any
case, there is a wide agreement among AION researdhat the constant anion

model is the best one to describe AION.

The calculations of Fanet al® suggested that the O/N anions are partially odiere
Moreover, the most stable structure (with the lawergergy) of the defected AION
was found to have an Al vacancy at the octahedhsth six O nearest neighbors.
However, in a nonstoichiometric AION with less th@h.7 mol% AIN there is an

increase in the number of vacancies and the defechanism may change.

The lattice parameter of stoichiometric AION wasirid to be 7.950+0.005%. The
dependence of the lattice parameter of AION on amsitipn was measured by
various researchers. Some formulas for a lineatioglship between the AIN content

and the lattice parameter of AION were found. Bareple, the results of Tabary and
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Servant’, which agree with those of Sakhiare that the lattice parameter increases
from 7.923 to 7.950 A with an increase of AIN caritdrom 9.8 to 28.6 mol%.
Willems et al®’ found an increase from 7.932 to 7.953 A with imsiag AIN content
from 19 to 34 mol%. For transpare®ON, the composition range was determined by
Hartnettet al. to extend between 5.52-8.20 at.% nitrogen (or-32.9 mol% AINY®.
They found an equation which correlates the lattmestant with nitrogen content:

a (R) =7.9032+0.00625x (2.1)

where X is the atomic percent nitrogen content.

2.2  Synthesisand Processing

The synthesis of-aluminum oxynitride spinel (AION) can be conducted several
methods, which appear in Table 2.3. There are taoreynthesis processes which
are widely discussed in the literature, and a féhelnosecondary processes. The two
main processes will be described thoroughly in dhiapter, while the others will be

mentioned briefly.
Processing of optically transparent AION is mordiclilt than the synthesis of

opaque single phase AION, because the material beustlly dense, pure, and free of

any secondary phases.

Table 2.3. Chemical reactions known to produce Alhdses®

Synthesis equation Required temperature |(°Clreferences

Al>O3 e+ AlN(S) > AlON(S) >1650°C 2,6,14,15,21,39,
40

Al>O3 )t C(s) + N, (9) > A|ON(S) +|>1700°C 41-48

CQOg)

Al>O3 st C(sj + Air > A|ON(5] + ng) >1700°C 1

Al,O3 st A|(|) + N, @ > A|ON(5] >150(°C 18

Al,0; ¢ + Algy + Air > AlON, >204£°C 8,1(

Al,O3 )t NH; @t Ho ) -> A|ON(S) +|>1650°C 3

H-O

Al nt Air 2> AlON(sj ~1500°C 9

AICl3 @t CO @t NHs @t N, (9) - (900°C 24,25

AlON(s) + CQg) + Na (g + HCl)

Al>O3 st BN(SJ + Ny ) > A|ON(S] >1700°C 49
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In general, two different approaches to solid sfatecessing of AION have been
employed in order to reach high density and traresiay:

1) Reaction sintering of AD; and AIN mixtures.

2) Traditional sintering of pre-reacted AION powsler

Both methods consist of some common charactegiges”

1) Mixing powders (usually ball milling in alcohol vhitalumina balls). Sintering
additives can be introduced.

2) Reacting the powder mixture to form (mostly) AlIONwder.

3) Ball milling of the above powder, possibly with andber or appropriate sintering
additives.

4) Drying the powder (or spray drying).

5) Filling a mold.

6) Pressing a blank to nearly net-shape and ~60%eofhoretical density (~20%
oversize). This step can be followed by cold isistaressing of the blank.

7) Binder burnout (if used).

8) Sintering the blank at high temperature for an moéel time (to allow atomic
diffusion) to a 100% dense transparent ceramic with0-200um sized grains.

9) Grinding the AION ceramic.

10) Final polishing to achieve high light transmissard minimal scattering.

2.2.1 Reaction Sintering

The reaction of a mixture of AIN and A); above 1650°C can be used to produce
AION powders, reaction sintered samples, and readtiot-pressed specimens. The
synthesis equation is the following (except for Brdaviations from stoichiometry):

9 ALO;z + 5 AIN > AION (2.2)
The normal processing scheme includes ball-milihg mixture of A}Os; and AIN in

alcohol, pressing, and sintering at high tempeeatinder flowing nitrogen.

The effects of temperature and time on the reacf{lh@) were investigated by
Bandyopadhyagt al>. They reported that AION formation (with 35.7 molatN)
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started between 1560°C to 1630°C, and above 16#@@action of AION increased
dramatically. Single phase AION appeareg¢ EB800°C with a sintering time of 2.5 hrs
(see Figure 2.3). The evolution of phase compasitioth reaction time during
isothermal firing at 1820°C is shown in Figure 2a4, calculated from the relative
intensities of XRD reflections. It was found thatlas temperature AD; disappeared
almost instantaneously, but the remaining AIN redcwith the formed AION for
longer times. In other words, oxygen-rich AION farfirst, followed by a subsequent
slower reaction of this phase with AIN. It seemsatti®AION phase formation is

controlled by the rate of nitrogen diffusion thrbutpe AION lattice.

The dependence of the lattice parameter of AIONhenALOs content was measured
for samples fired at 1850°C and is presented inr€i@.5. There is an increase in the

lattice parameter as more nitrogen is introduced.
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1Y in order to sinter AION. In

Several different furnaces were used by Willeshs
those with graphite heating elements, the outefasartended to be composed of
some phase mixture of AIN and AION. The same resal achieved when graphite
crucibles were used for the sintering experimeld&gng a powder bed consisting of
AIN mixed with Al,O; and BN decreased the amount of AIN on the surfacéhe

furnaces where heating elements were outside @flwmnina tube, the outer surface
consisted of AION and alumina. It is clear that fresence of carbon inside the
furnace cause the reduction of alumina into alumimitride (see section 2.2.2),

which can remain as a second phase if the readties not proceed to its end.

The influence of nitrogen pressure on the reactias also investigated by Willeres

al.'” High pressures, up to 80 bar, were used and ithelensity was lower than in the
case of normal pressures (1-3 bar). This was atgthto a kinetically more rapid
formation of AIN, which increased the amount of AiiNthe product, while AIN has a

lower density compared to AION.
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2.2.2 Carbothermal Nitridation of Alumina

Reaction of AlO; and carbon in nitrogen atmosphere above 1700°Gltsem the
formation of AION, according to:

23 AbOs + 15 C + 5 N (g > 2 AION + 15 CQy (2.3)
This reaction is usually called carbothermal remunct(or nitridation) of alumina.
Carbothermal nitridation of alumina has become H established way to synthesize
AION since Yamaguchi and Yanagidfirst reported it. Many investigations have

been performed on this preparation roth&,

In general, alumina and carbon black fine powdegsball milled, usually in alcohol,
and dried. The powder mixture can react at a teatper to give AION powder which
is then pressed and sintered. It can also be gresgkreaction sintered to give dense
AION parts.

Ish-Shalor® found that AION formed as an intermediate compoianal certain range
of compositions. He reacted-alumina and carbon powder mixtures at various
temperatures for different durations. The rela@mount of AION in the products
went through a maximum at a certain annealing timwhjch decreased with
increasing annealing temperature. This observatias repeated by Yaweit al**,
but was not reported in any other known reseancti,aanealing times to sinter fully

dense single phase AION were sometimes very lorey) ap to a couple of days.

Zheng and Forslurfdestablished the conditions needed in order toymredhe AION
phase in terms of different annealing temperatares times, atmosphere gases and
pressures, and crucible or powder bed materialsy Buggested that the synthesis
should be performed in two steps, the first at 2608nd the second at ~1800°C, to
obtain single phase AION powder. High nitrogen puoes and crucibles with alumina
covers were found to effectively lower the nitridat rate, which can help to avoid
deviating from the desirable composition. Addititjweadding CO to the reaction gas

enhanced AION formation, at the expense of AIN.
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Some different alumina sources for the carbothemnadiliction process were used by

Yawei et al*®

, such as AI(OH) or dried gel. It was found that all alumina sosrce
used gave faster reaction rates thw#\l,Os. This is because the other sources
transform intoy-Al ;O3 while heating, and this has an FCC structure (sackhat of

AION) and a higher reactivity thamAl,Os.

TransparenfAlON has been developed by the Raytheon Comparmeghe 1980's,
until it was transferred to the Surmet Company002 The first publication on their
study was that of McCauley and CorBif’ where they reaction sintered an
isostatically pressed mixture of-Al,O; and AIN at 1950-2100°C into a thin
translucent disk of AION. Later, Raytheon patentdd transparent AION
manufacturing method based on carbothermal reducfialumina’’*® Using various
sintering additives (see section 2.4.2), they pecedutransparent AION samples.
Another patent was filed, which describes Raytheoeaction sintering process to
produce_translucem®tlON.>* These patents hint that the procedure of reagtiigOs
and AIN powder to form AION powder and then sinterit, is the leading method of
manufacturing transparent AION. According to Genéhet al, the initial powder
composition was 35.7 mol%, but the high temperatuirey process was believed to
change the ratio between the eleméhts. recent years no clues have been found in
the open literature on the updated method utilirethe commercial manufacture of

transparent AION parts.

2.2.3 Other Synthesis Processes

AION phase has been formed by several other higipéeature processes, which
appear in Table 2.3. Like carbon in reaction (2aB)yminum and ammonia have also
been used as reducing agentsOA+Al mixtures reacted in afrand AbOs+ammonia
reacted in nitrogen gdsAluminum liquid can be reacted in air to form danainum
oxynitride phasé. The lowest temperature process reported in whidBNAwas

formed as thin layers, involved a vapor phase ieactf AlCI; gas at 900°G*2°
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2.2.4 Hot-Pressing of AION

Although pressureless sintering is the main methsed to prepare AION, some
works have been done on hot-pressing. This proza@sse conducted either on pre-
synthesized AION powders or on 8 and AIN mixtures (reaction hot-pressing). It
is reasonable to think that hot-pressing shouldlifaie AION manufacturing;

however apparently this is not the case.

Reactive hot-pressing of AIN aratAl,O3; powder mixtures performed by Turpin-

12° resulted in an almost pure single phgs&8lON. Experiments were

Launayet a
conducted at 1850°C, soaking time of 30 minutesh \&i uniaxial pressure of 32.5
MPa under nitrogen. It should be noted that the pawders were not pure: As
with 0.1 wt.% MgO and AIN with <0.15 wt.% Fe.

A similar process was used by Waegal®®
AION. They added 3.6 mole% Al to the powder mixtared hot-pressed it at 1800°C

for 3 hrsin N gas at 25 MPa.

to produce ~98% dense single phase

Hot pressing of translucem®ION was demonstrated by Martin and Caleafter
synthesizing the AION powder by carbothermal nétidn of alumina, they hot-
pressed it at 1700-1750°C under 50 MPa and achi@8&d theoretical density and a
relatively small mean grain size ({n). Then the samples were annealed at 1920-
1940°C for 10-20 hrs to promote grain growth. Tighbst optical transmission was
obtained by the process at the highest temperatudldongest sintering time, which
yielded almost full density and a mean grain siz€@) um. This sample exhibited
25% visible light transmission and a maximum of 5&#nsmission at 4m. The
only mention of transparedON prepared by hot pressing was of Lefeiral>*, but

no process details were given.
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2.2.5 Microwave Sintering of AION

Fully dense AION with high light transmission wabficated by microwave sintering
by Chenget al>>®’ In this process, the processing materials absactomave energy
and convert it to heat within the sample volume] #imerefore the heating is very
rapid. Characteristically, the reaction and simigniate in this process is higher than
in the conventional sintering process. AION wasppred from mixtures ofi-Al ;03
and AIN powders with 0.5 wt.% 03 additive (which was added in the form of
yttrium nitrate hexahydrate). The powders with 3%wbf binder were ball milled for
24 hrs, uniaxially compacted into pellets and thsmrstatically pressed. Samples that
were sintered with a heating rate of ~100 °C/mirtasa800°C and a soaking time of
60 minutes at this temperature showed high ligitgmission. The grain size of these
samples was around 40-3fm. This demonstrates that the microwave sintering
process offers a lower sintering temperature andhmshorter dwell times, in
comparison to conventional sintering process. dusthbe mentioned that the ceramic
pellets sintered by this process were relativelgls(diameter of 12.7 mm) and that a
maximum light transmittance achieved in the visitdgion was ~45% through a 0.6

mm thick sample, so the samples were not fullyspanent.

2.2.6 AION Composited®

In the literature there are some reports on theridation of alumina-AION
composite$>°® Their properties are different than those of pAl@N, and they are

(obviously) not transparent.

Alumina-AlION (ALUMINALON) composites with ~1 wt.% Nbased on an alumina
matrix with a dispersion of-AION grains, were prepared by Sapgeial?® They
formed AION on grain surfaces by reacting ammonit wAl O3 at about 1100°C.
The composite powders were hot-pressed under pitrag almost full density and
contained about 20 vol% of-AION. Pure single phase fully dense AION was
reported to be fabricated by pressureless sintesinguch a composite powder at
1700°C under neutral g&3.
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Al,O3-AION composites were also prepared via reactiomdbw of ALOs+Al
mixtures by Caiet al®® In other study Launagt al>® reaction sintered ADz+AIN
mixtures (both via pressureless sintering and viat-phessing) to form
ALUMINALON.

2.3 I nfluence of Additives

In order to achieve full transparency of a polytajl;ie ceramic, one has to prevent
any residual porosity in the sintered material. Ween role of the additives is to help
to eliminate the pores during the sintering procd$se mechanisms by which the

additives operate were investigated over the yd&artsare not fully understood.

Studies have been done on the influence of varedditives in order to sinter
translucent alumina. They are relevant to our disimn because of the similarities
between alumina and AION and the influences of tadeii on light transmission in
both materials.

2.3.1 Additives to Translucent Alumina

There are a number of early studies on the prdparatf translucent alumina by
additions of %03, MgO and LaOs. Coblé® (General Electric Company) reported in
an early patent that the addition of 0.06-0.5 wa#MgO into the alumina powder
resulted in relatively high in-line transmissiontbé sintered bodies. The goal was to
prevent excessive grain growth during sinteringjcwhmay cause undesired grain
boundary cracking and pore trapping within the mgaiThe magnesia addition was
believed to limit grain growth by pinning the grdwundaries and preventing them
from sweeping past pores, and thus trapping thespwithin the growing grains.
However, excess MgO can result in the formatiorsmifiel (MgALO,4) as a second
phase, which increases light scattering within thegterial because of the different
refractive indices of alumina and spinel. Thusreéhs an optimum range of magnesia
addition percentages for the best optical properioble reported that the maximum

transparency in the infrared (IR) range occurs wBenwt.% MgO is added. For
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visible wavelengths 0.06 wt.% MgO or less is pnefdr Indeed, transparent alumina
(Lucalox) of General Electric Co. was reported byn@n et al®! to contain 0.2 wt.%
MgO.

Burke®®® proposed an explanation for the role of MgO in &log, using the term of
discontinuous grain growth. This process occursnwbeme grain boundaries are
more mobile than others, because of an inhomogandigtribution of pinning pores.
Consequently, those grain boundaries move rapidabsorb a few neighboring small
grains and create some relatively large grainss Tappens by bending of the
boundaries around the array of small grains andratian over pores that earlier
prevented the movement of other (less mobile) batied. Thus, pores are entrapped

(occluded) inside the growing grains, where theyeap to be stable.

Discontinuous grain growth requires highly mobileig boundaries. Continuous
grain growth occurs when the boundary mobilityos| and its rate is limited by the
rate of disappearance of boundary pinning poreshifncase, the boundary can only
move slowly, waiting for the disappearance of squoees to let it move slightly (until
it encounters more pores). These pores are inrimoved by diffusion. It was found
that small amounts of MgO additions only inhibisethntinuous grain growth, but do
not prevent continuous grain growth from occurriidne pores in the pore free
material were thus eliminated when the grain sizs wmall and significant grain

growth occurred later.

Burke®®®? suggested that MgO reduces grain boundary molliy prevents pore-
grain boundary separation in alumina by poisonimging boundary solution and
growth sites. He assumed that grain growth occyra mechanism similar to crystal
growth from a liquid: there is diffusion of atom®iin a consumed grain through the
grain boundary to a suitable attachment point & ghowing grain. The "poison”
atoms at grain boundary kink sites can impede @hddr subtraction of atoms to or
from kinks and thus reduce boundary mobility. Budta@imed that magnesium ions

are specifically able to poison growth and/or disson sites.

Peelafi* found that very small amounts of MgO, below théulsility limit, were

effective in aiding the sintering of alumina. Asntlenstrated in Figure 2.6, both the
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density and grain size were observed to pass thraigmaximum around the
solubility limit of MgO in Al,O3 (~300 ppm).
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Figure 2.6. a) Final density and b) final grairesias a function of MgO concentration
in sintered alumina samplés.

A few combinations of additives of up to 0.08 wtMgO, 0.05 wt.% ¥O3 and 0.04
wt.% ZrO; were used by West al®® as sintering aids for high translucency alumina.
Kanenoet al®® preferred to use (for the same goal) between 0.0Wt.% of MgO,

La,0O3 and Y203, simultaneously.

Krell et al®” reported that 0.03 wt.% MgO was the optimal qugmti addition for the
ultrahigh purity alumina powder they used. Theynwuhat this small amount of
additive results in a finer grain size and lessdwesd porosity than observed in
undoped microstructures. However, the additiond@athfluence on strength. Kredt

al. discussed two other dopants0O§ was mentioned as a grain growth inhibitor, like
MgO. Doping with 0.2 wt.% Zr@ increased light transmission, although it is
apparently less effective in pinning the aluminaifaaries because ZgQvarticles
were observed within grains of the sintered matetiaing this dopant they could

sinter at higher temperatures without excessivagu@wth.

Use of 0.02-0.6 wt.% MgO additive as a grain growattmbitor was also reported by
Aurial et al®® According to their patent, other metal oxide agldi, such as L®s,

Y 03 and BaO play the same role during sintering.
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Kobayashiet al®® have another explanation for the use of othertasdi They
manufactured translucent alumina with high visiliéat transmission by mixing the
alumina powders with 0.05-0.5 wt.%,®3;, 0.05-0.5 wt.% LgOs; and 0.01-0.1 wt.%
MgO additions. Yttria was said to accelerate tr@rggrowth of the alumina crystals
at relatively low temperatures (1200-1450°C). Mdnan 0.5 wt.% ¥YOs3 caused
excessive acceleration of grain growth and a nafeum final grain size. Magnesia
was supposed to spheroidize the alumina partiblésonly at sintering temperatures
less than 1700°C, otherwise the high vapor presaocelerates the evaporation of
MgO from the surface which results in exaggeratednggrowth and reduced optical
transmission. Evaporation is the reason why thepmenended adding less than 0.1
wt.% MgO. As mentioned before, MgO reacts with@d to produce spinel near the
grain boundaries, which inhibits grain growth. Lzartum oxide stabilizes the spinel,
and therefore controls the grain growth up to tenapees higher than 176D,
Furthermore, Lg03; and Y,O3; additions make the refractive index of grain baamyd
products, such as Mg#D,, close to that of alumina and thus decrease dptica
scattering.
Kobayashiet al®
making use of 0.05 wt.% MgO, 0.25 wt.%(% and 0.25 wt.% L#D; additives.

Figure 2.7 shows their schematic phase diagrarmstiiting the composition range of

reported that the highest light transmission webieved by

the highest transmission. It is important to mentibat the transmission values are
not in-line transmission but probably include se@t light, because they reached the

unreasonable optical transmission of 96%.
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Figure 2.7. Schematic phase diagram showing theposition range of the highest
light transmission of alumina with MgO ,®; and LaOs additives®

2.3.2 Additives to Transparent AION

Additions of Y,Os;, LaOs; and boron were investigated in some works done by
Raytheon. Hartnett al*"*® prepared AION powder by reactiygAl .05 with carbon
black under N at temperatures in the range of 1550-1850°C. (et et al>?
prepared yttrium and boron doped AION powder byctiea-calcininga-Al O3 and

AIN mixtures at 1600-1750°C. It was reported thaditives may be added by one of
a number of different ways:

1. Mixing during ball milling of the AION powder.

2. Addition of metals (Y, La, B) or (preferably)ides or nitrides (¥Os, LaOs, BN).

3. Placing doping additions in the sintering chamimar the green body.

4. Dopants are present in the container material.

The green body was sintered at temperatures hitftear 1900°C. The minimal
amount of %Oz additive found to allow light transmittance wa®D.wt.%. The
preferred combination of sintering additives waso to be 0.08 wt.% Y03 and 0.02
wt.% La0Os. The sample which contained these additives arslsivdered at 1930°C

for 24 hrs yielded in-line transmission of 80% dhi@kness of 1.45 mm.

The suggested explanation for the dopant effect that at sintering temperatures

there is a high vapor pressure of,®@J gas species which react with nearby BN
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additives to produce B3 gas and/or AIB@ gas and AIN solid. These vapors react
with AION to produce a liquid phase at grain boume® which enhances the early
sintering stages. Additionally,,Bs reacts with yttrium to produce YB@as, which
transports to the AION and dopes it with boron gittdum. This can aid the final
sintering stages by changing the solubility limitpoecipitating second phase particles
in order to pin grain boundaries, and thus preescessive grain growth which can

trap pores within the grains.

Too high a content of additives can be deleteribesause it may cause the
introduction of a second phase during the liquidgghstage of the sintering process.
This minor phase envelopes the AION grains and mesnat the grain boundaries.
This is what happened when a relatively high cantény,05; additive was used by
Martin and Cal&¥. They investigated Y03 doping of AION sintered at 1900°C and
showed that it promoted the densification, mictasiral homogeneity, and the
localization of pores at grain boundaries. Theynfbuhat 0.5 wt.% was the ideal
amount of %Oz dopant to achieve these effects, which resultedranslucency.
However, when they annealed this doped AION at i@50r 20 hrs, an ¥Os-rich
phase segregated at the grain boundaries and grawih became heterogeneous.

This of course destroyed the samples' translucency.

A higher amount of YO; additive (up to 1.66 wt.%) was used by Chenal®.
Comparing samples sintered at 1800°C for 6 hrs thithadditive or without it, they
found that increasing the additive content redysexbsity because the liquid phase
sintering eliminates porosity effectively. Howevarsecond phase of 3¥;:5A1,03
(YAG) appeared at the grain boundaries. Consequemtine of the examples were
translucent, but the additive seemed to make theples be "slightly translucent”,
perhaps because of the reduced porosity. They saderee for liquid phase
formation at a temperature as low as 1600°C, assgipto the results of Martin and
Calés® (with less additive). Most of the densification svachieved by solid state
sintering between 1300°C to 1600°C.

An even higher YO; content, between 0-7 wt.%, was used by Taletta?! All the

doped samples had a second phase (YAG). Howevusrstii allowed the 1 wt.%



28

Y03 sample to be slightly translucent. Its density whse to 100%, much better
than the 85% achieved without any additive (sirdexe1800°C).

It was found by Willem¥ that small additions of MgO (0.3-1 wt.%) resulthigher
densities. However, doping with at least 0.3 wt.%0¥ had the opposite effect.
Furthermore, 1-3 wt.% O3 addition resulted, as mentioned before, in YAG

(Y3Als042) as a second phase.

As a conclusion, it can be said that the sintedmds form a transient liquid phase
which promotes liquid phase sintering during theyestages of densificatioff. The
components of the liquid phase should be solublAl@N in order to prevent
formation of secondary phases in grain boundaried therefore a transparent

material.

24  Properties

The first report on the properties of dense, simgiase AION, was in the beginning
of the 1980's by McCauley and CorBit®*°They reported relatively high hardness,
elastic modulus and flexural strength (also at atied temperatures), which were
similar to the properties of alumina. This strergifd the impression that AION may
be used for advanced applications where a combimati optical transparency and
high mechanical properties is needed. As work prded more results on property
measurements were published: mechanical prop@dfed™’®  thermal

properties* """ dielectric properti€d"®and optical propertiés’">"’

The typical microstructure reported for AION comarelatively large grains (80-250
um, depending on processing conditiongh occluded pores and/or pores at grain

boundaries®’*"®The grains are typically uniform in size.

The properties of AION which appear in the literatiare scattered because of
composition and processing differences. Therefihie properties listed in Table 2.4

are representative and not necessarily exact. Riepavere taken mainly from the
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recent review of McCaulel. If known, properties of transpareAlON materials,

mainly from Raytheon, are noted.

Table 2.4. Representative properties of AION corapawith other similar ceramics:
a-Al,0s, AIN and transparent spinel (MgA,).°

Property AION | a-Al,O3 AIN MgAl,04"
Density (g/cn®) 3.71 3.9¢ 3.2¢€ 3.5¢
Hardness (GP 13.¢ 15 12 12.]
Young's Modulus (GPa) 320 415 310 275
Flexural Strength (MPa) 300 380 400 185
Fracture Toughness (MPa"f 2.4-2.9 3.5 3.0-4.0 1.7
Bulk Modulus (GPa) 210 255 200 -
Shear Modulus (GP 12t 15C-17C 13C 11C
Poisson's Rat 0.2f% 0.2¢ 0.2-0.2¢4 0.2¢
Hugoniot Elastic Limit (GPa) 10.5-10.9 5-14 7.0-9.4 -
Longitudinal Sound Velocity 10.2 9-11 10.7 -
(km/s)

Melting Temperature (°C) 2165 2050 Sublimes 2135
Coefficient of thermal expansion| 7.6-10° | 8.1.10° | 5.6-10° 8.0-10°
(K™ (25-1006C)

Thermal Conductivity (W/m°C) 10 33 180-220D 15
Refractive Index (at 0.56m) 1.785 1.768 2.23 1.71
UV Cut Off (um) 0.25 0.19 - 0.25
IR Cut Off (um) 5.2 6 6.3 5.7
Electrical Band Gap (eV) 6.2 9.9 6 -
Dielectric Constant (1 MHz) 8.56 9.9 8.9 -
Dielectric Constant (7 GH 8.€ 9.C 8.2 -
Dielectric Loss (1 MHz 0.000¢ 0.00z 0.001 -
Dielectric Loss (7 GHz) 0.0002 - 0.002 -

2.4.1 Mechanical Properties

As can be seen in Table 2.4, the representativehamézal properties of AION are
quite similar to those of AD; and AIN. Mechanical properties were found to cleang
only slightly up to 1100°C? However, this temperature seems to be the uppetr |i
for AION, because oxidation then impairs the tramspcy, creates microcracks and

significantly degrades the bending strength.
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Dynamic experiments made with transparent AION stbuwhat it is substantially
stronger than 99.5% polycrystalline alumina, butrenbrittle®*®* Its very highoue,

was found to be more similar to that of sapphirantho polycrystalline alumina.
Therefore, AION can also be appropriate for applices were dynamic loads are

involved.

2.4.2 Optical Properties

The optical properties of AION are summarized invesal papers in the
literature3®°°"3"*Here only the most important relevant optical pmies of AION
will be discussed. An in-line transmittance curfeao2.6 mm thick AION sample
fabricated by Raytheon is shown in Figure 2.8htitdd be noticed that this curve is
from 1989 and is not the state of the art, butniest recent one published. Of course,

the transmittance depends upon the sample thiclkasegiven by equation (2.9).
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Figure 2.8. In-line transmittance of AION in UV sible and IR wavelength§.

The practicable transmission range of AION extdinois ~0.25um in the ultraviolet
(UV) through the visible to ~5.Am in the IR. It is quite similar to the transmissio
range of sapphire and MgA),. Thus, AION may be used as a substitute for sapphi

which is a single crystal that is produced by espencrystal growth techniques.



31

A relatively large AION window fabricated by Raytivein 1986 is shown in Figure
2.9. In the meantime larger (12"x12") windows weranufactured by Raythedh.

Aluminum Oxynitride

Figure 2.9. AION window fabricated by Raytheon B86>°

2.4.3 Oxidation Resistance

The AION phase is thermodynamically unstable belel$40°C. AION has good

oxidation resistance in air up to elevated tempeest due to a protective oxide or
oxynitride layer which forms on the surface. Nekekess, when heated to
temperatures above ~1200°C even a very low oxygeteat in the nitrogen gas may
cause decomposition into A&; and AIN® Figure 2.10 depicts the oxidation behavior

of AION at various temperatures as a function ioitiin air.
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Figure 2.10. Oxidation of AION at various temperasias a function of time in dt.

When graphite is present, the result is a commletwersion into AlO;. This occurs
because the decomposition of AION is faster thanréduction of AIO; by graphite.
However, after heating an AION sample at 1400°C1f@® hrs in a vacuum furnace
under a pressure of fmar, AION still remained the main phase, alonghvdgbme

alumina on the surfacé.

Significant oxidation of AION powder in air was foti to occur above 1000%€34
When heated in Ar, Nor N,+10%CO atmospheres at 1330°C<T<1630°C, the
powder underwent measurable decomposition, accaeghéy compositional change
in AION towards AIN.

It has been shown by Willenes al®® that MgO can stabilize AION below the lowest
reaction temperature (~1640°C). For instance, al&umol% of MgO has to be
added to AION in order to stabilize it at 1400°CheTresultant material is an

intermediate phase between AION and Mgl spinels.

2.4.4 Chemical Stability

AION has excellent chemical stability. According@oursatet al®, its resistance to

acids, bases and water is very good and it can belydissolved with a molten
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Li,COs/B,0O3; mixture. For these reasons, AION is appropriatapplications in the

metallurgical industry.

25  Transparency

Transparent materials allow objects on the othee bie distinctly seen. Translucent
materials are different in a sense that they alight to pass, but are not clear (in
other words, diffuse). Polished translucent plais provide a clear image of a print
when placed immediately on the printed matter, thaetimage disappears when the
plates are brought into a more distant positiorabse of light scattering. Figure 2.11

illustrates the difference between transparenttenslucent materials.

(@) (b)

Figure 2.11. lllustration of the light transmissioh (a) translucent material with a
high diffuse transmission and a low in-line transsion and gb) transparent material
with a low diffuse transmission and a high in-linensmissior?:

In order to better understand the factors affectirgy transparency of materials, the
manner by which light interacts with matter will beviewed. Afterwards, the

influence of microstructural features on transpeayewill be described.

2.5.1 Light-Matter Interactidfy®’

There are several ways by which light can intewdth a transparent material:
a. Reflection of the incident light at any surf4Bg.

b. Scattering of the light entering the materigl (S

c. Absorption of the light inside the material b(#Y.
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The interactions are related by the following espien:

lo =lg+lg+l +1; (2.4)
where | is the light intensity and the indices oade the various interactions, ardd
the intensity of the transmitted light, which leave material through the opposite
side. Figure 2.12 depicts a summarizing schemae¥arious interactions. The light

beam bending at interfaces is due to refractioexatained hereinafter.

incident i
light vsc\oﬁered light
\ absorption
fransmitted
reflected ]
light light

fluorescence

Figure 2.12. The interaction of light with a tramsgnt materiai’

When light passes from one medium to another,angps its velocity and direction,
which is called refraction. The refractive index,of a material is defined as the ratio
between the velocity of light in vacuum, c, and ¥leéocity of light in the material:
n="S (2.5)
Vv
The refractive index depends on wavelength andtaiggraphic direction. We will
narrow the discussion to materials with cubic syrmmefor which n does not

significantly change with crystal direction.

A light beam changes its direction when refractexggording to Snell's law:

n,sing, = n,sing, (2.6)
where; is the incidence angl®; is the refraction angle;@nd i are the refractive
indices of the two media. If some of the absorligiat lis re-emitted (most probably at

a lower energy), it is called fluorescence. In aiscussion we will ignore this
phenomenon.
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2.5.1.1 Reflection

Reflection is often dominated by surface roughneskich makes the material
diffusive or specular. The cause for specular ctifte is a difference in refractive
indices. The fraction of reflected light, R, is el@hined by Fresnel's formula:

_ (nz - n1)2
R ) @9

Air has m1 (a reasonable approximation). F@AION spinel n=1.785 at a
wavelength of 0.55m’® and thus R=0.08 for one surface reflection fro®Nlin air.
The total reflectance arises from light reflecteahi both entry and exit surfaces plus
multiple internal reflectiond’

F= 2R
1+R’

(2.8)
For an AION window in air r=0.15. In other wordd)et maximal in-line light
transmission through perfectly transparent AION%86 (without any anti-reflective

coating).

The source for diffusive reflection is surface rbogss. Light that meets a rough
surface is reflected from it to different directsorThese reflections can be reduced by

a high degree of polishing.

2.5.1.2 Absorption

AION is an electrical insulator. According to batieory, insulators have an empty
conduction band and the valence band is complétielgt by electrons. Moreover, the
band gap is quite large (6.2 eV for AION). This medhat light photons are not
energetic enough to excite an electron from thenad band to the conduction band
and so are not absorbed. Therefore, the materialappear transparent to these
wavelengths. The band gap determines the UV-cwbthe material, which is 0.2

pm.
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Impurities and defects can destroy the materiaisparency by creation of new
energy levels within the band gap, which allow #iesorption of photons inside the
transparency wavelength range. These impuritiesgghwimight be for example small
metal particles or ions, are known as absorptiariezte. When absorption centers are
distributed uniformly throughout the bulk the ambwof light absorbed in a plate is
given by Lambert's law:
I =1,expta,l) (2.9)

where lis the intensity leaving the plate, is the incident intensity, | is the plate
thickness andyj, is the linear absorption coefficient. The degréalmsorption varies

significantly with the light wavelength.

2.5.1.3 Scattering

Scattering can take place at different kinds ofombgeneities in the bulk, called
scattering centers, such as grain boundaries, siorlg, lattice defects or voids.
Scattering centers in a transparent material c#usdight intensity in the incident
direction to gradually decrease while advancingulgh the medium. Instead, light is
scattered into other directions. Scatter can oocuboth surfaces of a window and
inside the bulk.

The reduction in the intensity of a light beam whibas traversed a medium
containing scattering centers can be written as

I =1,exptall) (2.10)
where } is the incident beam intensity, | the intensitieatraveling a distance | in the
material andas is an experimentally determined linear scattericmgfficient,
measured in h The form of this equation is identical to thatlafmbert's law for
absorption, but here scattering centers are trsonef@r intensity reduction.
The effect of different plate thicknessgsandl, on the real in-line transmission T, is

described for materials with grain scattering by

TV
T2=(1—R)E€ : j (2.11)

1-R

where R is the reflection loss for two surfaces érample, R=0.14 for alumin&).
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The scattering coefficient was found to depend upon

1. the number of scattering centers in the material

2. the ratio of the particle diameter to the wamgta of the light;

3. the ratio of the refractive indices of the paetiand the surrounding medium;
4. the particle shape.

The influence of particle size (factor 2) on saatigg when all other parameters
remain constant, is illustrated schematically igufé 2.13. Maximum scattering

occurs when the particle size is around half thetlivavelengt!f! about 200 nm for

visible light.
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Figure 2.13. The effect of particle size on thatiee scattering coefficiefit.

It is difficult to distinguish bulk scatter from sbrption, because both processes
decrease the intensity of light transmitted throuje sample. The effective

absorption coefficient for a sample is therefore:

a=a,+a,. (2.11)
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If there is bulk scatter, the transmittance turasto be

| _(@-R)?e™
—= 2.12
l, 1-R%e™ (212)
If we take, for example, a reasonable value®d.13 cn for AION atA=0.55pum®

then the transmittance through a non-scatter lhark window will be 74%.

2.5.2 Microstructural Sources of Light Scattering and thHafluence on

Transparency

If light passes inside a polycrystalline anisotoopnaterial from one randomly
oriented grain to another, it is refracted at egcin boundary (see Figure 2.14)
because the refractive index depends on the diretirough the crystal. The result is
light scattering. In cubic materials, the refraetindex is constant and ideally no
scatter occurs (assuming a very thin grain bound&wglycrystalline cubic materials

are subject to other scattering mechanisms.

Incident Imcident Exit
direction Exit directlol;l directiog
direction
Noncubic material Cubic material

Figure 2.14. Light scattering at grain boundariescuos only in anisotropic
materials’’
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In general scatter is caused by variations in céifra index as light passes through a

material. The reasons for such index variationshersources of scatter, may be:

1. Foreign particles: impurities, inclusions of Aaubic AION phases, AIN crystals or
residual porosity (the first ones can also ealssorption).

2. Second phases at grain boundaries.

3. Gradual changes in composition.

4. Structural defects within grains such as digiooa and twins.

5. Strains in the material.

6. Surface scattering (can be reduced by appreppiaiishing).

2.5.2.1 Light Scattering from Porosity

The large difference in refractive indices betwdengas-filled pores and the ceramic
material (Rore=1, Mion~1.79) causes the pores to scatter light very etelgt A
residual porosity of ~0.5% usually can be tolerdtwda high hardness ceramic such
as alumina, but it has to be decreased to <0.0586tein a high transmission of light.
Coarse grained cubic materials, such as magnesumireate spinel or AION, can be
sintered to transparency. In alumina, however, sarained materials cannot be

sintered to real transparency because of their botvedral structure.

Peerlen and Metsel&ircalculated the scattering caused by porosity ifferent

fixed radii in a thin (0.5 mm) high density alumisample with a total porosity of
0.2%. The calculated transmission curves as aibmadf wavelength are shown in
Figure 2.15. In reality pore size is not uniformt ks some kind of a distribution.
After assuming a log-normal pore size distributidhe curves changed and the

amplitude of the oscillations for r>02n (at relatively small wavelengths) decreased.
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Figure 2.15. Calculated transmission curves foratumina sample of 0.5 mm
thickness with 0.2% porosity of different uniformzes r, as a function of
wavelengtH?®

Apetz and van Brugg&happlied a classical Rayleigh-Gans-Debye light teciaig
model and calculated the transmission reductiorsexdiby pores of different sizes
(but fixed total porosity) at a specific wavelengiee Figure 2.16). The pores were
assumed to have constant size and be randomlibdigtd in a homogeneous ceramic
matrix. A minimum in the in-line transmission wasihd to exist when the pores are
approximately as large as the wavelength of thelémt light. The effect of porosity
is extremely strong: even for a porosity of onl\t%, the real in-line transmission
decreases from 85% to 1% in this region of poreessizZThe dependence of

transmission T on total porosity p can be written a

Pz/
T(p,) = (L- R)[%j " (2.13)

Therefore, even at 0.01% porosity, the real in-litensmission decreases

significantly to ~55%.
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Figure 2.16. Calculated in-line and total (incluglfierward scattering) transmission at
600 nm, 0.1% porosity and 0.8 mm thickness, assynilrat the pores are
monodispersed and randomly divided over a homogenematrix with n=1.76 (for
alumina)®

2.5.2.2 Influence of Grain Size on Scattering

The influence of grain size on scattering was swdusing several translucent
polycrystalline materials by Schroeder and Rosokifts For Lucalox (transparent
alumina) samples, which are weak scatterers, it fwasd that the scattering angle
decreased with increasing grain size. The reastiratsin this case, birefringent grain
boundary scattering is the dominant mechanism. Wewe grain size reduction may
be a way of reducing the scattering if second pbag®re formation occurs. Keeping
the grain size small can inhibit the growth of titer scattering centers. In a recent
work by Krellet al®’, thin polished alumina plates with submicron gsashowed real
in-line transmission of 55-65%.

Still, porosity is the critical microstructural fe@e to achieve transparent AION. The
main reasons are that its refractive index (~1bhes furthest possible from that of
AION, and its percentage in the sintered ceramitene is normally much more than
0.05%. Thus, one must sinter AION to almost 100%t@ Dbtain transparency.
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26  Applications

Transparent AION windows suggest a combinationxziettent mechanical, optical,
high temperature and chemical resistant properttd@N is manufactured by
conventional powder processing techniques, whieh doreaper than single crystal
growth techniques that are used to grow sapphilso,At can be fabricated in large
sizes and to near final size and shape. Its palempiplications are derived from its

good properties and relatively low costs.

AION fabrication processes were developed at Raytifeom the beginning of the
1980's, and were scaled up during recent year® upet size of 12x12" and even
largef? (see for example an old picture of a relativetgéawindow in Figure 2.9).

The potential applications of AION are:

1. Transparent armor — Commercial transparent armarommposed of glass and
plastic laminates. A front hard transparent cerafaier, such as in opaque
ceramic armor, can significantly increase the bidliperformance of the armor.
Excellent performance of ballistic laminates, camtegy Raytheon AION layers,
against armor piercing rounds have been demondffate®™ In comparison to
conventional glass/polycarbonate laminates, the esaperformance was
demonstrated at half the areal density and halfthiekness. The ballistic AION
optical laminate design was demonstrated in 10"Xt&fisparent armor window
having a single axis of curvature. Multi-hit testsre conducted on 12"x12" AION
tiles as part of transparent laminates, which stdpg shots of 0.3" AP M2
bullets®? Applications for advanced transparent armor systdntlude face
shields, ground vehicles windows and aircraft wingd!

2. Missile domes — High velocity and acceleration messwhich have multimode
system of electromagnetic guidance need a transpaoee that can withstand the
high temperatures and temperature gradient indstiedses. The dome material
should also be abrasion resistant because of whtgrlets and sand particle
erosion during flight. The high durability of AlONakes it a good candidate to
replace the current dome materidi€>®?Furthermore, AION can be formed into a
hemispherical dome shape close to final toleranaed, as a consequence it is

cheaper than single crystals.
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3. Other applications — Laser igniter windows for camnapplications, missile
warning windows, underwater applications, advancexdractories in the
metallurgical industry, optical materials at higémiperatures (such as for lamp

envelope®) and other military and commercial applicatiGh& %2
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. Research Goals

. Synthesis and processing of single phasdON by reactive sintering of an AIN
anda-Al,O3; powder mixture.

. Characterization of the influence of sintering temgure and time on the density
of AION.

. Characterization of the influence of MgO, ;08 and Y,Os; additives on the

microstructure and optical transmission of AION.



45

4. Experimental M ethods

4.1  ProcessDescription

In this chapter the processing, experimental aradactierization methods used in the
research are described. The process used to pré&p@h samples was generally
described in section 2.2.1. In order to allow foaximum transparency the raw
materials must be as pure and fine as possiblétyRsrneeded because impurities
may scatter light. Fine particles are needed taeof mixing and reactivity of the
powders, and to avoid inhomogeneous sintering. Aliog to these guidelines three
commercially available AD3; powders and one type of AIN powder were chosea (se
Table 4.1).

Table 4.1. Raw materialsi{Al .03, AIN) used to synthesize AION.

Source & grade| Purity | Traceimpurities |Average perticle size [um]

AIN Starck grade C| 98.5% O -1.43wt.% 2.34
C — 500 ppm
Fe — <20 ppm

a-Al,0; | Alcoa A16 SG| 99.7% Maximum: 0.2-0.62
NaxO — 1000 ppm
MgO — 600 ppm
SiO; — 500 ppm
CaO — 500 ppm
Fe0O; — 300 ppm

a-Al,O5 | Ceralox SPA-0.899.995% Si — 15 ppm 0.52
Na — 10 ppm
Mg — 8 ppm
Fe — 6 ppm

Ca — 3 ppm

a-Al,Q; |Taimei TM-100C| 99.99¥% 0.01

In stoichiometric AION there is a molar ratio of59between AIO; and AIN.
However, as seen in Figure 2.1, nonstoichiometmmositions may also be used to
produce AION. Therefore, two molar ratios were usedhe research: 35.7 mol%
AIN (stoichiometric) and 30 mol% AIN (nonstoichiotnie). Several mixtures of
Al, O3 and AIN were ball milled with Teflon balls (to @b polymeric erosion

products only) and iso-propanol (IPA) as a grindingdium. Powder mixtures were
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ball milled for 24 hrs and then dried at’®@5for 24 hrs. The dried powder was sieved
through 400 mesh and pressed into samples of 3@iameter and varying thickness.
The uniaxially applied pressure was 100 MPa. Tleegrdensity was in the range of
55-60% of the theoretical density, except for powdextures with the Taimei
alumina powder which is very fine and thus yieldedly a green density of ~40%.
Additives were introduced into some of the mixturasthe form of metal oxide
powders or hydrate salts (see Table 4.2), in tHe rodling stage. All the salts
dissolved in the alcohol medium. The role of thditaes is to enhance densification

during the sintering stage.

Table 4.2. Additive substances used in the syrghashION.

Source & grade Purity Main impurities (ppm)
C4HsMgO,4-4H,0 | Fluka 63051 99.5% -
La,O3 Merck 1222 - -
La(NG3)3-6H,0 Aldrich 33197 99.999v Si-2.1;Ba-1.5

Al-14;Ca-13;
Ce-12;Na-0.7

Y(NO3)3-6H,0 Aldrich 237947 99.999Y Na-5.6; Ca- 1.7
Yb-1.1;Er-1.0

The compositions of the various powder mixturespared are listed in Table 4.3.
The pressed samples were sintered in a graphitedarunder flowing nitrogen at
various conditions of temperature and time. Sintgnivas performed in a graphite
crucible with a powder bed of h-BN (Carborundum SHP or AION (synthesized by

Sienna Technologies). This AION powder was alsosggd and sintered as a

reference sample. It was further characterizedgeasribed in chapter 5.
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Table 4.3. Compositions of powder mixtures prepaoesinter AION.

Designation| Mol% AIN| Alumina typeMg Additive | La Additive | Y Additive
E 30 Alcoa - - -
F 35.7 Alcoa - - -
G 35.7 Alcoa - - -
H 35.7 Taime - - -
I 35.7 Ceralox - - -
J 30 Ceralox - - -

MA 30 Alcoa 0.3 wt.% - -

MB 30 Alcoa 0.6 wt.% - -

MC 3C Ceralo; 0.3 wt.% - -

MD 30 Ceralo; 0.05 wt.% - -

MLA 30 Alcoa 0.3 wt.% 0.02 wt.% -

MLB 30 Alcoa 0.3 wt.% 0.1 wt.% -
MLC 30 Ceralox 0.3 wt.% 0.1 wt.% -
MLD 30 Ceralox 0.3 wt.% 0.2 wt.% -
MLE 30 Ceralox 0.05 wt.% 0.02 wt.9 -

LA 30 Cerloay - 0.1 wt.% -

YA 35.7 Alcoa - - 0.08 wt.%
MYA 30 Ceralox 0.05 wt.% - 0.08 wt.%
YLA 35.7 Alcoa - 0.02 wt.% 0.08 wt.%

MLYA 30 Ceralox 0.05 wt.% 0.02 wt.% 0.08 wt.%
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4.2 Characterization M ethods

4.2.1 Density

Density measurements of sintered samples were ctewlwsing the Archimedes
method according to ASTM B311. The density of greamples was estimated by
dividing their weight by their volume.

4.2.2 Hardness

Hardness was determined using a diamond knoop na¢émeton a Buehler
microhardness machine. Measurements were condusted a 1 kg load according
to ASTM E92. The lengths of the trace diagonalsenteginslated into hardness units.

The reported results are the average of at leastdsurements.

4.2.3 Chemical Analysis

The composition of powders and sintered samplese wamalyzed by Dirats
laboratories (Westfield, MA, USA). Oxygen and ngem contents were determined
by IGF (inert gas fusion) method. The samples viesed, and the gaseous products

were transported along with a noble gas to a gaswditograph.

Metal contents were determined by ICP-OE (indutfiveoupled plasma optical
emission spectroscopy). In this method the samples ionized and radiate.
Composition is an outcome of the emission spectr@atbon and sulfur were
measured by combustion. The samples were heatddcamtbustion occurred. The

emitted gases were identified using infrared raatadr thermal conduction.

4.2.4 XRD

The XRD (X-Ray Diffraction) system used in this dguwas a Philips PW-3020
including Cuka X-Ray tube X=1.5406 nm), operating at 40 kV and 40 maA.
Diffraction patterns were acquired routinely betwel8 and 145° @ at steps of
0.005-0.02° and 1-4 second/step exposure. Onlslpedi samples were examined.
The XRD results were used to identify the phasesemt in the samples: AION,
unreacted phases (@, AIN) and other secondary phases. Phase ideridicavas

done using JCPDS cards and results in the literatur
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425 SEM

SEM (Scanning Electron Microscopy) was conductedacdEOL 840 JSM at an
accelerating voltage of 20 kV. Both secondary etect(SE, for examination of

microstructure and fracture surfaces) and bacleseatt electron (BSE, for phase
discrimination) detectors were used. SpecimensCptical Light Microscopy and

SEM were ground and polished, and chemically etdheloiling phosphoric acid

(HsPQy)™ for 20 minutes. A gold-palladium coating was aglio the specimens to
avoid ionization under the electron beam in SEM.

4.2.6 EDS

EDS (energy dispersive spectroscopy) analysis waducted on Philips XL-30 SEM
using a LINK ISIS system (Oxford Instruments), nder to quantitatively identify the
elements in the sample. An accelerating voltageOokV, a working distance of 10.5
mm and a cobalt standard sample were used. Carbatng was applied to the

specimens.

4.2.7 WDS
WDS (wavelength dispersive spectroscopy) analysis @onducted on Philips XL-30
SEM in order to quantitatively measure low concatidn elements in AION (dopant

concentrations).

4.2.8 TEM

TEM (transmission electron microscopy) was condiliceen a JEOL FX 2000
microscope with an accelerating voltage of 200 Kmhin electron-transparent
specimens were prepared from a studied sample bhanéeal thinning, followed by
dimple grinding (Gatan Dimpler) and ion-milling (G@a PIPS) at 5.0 kV. Electron
diffraction was used to verify the crystallograpbjenmetry of the AION crystal.

4.2.9 Spectrophotometer

Spectrophotometer systems were used to measurealoptansmission through
sintered samples: Perkin-ElImer Lambda-900 machonghe ultraviolet, visible and
infrared regionsX<2500 nm) and Perkin-Elmer 983G machine for theanefd region

(A>2500 nm). The spectrophotometers were calibrasetyuransparent sapphire.
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5. Results

51  Process Development

In the beginning of the study an Astro furnace wthtal heating elements was used.
A few sintering experiments were conducted at ighést temperature (1800°C)
under nitrogen. The resulted sintered samples wpague (white) with densities of
85-90% TD. XRD runs of these sintered samples stomvestly AION phase with

AIN traces.

Using a graphite furnace (CENTORR) which can ragezio 2400°C made it possible
to achieve sample densities very close to the #teat density. Various sintering
experiments were conducted at temperatures betd@@0°C and 2025°C. In each
experiment up to 14 samples were sintered in thegarate graphite crucibles that
were put one on the top of another, with a slidtitt 40 allow the flow of gas. This
allowed co-sintering of samples with different carspions at the same time. Thus, a
comparison between samples could be performed en bidsis of processing
parameters (sintering temperature and time) andposition (ALOs/AIN ratio and

dopants content).

Samples made of both 30 and 35.7 mol% AIN wereesat by various sintering
routes (temperatures and times). The color of iered samples was usually white
or gray. A layer of powder bed material adheredh® lower side of part of the
samples. In some cases (in different sinteringgsses) long and thin needles formed
on the upper side of the samples. This phenomesmat investigated in the current

study, but should be studied in the future.
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5.2  Dilatometric Analysis

Dilatometry experiments were conducted on two spens, the first being a pure
AION specimen and the second being a doped one lwith Mg and La additives.
The two goals of these experiments were:

a) to see at which temperature region most of émsification takes place;

b) to learn about the difference in sintering tagéveen pure and doped specimens.

The specimens were prepared from two pressed sarfgge section 4.1). The "pure”
sample contained 35.7 mol.% AIN (G mixture), white "doped" sample contained
30 wt.% AIN and 0.3 wt.% Mg and 0.02 wt.% La (MLAxture). The dilatometry
specimens were approximately 3.5x3.5x10 mm. Tenpergrofile included heating
to 2000°C at a rate of 300°C/hr, soaking time oftt§ and cooling at a rate of
750°C/hr. The procedure was conducted under putegen by Anter Lab
(Pittsburgh, PA, USA) on Unitherm 1252 machine. Wbolenum plates were used as
separation layers between the specimen and thaitgdeating elements, to avoid an

undesirable reaction between them.

The sintered specimens were visually very diffeferrh each other: the pure one had
a white color, while the doped one was translucéné dilatometry results, which are
presented in Figures 5.1 and 5.2, show that thergug (shrinkage) commences at
approximately 1100°C, when the material is stilinpmsed of two phases (AIN and
Al;03). A sudden expansion of the specimen begins affer5 hrs of heating, or
around 1760°C and 1720°C (for pure and doped spmstimespectively). This
corresponds to the beginning of reaction betweeN Ahd ALOs, which occurs
around 1650°C (see phase diagram in Figure 2.19. vidiume increase is slightly
delayed in the experiment because of the relatikigiy heating rate. The reason for
the volume increase is the difference betweenagiitvolumes of AION and the two
reacting phasé€¥ according to reaction (2.2):

Vunitcell (Al203) = \3/2-4.758.12.989/6 = 42.46 A

Vunit cenl (AIN) = V3/2.3.1127.4.9816/2 = 20.90 &

9- Vynit cell (Al203) + 5+ Vinit cenl (AIN) = 9-42.46+5-20.90 = 486.6°A

Vunit cell (AION) = 7.948 = 502.1 K.
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This calculation shows a ~3.2% volume increase tduthe reaction. However, the
nature of the experiment is such that reactionsamiering (densification) occur at the

same time, so the volume increase may be lesghiearalculated value.

As presented in Figures 5.1 and 5.2, the expansiomuch more extensive for pure
AION than for doped AION (6% vs. 0.5%). Furthermatdasts for a longer time and
ends at 1850°C, while the doped specimen contiralemking at 1770°C. The
difference between the two behaviors can be thdtrefa liquid phase which forms
at these temperatures, diminishes the volume isereand pushes towards the

continuation of densification.

The shrinkage rate significantly decreases whenténeperature reaches 2000°C.
However, shrinkage continues during the soakingodeat 2000°C. This may be the

result of Al-O-N species vaporization.

To summarize these results, there is a clear infleef the additives on the sintering
rate. It is not fully understood why the ~1750°Cpamnsion of the pure specimen is
greater than expected by theory and what causekthe difference in the overall

shrinkage. However, the appearance of the sintggedimens demonstrated that the

doped sample was much closer to full density.
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Figure 5.1. The relation between relative shrinkage the sintering time of pure and
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5.3  Phaseldentification by XRD

5.3.1 XRD Patterns of AION

A reaction experiment was conducted at 1750°C fdwst A loose I-type powder
mixture (of 35.7 mol% AIN and Ceralox ADs) was heated in an alumina crucible.
XRD of the produced powder showed that it is alnmezshpletely AION, with some
AIN traces. The results are shown in Figure 5.3hva comparison to an AION

powder produced by Sienna, which containglAkraces in addition.
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Figure 5.3. a) XRD of AION powder synthesized abQTC for 4 hrs, b) XRD of
AION powder produced by Sienna;- AION , ¢ - AIN , e - Al,Os.
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The reflections attributed to AION are summarizedTiable 5.1. Those used for
determining the lattice parameter (provided thalythppeared in the XRD pattern)

are marked with a 'yes' in the last column.

Table 5.1. Reflections attributed to AION with le& parameter of 0.7950 nm (CwK
radiation). The last column indicates whether tleflection was used while
determining the lattice parameter.

{hkl} 20 (°) d-value (nm) used
111 19.32 0.45899 No
220 31.81 0.28107 No
311 37.49 0.23970 No
222 39.22 0.22950 No
40C 45.61 0.1987! No
42z 56.6¢ 0.1622¢ No

511 & 333 60.46 0.15300 No
440 66.47 0.14054 No
531 69.95 0.13438 No
620 75.58 0.12570 Yes
533 78.89 0.12124 Yes
444 84.3¢ 0.1147: Yes

711 & 551 87.51 0.1113: Yes
642 92.95 0.10624 Yes

731 & 553 96.19 0.10350 Yes
800 101.63 0.09938 Yes
733 104.93 0.09712 Yes

822 & 660 110.60 0.09369 Yes

751 & 55¢ 114.0¢ 0.0918( Yes
84( 120.1¢ 0.0888t Yes

911 & 753 123.94 0.08726 Yes
664 130.71 0.08475 Yes
931 135.12 0.08334 Yes
844 143.37 0.08114 Yes

The surface phase composition was found by XRDsstabe a mixture of AION and
AIN. After grinding the surface layer, the inneulk) part was found in most of the
cases to be single phase AION. This fits the resfWillems?? that AIN remains on

the surface of the sintered AION bulk when a gragpbiucible is used. An example of

the influence of grinding (from an E-type samp&¥hown in Figure 5.4.
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Figure 5.4. XRD of E-type AION sample sintered 80Q°C for 2 hrs and then at
1950°C for 2 more hrs: a) as sintered, b) afteishioig; o - AION , A - AIN.

One characteristic of the XRD patterns is that eaemong single phase AION
samples, the ratios between peak intensities gignifly differed from one sample to
another. This can be explained by the relativetgdagrain sizes (as will be shown
later). This means that the X-ray beam interacth wnly a small number of grains,
which causes an artificial effect of preferred otagion. Figure 5.5 demonstrates the
significant difference in peak intensity ratiosweeén XRD patterns for two different
samples. This effect was also seen while runnirg XRD tests for the same AION

sample. All of the samples were ground before XBfs to remove surface phases.

Another interesting phenomenon to mention is thiing dark mark was generated
on the surface of the specimen where X-rays intedawith it. The reason for this is
radiation damage caused by the interaction witlorcoénters in AION. Comparison
between XRD patterns of various doped and undopedred AION samples does
not show any difference, except for the above mesetil irregular peak intensities as

a result of the large grain size.
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5.3.2 Lattice Parameter Calculations

XRD results were used to determine the lattice rpatars of the different AION
samples. This was done by plotting the calculatéiice parameter from the position
of each peak (according to Bragg's law), and pigtthe results against a function

f(6), which is given by:

(@) =—-. (5.1)

The lattice parameter was obtained by extrapolatiof(B) to 0 (or6 to 90°). Only
clearly observed and sharp AION peaks between @51456° @6) were used for this

calculation (see e.g. Cullityfor more details of this procedure).

If we take into account only the AIN/AD; ratio and ignore the various dopants
added, we can compare samples with 30 mol% AIN ¢sehwith 35.7 mol% AIN.
The average lattice parameter in the first caseass7948+0.0002 nm, while in the
latter was a=0.7954+0.0002 nm. Assuming a linearetation between the lattice
parameter of the material and its AIN content, aynbe estimated as:

a (R) =7.922+0.0035x , (5.2)
where X is the atomic percent nitrogen contents Telation is depicted in Figure 5.6,
along with a comparison to some other relationsftbe literature. The agreement
between our results and those from other worksery good. The dopants seem to
have no significant influence on the lattice pareaneThe transparent sample from
Surmet was found to have a=0.7947+0.0001 nm. Tlean® that its composition is
around 30 mol% AIN.
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Figure 5.6. Lattice parameters determined for wei@&lON samples (doped and
undoped) with different AD3/AIN ratios, with a comparison to some results fritra
literature.

54  Quantitative Elemental Analysis

Three methods were used to analyze the chemicabasition (main elements,
doping substances and impurities) of ball milledvgers and sintered samples:

chemical analysis, EDS and WDS.
5.4.1 Chemical Analysis
The compositions of several ball milled powder sE®@nd of a transparent AION

sample of Surmet were measured by chemical analysésresults are given in Table
5.2.



61

Table 5.2. Compositions of powder mixtures and Srmansparent AION plate. In

parentheses are the concentrations of dopants &oldeel mixtures.

J powder YLA powder| MLYA powde Surmet plate
Al (%) 55.96 58.13 55.34 52.89
O (%) 39.5( 36.61 39.6¢ 40.8¢
N (%) 4.44 4.9¢ 4.57 6.12
C (%) 0.062 0.065 0.14 <0.001
Mg (ppm) 11 (0) 210 (0) 800 (500) 100
La (ppm) 1(0) 210 (200) 220 (200) <100
Y (ppm) 24 (0) 820 (800) 840 (800) <100
Na (ppm) 20 360 210 <100
Ca (ppm 80 21C 19C <10C
Si (ppm 35 11C 9C <10C
Fe (ppm) 8 16 26 100
Cr (ppm) 3 3 12 <100

It should be mentioned that powder J was prepai@d the purer Ceralox alumina

powder, while the two other powders were preparedhfthe Alcoa powder. The

analysis results show this difference very welleféhare less impurities (such as Na,

Ca, Si and Fe) in powder J than in the two othevdeys. Moreover, the YLA powder

mixture was prepared from 35.7 mol% AIN, while thbey two were prepared from

30 mol% AIN. This difference can also be observedhi@ main elements part of

Table 5.2. However, the nitrogen content is coesity lower than it should be, and
the oxygen content is consistently higher tharmdusd be. Although the magnesium
concentration is consistently too high (apparebttgause of Mg impurities), the La
and Y concentrations are very close to the expedhdbs.

The Surmet plate is richer in anion elements (&N poorer in cations (Al) than the
powder mixtures. The Al content is as low as tHaAleOs, which is lower than AIN.
This can be explained by the introduction of nigngtoms from the atmosphere into
the material, which reduces the aluminum weighteetage. The very low carbon
content is expected since the material is transpaaed this can be the result of firing
the material before sintering to remove all theaoig species. The tests that were
conducted succeeded in detecting Mg and Fe imesyitwhich could be added
deliberately or not deliberately. It can only beswamed that 0.01 wt.% Mg is a

sintering aid, and 0.01 wt.% Fe is an impurity frome of the sample preparation
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stages. Other impurities, even though found inrothethods (see next section), were
not detected by these methods.

5.4.2 EDS and WDS Analyses

The compositions of some sintered samples as veeltha transparent AION of
Surmet were measured by SEM-EDS/WDS. The main elem@l, O, N) were
analyzed by EDS. The dopants were measured by WB&.results are shown in
Table 5.3.

Table 5.3. Compositions of sintered AION samplessneed by EDS and WDS.

G | YA MLC | YLA | Surme
Al (Wt.%) 57z | 56.1 | 57.C | 58.C | 57.1 | 56.¢

O (Wt.%) 375 38.9 40.5 37.6 38.6  38.11
N (Wt.%) 5.2 4.4 2.5 4.4 3.7 5.0
Mg (Wt.%) - - - 0.30 - 0.0025
La (wt.%) - - - * 0.04 | <0.0032
Y (Wt.%) - - 0.067 - 0.07¢ | <0.008(

* inhomogeneous distribution of intergranulal;;O,5 phase, see section 5.5.2.

Table 5.3 lets us learn about the accuracy of tpandt concentrations. Whereas La
measurements indicates that its concentration, lwiscthe lowest, is larger than
expected (0.04 instead of 0.02 wt.%), the Y and Blgcentrations are almost exactly
what actually was added. This contradicts the cbahainalysis results (for powders),

and the explanation for this difference is unclear.

For the sample of Surmet a few more elements wexasored by WDS, which are
suspected to be impurities in the alumina raw powdbéese are Ca, Na and Si.
Whereas the Na content was found to be less treddtection limit (0.0016 wt.%),

Si and Ca were identified to be present with 0.ab8 0.0013 wt.%, respectively.
This relatively high amount of Si may hint that ttaev powder was not very pure, or
part of it was introduced intentionally.
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55 Microstructure Characterization

5.5.1 Microstructure of Etched Samples

Chemically etched samples were examined using alptidcroscopy and SEM in
order to investigate the microstructure, measueengsize and to find any kind of
defects. Usually the grains can be easily dististgedl by their color (brightness or
darkness). The brightness contrast may be thetrektiie different reaction of acid
etching on the different crystal planes exposedtten surface of each grain. The
etching process also significantly emphasized nsmmgtches, which could hardly be

observed beforehand.

Figure 5.7 presents a SEM micrograph of undoped\A$@mple.

Figures 5.8 and 5.9 show optical micrographs ofddged AION samples (MC and
MB, respectively). The difference between these samples is their composition
(MC has less Mg than MB). The microstructures ssggiat increasing Mg

concentration causes the grains to be less equangtiomogeneous.

Figure 5.10 show the microstructure of an MYA samnflhe yttrium addition did not
cause any noteworthy change in the general appsathe microstructure, except

for the smaller grain size, which is a result & tbwer sintering temperature.
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1 mm

Figure 5.7. Optical micrograph of a J-type sampigesed at 2010°C for 12 hrs
(originally x12.5).

Figure 5.8. Optical micrograph of an MC-type sanmgilgered at 2010°C for 12 hrs
(originally x12.5).
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Figure 5.9. Optical micrograph of an MB-type samgil@ered at 2010°C for 12 hrs
(originally x12.5).

Figure 5.10. Optical micrograph of an MYA-type sdenpintered at 1930°C for 12
hrs (originally x12.5).



66

Extensive twinning can be observed in the micrastmes of LA, YLA and MLD
samples (Figures 5.11-5.13). In fact, all the exedisamples which were prepared

with La had twinned grains.

Figure 5.12. Optical micrograph of a YLA-type sampintered at 1930°C for 12 hrs
(originally x12.5).
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ey

Figure 5.13. SEM microstructure of an MLD-type séengintered at 2000°C for 12
hrs (originally x40).

Besides twinning, Figure 5.13 demonstrates anotp&enomenon. Careful
examination of the microstructure reveals a whiiage which is located at some of
the grain boundaries. This MLD-type sample contadn® wt.% La, which is a
significantly higher La concentration than in theeypous cases. More on this La

enriched secondary phase can be found in secto®. 5.

Finally, the microstructure of the etched transpasample of Surmet is presented in
Figure 5.14. Although etched in the same way bethér samples, this micrograph
does not show colored grains, but grooved grainnbaties. It is interesting to
mention that after heating the Surmet sample td0200for 4 hrs, it exhibited a

contrast similar to the other sintered samplesieasribed in section 5.7.
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Figure 5.14. Optical micrograph of a transparent@a from Surmet (originally x25).

5.5.2 Fracture Surfaces

Fracture surfaces of various samples were examusily SEM, to look at the
amount and distribution of porosity, and at thetuae mode.

Figure 5.15 shows the fracture surface of an E-ty@@ple sintered in a two-step
route: 2 hrs at 1800°C and then 2 hrs at 1950°@. @drosity which can be seen is
occluded inside the grains or located at grain daues. The density measured for
this sample was 96% of the theoretical density.rAilar micrograph is presented in
Figure 5.16, which shows the fracture surface ofdppe sample sintered at 1950°C
for 4 hrs, with a density of 97%.

The sintering routes used for the two samples showirigures 5.15 and 5.16
included heating to the elevated temperature ateaaf 500 °C/hr. Figure 5.17 shows
the fracture surface of an F-type sample which siagered in the same sintering
route as the previous one, but with a heating@a@0 °C/hr. This change increased
the density to 98%. From the comparison betweenrBg5.16 and 5.17, one can
conclude that the higher the heating rate, the lsmtide remaining pores. All of the
following samples were sintered with a heating cdt@00 °C/hr.
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Figure 5.18 shows the fracture surface of an I-#%f@N sample sintered at 2000°C
for 12 hrs. The main difference in this micrograjgmpared with the previous ones,
is the larger grain size. There is still a sigrfic amount of porosity, and the density

measurement indicates that it is 99.5% of the thealdedensity.

It should be mentioned that all the undoped AIONngi@s mostly exhibited
intragranular fracture mode, while the doped samfitactured either between or

through grains.

Figure 5.15. SEM fracture surface of an E-type darsmtered in two steps: 1800°C
for 2 hrs and 1950°C for another 2 hrs (originatlyp00).
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Figure 5.16. SEM fracture surface of an F-type damsmtered at 1950°C for 4 hrs
(heating rate of 500 °C/hr, originally x500).

Figure 5.17. SEM fracture surface of an F-type damsmtered at 1950°C for 4 hrs
(heating rate of 900 °C/hr, originally x500).



Figure 5.18. SEM fracture surface of an I-type sansintered at 2000°C for 12 hrs
(originally x250).

Adding Mg seems to affect the material: reduce gityp increase grain size and
cause intergranular fracture. Figure 5.19 deplatse effects on the doped AION. The
density of this MA-type sample was 98.5%, compdoe8i8% of the sample in Figure

5.17 which passed the same sintering route.

The lanthanum doped sample in Figure 5.20 has narger grains and much less
porosity. However, the few pores which are preseatquite large and located both in

the grains and at grain boundaries.

The fracture surface of an yttrium doped sampleF{gure 5.21) shows even larger
pores, even though it was sintered at a higher éeatpre. Addition of lanthanum to
the same composition (in the same sintering prycesisiced the porosity abundance

and size (see Figure 5.22).



72

Figure 5.19. SEM fracture surface of an MA-type plasintered at 1950°C for 4 hrs
(originally x500).

Figure 5.20. SEM fracture surface of an LA-type plnsintered at 1950°C for 12 hrs
(originally x250).
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3 9
Figure 5.21. SEM fracture surface of a YA-type skngintered at 2000°C for 12 hrs
(originally x250).

Figure 5.22. SEM fracture surface of a YLA-type gérsintered at 2000°C for 12
hrs (originally x250).
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While all the previous micrographs showed homogaseuicrostructures of single
phase AION, in the case of MLD samples a secondaage was discovered both by
SEM and XRD. MLD-type AION contains the largest centration of lanthanum

dopant of all compositions (0.2 wt.%). Figure 5.2&n elemental map of the fracture
surface of an MLD sample sintered at 1950°C forhi®, including secondary and
backscattered electron micrographs. One can seec@ndary phase at the grain
boundaries, which is richer in La and poorer irtien AION.
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Figure 5.23. Elemental mapping SEM micrographs &fature surface of an MLD
sample sintered at 1950°C for 12 hrs (originallp&p
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XRD analysis of this sample reveals that the seapndohase is lanthanum
hexaluminate, LaAkO,s (see Figure 5.24). This explains the results ef dlement
mapping analysis: more lanthanum, less aluminum approximately the same

oxygen content in the boundary as compared tordiesy
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Figure 5.24. XRD of an MLD-type AION sample sintgrat 1950°C for 12 hrs; -
AION , O - LaA'llo]_g.
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5.5.3 Grain Size Measurements

Grain size was measured for part of the sampldasyr &lfiey were polished and

chemically etched. The measurements were conduatedrding to the linear

intercept procedure described in ASTM E112. In nsashples the grains were quite
uniform in size, so the average grain size reptesethe microstructure. The results
are given in Table 5.4, along with the type of miateand sintering temperature and
time. It should be noticed that the measuremewnt®@re quite large (the grain sizes
were rounded to tens of microns). This is becaustgnduishing between adjacent

grains was not always easy. Also, counting only180- grains (or practically

intercepts) limits the precision of the results.

Table 5.4. Average grain sizes measured for var&Gl@N samples, with different

composition types and sintering temperatures anedi

AION type Sintering Sintering time | Average grair
temperature [°C] [hrs] size um]

F 2025 12 60

H 2025 12 100

I 195(C 12 60

J 200( 12 9(

J 2010 12 140
MA 1950 12 90
MB 1950 12 80
MB 2010 12 140
MC 2010 12 170
MD 193( 12 60
LA 193( 12 19C
YA 2000 12 140
YA 2025 12 70

MLD 2000 12 130
YLA 2000 12 130
YLA 201( 12 17C
YLA 202t 12 9(
MYA 1930 12 70
MLYA 1930 12 90
Surmet - - 170
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From the results one can reach the following caichs:

1. The doped samples have larger grains than the eddsamples.

2. Higher sintering temperature yields larger grains.

While the latter conclusion is a well known chaeaistic of sintering processes, the
first one is directly related to the influence bétdopants on the sintering of AION.
This behavior may indicate that liquid phase sintgis taking place, which enhances

diffusion and grain growth. This issue will be tugt discussed in chapter 6.

5.5.4 TEM Characterization

A sintered sample of MLA-type AION was examinedTiyM, in order to investigate
the grain boundaries for any secondary phasesher defects. Despite the relatively
large grain size, a grain boundary could be locatddure 5.25 shows that no

secondary phase can be found at the grain boundarglectron diffraction pattern

from an AION grain of this sample is shown in Fig§.26. The zone axis i41f].

This is another authentication for the cubic synmgnet AION.

As a comparison, a sample of transparent AION ofreti was examined as well. A
triple point in this sample is shown in Figure 5.2gain, the grain boundaries are
free of secondary phases, and thus should noesdafiit significantly. Figure 5.28

shows the electron diffraction pattern from thimpée.
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Figure 5.26. Electron diffraction pattern from al©ON grain in an MLA sample.
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Figure 5.27. TEM micrograph of a triple point irs@ample of transparent AION from
Surmet.

Figure 5.28. Electron diffraction pattern from alON grain in a transparent sample
from Surmet.
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5.6  Light Transmission

Light transmission of the most translucent AION sén(as chosen by visual
examination) was measured in both visible and iefta(IR) regions. The tested
sample was MLA-type which was sintered at 2025°C1f hrs. A photograph of the
AION sample, lying on a paper where the word "ALON"written, is shown in
Figure 5.29b. Although the text is visible, the gdans only translucent. Figure 5.29a
shows the best undoped (F-type) AION sample preparencerning translucency.
Looking carefully at these two samples, one cantBaethe F sample scatters the
light more than the MLA sample: the word "ALON" isore blurred for F, and the
edges of the letters are sharper for MLA.

Figure 5.29. Photographs of AION samples lying graper with the word "ALON":
a) pure AION (F-type), sintered at 2025°C for 4, ir$6 mm thick sample; b) doped
AION (MA-type), sintered at 2025°C for 12 hrs, 208n thick sample.

At the time the MA sample was tested (after grigdamd polishing it to a level of 1
pm), its thickness was 2.8 mm. Figure 5.30 showsttllesmission graphs for this
MA-type sample, compared to a 6 mm thick transpgafd@®N plate produced by

Surmet, in the UV, visible and IR regions. The srmmssion measured in the visible

region (500 nm) was ~16%, while in the IR it incressip to 25% (at gm).



82

100 T

T T T T
—— Doped AION (0.3 wt.% Mg), t=2.8mm

g0k —— AION (Surmet), t=6mm i

701

50

40

Transmittance (%)

30

20

| | | | |
0 1000 2000 3000 4000 5000 6000
Wavelength (nm)

Figure 5.30. Transmission curves of an MA-type Al@GAmple and the transparent
AION produced by Surmet, in the UV, visible andr#gjions.

5.7  Oxidation Resistance Experiment

The oxidation resistance of a transparent AION darop Surmet was examined by
heating it to an elevated temperature. The expatinmeluded heating the sample to
2000°C at a rate of 500 °C/hr, letting it stayhas temperature for 4 hrs and cooling
at 400 °C/hr to room temperature. The sample, whiak 6 mm thick, was placed on
an AION (Sienna) powder bed, in a graphite crucilbll®wing nitrogen was used
during the whole experiment.

Following the experiment, the lower ~1.5 mm laydrtioee sample still seemed
transparent, while the remainder of the sampleetdito be opaque. XRD runs of the
upper and lower surfaces of the sample revealedhasep transformation which

occurred at the upper (opaque) part but left theeto(transparent) part almost
unchanged. Figure 5.31 shows the difference betwhediffraction patterns of these
two regions. The phase transformation did not §icgmtly alter the microstructure,

which is shown in Figure 5.32.
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Figure 5.31. XRD runs of an AION sample of Surmethich was originally
transparent) before and after an oxidation resistaxperiment at 2000°C for 4 hrs:
a) before the experiment, b) the lower (transpaneatt after the experiment, c) the
upper (opaque) part after the experiment;AION , A - AIN.

Figure 5.32. Optical micrograph of an etched AlGihgple of Surmet after heating at
2000°C for 4 hrs.
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5.8 Har dness M easur ements

Since most of the possible applications of AIONuieg high hardness, the hardness

of some samples was measured. The results are shdvable 5.5.

Table 5.5. Knoop hardness measured for various AKaples, with different
composition types and sintering temperatures anesi

AION type Sintering Sintering time | Knoop hardness,
temperature [°C] [hrs] 1 kg load [kg/mrfi
F 2025 12 1520440
I 1950 12 1350+110
MA 1950 12 1480+70
MB 2000 12 1460450
MB 201 12 1420+8(
MC 2010 12 1550+7(
MD 2010 12 1430£70
LA 2010 12 142070
LA 1930 12 1480+70
MLA 2025 4 1540100
MLA 2025 12 1620+130
YLA 2025 12 1570£3(
YLA 201 12 1530+4(
MLYA 2010 12 1460+50
Surmet - - 1440+40

The results for the various samples were all comated around 1450-1500 kg/mim

This value is very close to the hardness measuneithé Surmet transparent AION. It
means that the sintered AION ceramics are hard gindo be used for advanced
structural applications. The mixed results sugdjest there is no clear influence of

the composition and sintering parameters on theness.



85

6. Discussion

The influence of the dopants on the microstructamed transmittance was
demonstrated in the previous chapter. One couldtlsaeintroducing appropriate
combination of dopants made it possible to simendlucent samples, which could
not be obtained otherwise. Furthermore, the simgemute should be properly chosen
so that the dopants will be most effective. Thiaater includes a discussion on the

microstructural effects of the sintering processapeeters and the various dopants.

6.1  Sintering Process

The pressed powder bodies are composed @s4nd AIN powders, with dopants in
part of them. Their green density was in most casdbe range of 55-60% of the
theoretical density. The dilatometry results (segife 5.1) show that sintering begins
around 1020-1050°C. This temperature is closegatirespondent one in alumifia.

The AION formation reaction was found to take placeund 1750-1800°C. This fits

the results of Bandyopadhyast al>*

(see Figure 2.3), which showed significant
percents of reaction at sintering temperature 03, concerning the relatively

rapid heating in the dilatometry runs. The resaftthe powder synthesis experiment
conducted at 1750°C, which ended with almost 100@®NAphase, are in agreement

with these reaction temperatures as well.

The dopants are added in the form of hydrate safich are soluble in the ball
milling medium (alcohol), to obtain a homogenoustrbution. The composition of
sintered samples was verified using EDS and WDS$ {s#ble 5.3). No significant
inhomogeneities could be observed, except for thepées where La enriched

secondary phase was formed.

A very low dopant concentration in AION can cause fiormation of a liquid phase at
a lower temperature than the liquidus of AION. Esample, Figure 6.1 shows the
phase diagram of the (@;-Al,O3 system. Assuming that the La poor side of the
diagram is similar for AlO; and AION, one can see that a liquid phase is fdrme
already at 1930°C. Lacking the real phase diagrai#dON with the dopants used,
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only the final state of the samples can indicatetver there was a liquid phase or

not.

T T T | I | ] | [
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Figure 6.1. Phase diagram of the@aAl,O3 quasi-binary system above 1800°C.

6.2  Description of the Dopant Effects

A liquid phase dopant for AION must have a low wsity for rapid diffusion
kinetics, and good wetting on AION to allow easyngiation between the AION
grains® The liquid reaches the contacts between AION gagi and forms a
meniscus. At this stage AION particles can rearearapidly into a higher density
packing configuration. This rearrangement may be thason for the smaller
expansion of AION during its formation reaction, ielh was seen for the doped
sample relative to the undoped one (see Figures®dl5.2). Further densification
takes place by flattening of the liquid contactdemthe compressive stress applied by
capillary pressure. The thin liquid film then seswves a path of rapid transport, like
grain boundaries. After some densification the rigganay be mostly surrounded by

liquid, the thickness of which is determined by #ulglitive concentration.



87

The process of densification involves removing mgréioundary pores by grain
boundary or liquid phase diffusion of vacanciegrfrthe pore surface. Pores which
are located within AION grains cannot be removedabse of the very low lattice
diffusion rates. Thus, pore entrapment must be d¢etely prevented in order to
achieve transparency. The fracture surface micpbgrahowed that in doped samples
most of the residual pores are located at graimttaries, as opposed to undoped
samples which contain both grain boundary and poliosity (see Figures 5.19 and
5.21, for example). The mechanism by which the dtgact may be similar to that of
Mg in translucent alumina (LucaloXj. Although this mechanism is not fully
understood, it apparently involves the reductiorgiaiin boundary mobility because
of the segregation of dopants to grain boundaiiies slows grain growth and allows
the pores to remain attached to boundaries, froerevthey can be removed by grain

boundary diffusion.

If this is the case, a very thin layer of dopant®wd be present at the grain
boundaries. TEM examination of a grain boundaryme of the samples with low
dopant concentration did not show any foreign niaterThe WDS results shown in
Table 5.3 indicated that almost all the dopant eonhtvent into solid solution with
AION and was uniformly distributed within the grairstill, part of the dopants might
remain at the grain boundaries, at segregatioriddadow the detection limit of EDS
in conventional TEM. If we assume that all the gsaare spherical with a diameter of
150um and every grain is surrounded by a dopant moeolgsay, 0.3 nm thick), the
contribution of this monolayer to the total dopaaincentration is of the order of
~0.001 wt.%. Only analytical high-resolution FEG-TENMN assist in determining

whether this monolayer exists or not.

6.3  Influence of Dopants on the Microstructure

It was clearly shown that the denser the microstinecof AION the more translucent
is the sample. The improvement in transparency #&nky achieved by reduced
porosity. This can be obtained by slowing down mgrgiowth and letting the pores
move rapidly, to remain attached to the moving graoundaries. A pore which

cannot catch up with the grain boundary will stahibd occluded within an AION
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grain, from where it is hard to remove. Thus, tksidkd role of the dopant is to make

this scenario possible.

The typical microstructure of AION samples sinteegdigh temperatures (>2000°C)
for long times (12 hrs) contains relatively largaigs (~150um). This is also the
typical grain size reported in the literatdfé*’®The grain size was found to depend
mainly on the sintering temperature, but also ahabmposition (doped or undoped
AION). In some cases the micrographs of etchedpgssrshowed small pits which
were scattered throughout the fine ground surfibes phenomenon was seen before

by Burnset al,*®

who worked on adjusting grinding process pararsetér the
fracture surface micrographs, evidences of cleaydgees can be seen (see Figures
5.20 and 5.22, for example), which were also reqabelsewhere for the AION from
Raytheor® In general, the doped samples fractured moregraaularly than the
undoped sample, which is an indication for weakarmgboundaries in doped AION.

This can be related to dopants which remainedeagithin boundaries.

The optical and SEM micrographs showed that afldldopants significantly reduced
porosity. Moreover, the residual porosity tendedé¢oat the grain boundaries rather
than within grains, which means that longer simgriime could assist in removing
the pores by grain boundary diffusion. However,hedopant had a further different

effect on the microstructure of AION.

It was observed that Y leaves behind very largeeposome of them even tens of
microns sized. This characterized the fractureasas of samples doped with Y alone
or with Y and La. This may be the crucial factorigthmade these samples opaque.
On the other hand, Mg and La dopants, which yieltleel most porosity-free
microstructures, allowed AION to be translucentoife looks closely at the most
translucent samples by the naked eye, many micpasclefects can be seen within
them. These could not be attributed to any spedificrostructural feature but were
undoubtedly scattering centers with reduced tramespg. The differences in the
influence of Y and La, which are situated in theneacolumn in the periodic table of
the elements, are not clear. The explanation mayrdieted to the higher Y

concentration utilized or a smaller increase of ¢nain boundary diffusion rate,
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which is the mechanism responsible for pore elitdma in the case of a Y liquid

phase.

All samples which contained any amount of La, idahg those with only 0.02 wt.%
La, showed extensive twinning in their etched a@itmicrographs. This phenomenon
was not investigated, and the reason for it i$ wtiknown. It may be the result of a

reduction in the stacking fault energy caused éones reason by La.

All samples with at least 0.1 wt.% La were founch&ve a second phase, which was
identified by XRD to be LaAkOss. This phase was never observed in samples with
only 0.02 wt.%. Thus, it can be concluded that thlekslity limit of La in AION is
somewhere in the range of 0.02-0.1 wt.%. The secgmtamse was found in the form
of isolated islands situated distantly from eacheqt at grain boundaries. The
presence of such islands increases light scattesipgarently because the refractive

index of the secondary phase is different from tiatION.

The dopants themselves may act as scattering seitteing foreign materials that
were introduced, and thus play the opposite rolehef original goal. However, it
should be remembered that the dopant contents elegively low. Also, the

14" using Y and La contents of 0.08 and

transparent samples sintered by Harteet
0.02 wt.%, respectively, show that the scatterirmqused by the dopants is
unimportant. This cannot be claimed for Mg, whichswadded in larger quantities
(0.3 wt.%). Anyway, in the current study the lightatering due to porosity is
undoubtedly much higher than any absorption ortegag caused by the dopant

atoms.

The results suggest that dopants do not have #isan influence on the hardness.
This is not surprising, because there were no ldifferences in the porosities and
phase content. The hardness obtained was clodeetoeported values, such as in

Table 2.4, and to transparent AION, because ltiessame phase.
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7. Summary and Conclusions

The improvement of light transmittance of AION dte sintering additives was
demonstrated. The introduction of Mg and La dopaatsses the formation of a liquid
phase at the high sintering temperature. This ptesipores removal through grain
boundary diffusion, which results in a materiallwé@lmost 100% density. While the
microstructure of undoped AION samples is composgdnany pores which are
distributed everywhere in the material, doped Al®@&mples, sintered at the same
conditions, contains much fewer pores which areniyasituated at the grain
boundaries. Since porosity is the main scatterimgree in transparent ceramics in
general, and particularly in AION, its reductionrrted the material from white
colored to translucent. The highest transmissios achieved in a sample doped with
0.3 wt.% Mg (and optionally also 0.02 wt.% La), whighs sintered at 2025°C for 12

hrs.

The sintering parameters were found to influeneentlicrostructure and transparency.
Even though single phase AION was sintered at d@90°C for 4 hrs, high

temperatures (>2000°C) and long times (12 hrs) wegeired for sintering the best
samples, in terms of transparency. This is thelre$wa more effective pore removal

achieved with these conditions, and larger graiess(~15Qum).

The influence of Y dopant was also investigatedi &mnwas found to form relatively
large pores. This kind of microstructure does nlbdwa for light transmission.
However, it should be mentioned that only 0.08 YWivas added, thus the influence

of higher concentrations should be checked in iheré.
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8. Recommendations for Future Work

Many issues in the research subject are still opémeast part of them will be listed

in this chapter.

First of all, it is not clear that the dopants aogor the current study are the only
ones that can improve transparency. Other addiskesld be considered as well.

Second, the dopant concentrations used in thisaresecould not map the whole
relevant ranges (up to the solubility limit) of thtieree dopants. Thus, the optimal

dopant concentrations can be other than used.

It was shown that the longer the sintering proceas, the closer the AION was to
100% density. Thus, a very long (24-48 hrs) sinterioute should be utilized to let
all the porosity diffuse outward from the AION. Aher potentially useful way to

close the residual porosity is to hot isostaticsprgiIP) the sintered AION.

The process chosen for this study, reaction sigeiinvolves alumina and AIN raw
powders. Since there is no available ultrapure sciom AIN powder, the reaction
between the powders is not optimal. Other processeh as carbothermal nitridation
of alumina, do not need AIN as one of the raw nialgrthus may yield better results.
Additionally, microwave processing has shown enagimg results in other works

reported in the literature, and it may be consid¢oe.

In order to achieve a better understanding on tleegss of AION liquid phase

sintering, a high resolution TEM study of the grdoundaries and especially the
triple points should be conducted. This will revedlere the dopants are located at
the end of the process, and give more indicationshe role of the dopants during

sintering stage.
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