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ABSTRACT

Rare-earth aluminate glasses and ceramics have good chemical stability
and unique optical properties, and are attractive for a large variety of
applications. Rare-earth aluminate glasses can be produced by melt casting,
but the sample size is strictly limited because of the high cooling rate
required. Recently, anew method of powder sintering has been devel oped
to prepare rare-earth aluminate glasses with much larger sample sizes.
Furthermore, by crystallization of the rare-earth aluminate glasses, highly-
dense and transparent nano-ceramics have been obtained, which isagreat
challenge for conventional crystalline powder sintering. Thisarticle gives
abrief review on the preparation of rare-earth aluminate glasses and nano-
ceramics by powder sintering and glass crystallization. Several examples
are presented to show the processing and applicability of the new method.
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INTRODUCTION

Rare-earth duminate glassand ceramic materids
areattractivefor alarge variety of applicationsbecause
of their good chemical and therma stahility, acceptable
mechanical strength and hardness, and unique optical
properties?, Rare-earth duminateglassesareusually
prepared by melt casting, wherean extremely high cool-
ing rateisrequired to avoid devitrification. Inthiscase,
only small glass spheroids or fineglassfiberscan be
produced®4, and it is difficult to obtain bulk glass
sampleslargerthan 1cm.

For the preparation of rare-earth d uminate ceram-
ics, theconventiond methodissintering of high-purity
and ultrafine polycrystaline powders®9. In order to pro-
duce highly-denseand even transparent sampleswith a

very low porosity, ahigher sintering temperatureisnec-
essary. At ahigh sintering temperature, however, fast
graingrowth usudly takesplace, and nano-sized grains
arehardly preserved. Inthiscase, highly-dense ceram-
icswith nano-sized grains can only be produced under
an ultra-high mechanica pressure on the magnitude of
GPa".

Recently, anew method has been devel oped for
preparing rare-earth aluminate glassesand ceramics,
whichispowder sintering and glasscrystallization®Y,
By powder sintering, rare-earth duminate glasseswith
amuch larger sample size can be produced in contrast
to themdt-casting gpproach. By crystdlization of rare-
earth aluminate glasses, highly-densetransparent ce-
ramicswith nano-sized grains can be obtained, which
isdifficult for conventiona crystalinepowder sintering.
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At thesametime, thetemperaturefor preparing rare-
earth aluminate glassesand ceramicsisevidently de-
creased by using the new method. Withthe above mer-
its, the new method may provideamore effectiveand
practical way to produce rare-earth aluminate glasses
and ceramics.

Thisarticlegivesabrief review on the preparation
of rare-earth d uminate glasses and highly-dense nano-
ceramicsby powder sintering and glasscrystd lization.
Several examplesare presented to show the process-
ing and gpplicability of thismethod.

EXPERIMENTAL

High-purity powders of Al O,, Re,O,, and MO,
wereused asraw materias, where Re,O, meansarare-
earth oxide (e.g. Y,O,and La,0,), and M. O, means
thethird oxide (e.g. SIO,, ZrO,, and HfO,) to lower
themelting point and incressethe glass-forming ability
of theAlO,- Re203-MXOy system. Theraw materias
were mixed and homogenized by bal-millingin abso-
lute ethanol with 1.5wt% polyvinyl alcohol asbinder.
Theobtained durry was spray-driedinto sphericd gran-
uleswith sizesintherangeof 10-100 um. Thegranules
werefed intoaC,H,/O, flamewith amaximum tem-
perature of >3000°C and then quenched into water.
During water-quenching, amorphousmicrosphereswere
obtained by abrupt cooling with acoolingrate onthe
magnitude of 10°°C/s.

The amorphous microsphereswereloaded into a
graphitedieand consolidated by hot-pressing. Thesin-
tering temperature (T ) isdetermined withinthekinetic
window of themicrospheres (AT:TX-Tg), where T, IS
theglasstrandtiontemperatureand T, istheonset crys-
tallization temperature. For most Al ,O,-Re,O,-M 0,
systemsdiscussed here, the sintering temperaturewas
intherangeof 850-1000°C. After hot-pressing, trans-
parent bulk glasseswere produced. By post-annealing
and crygtdlization of theglasses, highly-denseand trans-
parent nano-ceramicswere obtained.

Theglasstrangtiontemperature (Tg) andonset crys
tallization temperature (T ) of the glass microspheres
weremeasured by differential therma analysis(DTA;
STA 449C, Netzsch, Germany) with aheating rate of
10°C/min. The phase assemblage was determined by
X-ray diffraction (XRD; D8 Focus, Bruker, Germany)
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using Cu Ka radiation. Themicrostructurewasexam-
ined by field emi ssion scanning € ectron microscopy
(FESEM; S-4300, Hitachi, Japan) equipped with en-
ergy dispersive spectroscopy (EDS; INCA, Oxford
Instrument, UK) and transmission €l ectron microscopy
(TEM; JEM 2100F, JEOL, Japan). Thein-linetrans-
mittance spectrawereobtained usngan UV-VIS-NIR
Spectrophotometer (Cary5000, Varian, USA) for 175
2000nmand afourier transforminfrared spectra(FTIR,;
Excdibur 3100, Varian, USA) for 2-25 um. Theden-
sity of thebulk sampleswas measured according to the
Archimedes method. The hardness (H ) and fracture
toughness (K, ) were measured by the Vickersinden-
tation method (HXD-1000TM, Shanghai, China).

RESULTSAND DISCUSSION

Preparation of rare-earth aluminate glasses by
powder sintering

Inthe preparation of rare-earth aluminate glasses
by melt casting, an extremely high cooling rateis usu-
ally required to avoid devitrification, and accordingly
thes ze of glasssamplesthat can beproducedisstrictly
limited. During melt casting, the coolingrategradualy
decreases from the surface to the center of the melt
(Figurel). For largevolume of melt, thecooling ratein
the center part may be below the critical value, and
crystdlization will takeplace. For thisreason, itisdiffi-
cult to producelargerare-earth aluminate glasses by
melt casting. Infact, even with special melting tech-
niquessuch ascontainerlessmdting by lasers, only smdl
spheroidsand thin fibers can be prepared®4, and bulk
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Figurel: A schematicillustration of thecooling of amolten
droplet during quenching into water. (dT/dt), means the
critical cooling rate for glass formation with no

crystallization.
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glass sampleslarger than 1 cm haverarely been re-
ported.

In contrast to mdt cagting, powder Sntering offersa
morefeasibleway to preparelargerare-earthduminate
glasssamples. By powder sintering, glassmicrospheres
smdler than 100 um areprepared at first and then con-
solidated into bulk glassesby hot-pressing. Inthiscase,
thereisnointringclimitationfor thesamplesize, whichin
principleonly dependson thedimension of thedie used
for hot-pressing. Up to now, variousrare-earth alumi-
nate glasses have been prepared by powder sintering,
and two examplesarediscussed here.
AlL,O.Y,O,-La0,glasses

Thethermal stability of ALLO,-Y ,O,-La,0, glasses
strongly dependsonthemolar ratio of La/'Y™2. Figure
2 showsDTA curvesof glass powderswith chemical
compositions of 62.5A1,0,-(37.5-x)Y ,O,-XxLa,0O,(in
mol%, x=0, 5, 7, 10, 20), and quantitative data are
lisedinTABLE 1. Withincreasing La/Y rétio, theglass
trangtion temperature (Tg) decreaseshbut theonset crys-
tallizationtemperature (T, ) increases, whichresultsina
wider kineticwindow (AT). Thesintering temperature
isusudly selected withinthekineticwindow, and thusa
larger AT isdesired for preparation of bulk glassesby
powder sintering.

From DTA resultsat different heatingrates, theac-
tivation energy for the crystallization of AL,O,-Y ,O.-
La,0, glasseshasbeen calculated. Theactivation en-
ergy increaseslinearly withincreaang La'Y ratio, which
impliesthat theincorporation of moreLa,O, enhances
thestability of ALLO.-Y ,O,-La,0, glass. Thisresultis
congstent with previousreportssuggestingthat inAlLO,-
Y., O,-La,0, glassthesubstitution of Y3 by larger La*
cationswill inhibit thetransitionfrom[Al O] tetrahe-
dronto[AIO,] octahedron and enhancethe stability of
theglassstructure®.

To producebulk glassesby powder sintering, apre-
requisiteisthat the precursor glass powder hasawide
kinetic window. For the 62.5A1,0,-(37.5-X)Y ,0,-
xLa,0,glass powderswith x=0 and x=5, thekinetic
windowsare20and 34 K, respectively, which aretoo
narrow to redlizefull densification without devitrifica:
tion. The glass powderswith x>7 show kinetic win-
dows of >50°C and are acceptablefor hot-pressing.

After hot-pressing at 905°C for 10 min under a
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Figure 2 : DTA curves of Al,O,-Y O.-La,O, glass
micr ospher eswith compositionsof 62.5A1,0.-(37.5-x)Y ,O,-
xLa,0,(in mol %),

TABLE 1: DTAdataofALO,-Y,0,-L a0, glassmicrospheres
with compositions of 62.5A1,0.-(37.5-X)Y ,0,-xLa,0, (in
mol % )[*2

x(mol%) T4(°C) Tx(°C)  AT=T«T4(°C)
0 887 907 20
5 878 912 34
7 860 917 57
10 840 928 88
20 796 933 137

Ty glass transition temperature, T,: onset crystallization
temperature, AT: kinetic window width.

mechanical pressure of 60 MPa, bulk glasseswere
obtained for the compositionswith x=10 and x=20.
For the composition with x=7, however, crystalliza-
tion took place with the formation of crystalline
Y,A.O,, (YAG) phase. Thetransmittance curves of
the hot-pressed samplesare showninFigure 3. The
sampleswith x=10 and x=20 exhibit the maximum
transmittance of 66% and 69%, respectively. The
samplewith x=7 showsamuch lower transmittance,
which can be attributed to strong light scattering by
theYAG crystallites.
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Figure3: Trangmittancespectraof Al,O.-Y,0.-L a0, glasses
with compositions of 62.5A1,0.-(37.5-X)Y ,0,-xLa,0, (in
mol% ) with a samplethicknessof 1 mm*2,
AlLO.-Y,0.,-Ce0.-SIO, glasses

IntheAl,O,-Y ,0O.-Ce,0,-SIO, system, four com-
positionswith fixed molar ratios of Al/Y=5/3 and Ce/
(Y+Ce)=0.05 but varying SO, contentsof 10, 20, 30,
and40mol%wereinvestigated. By flamespraying, glass
powders were produced. DTA resultsrevealed that,
withincreasing content of SO, theglasstranstiontem-
perature changed little but the crystdlization tempera
ture clearly increased®®. This meansthat the glass-
forming ability of AlLO.-Y,0.-Ce,0.-SIO, glasses
strongly depends on the content of SIO, and increases
with thelatter. Similar resultswere al so reported for
Al,O,-Y,0,-SIO, glasses prepared by melt casting,
where a SiO, content of > 40 mol% is necessary to
avoid devitrification!***3. By flame spraying, Al O.-

20 (°)
Figure4: XRD pattern and SEM micrograph (inset) of AlO,-
Y,0,-Ce,0,-SiO, glassmicrosphereswith 10mol% SiO,*.
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Y ,0,-Ce,0,-S O, glassmicrosphereswith much lower
SiO, contents can be produced. For example, Figure
4 shows the XRD pattern and SEM micrograph of
flame-sprayed Al,O,-Y ,0,-Ce,0,-SiO, glass
microsphereswith 10mol% SO, whereno crystdline
phaseisfound.

After hot-pressing, transparent bulk glasseswere
produced (Figure5) except for thesamplewith 10 mol%
S O,, wheredevitrification occurred with theformation
of YAG phase. Under excitation of 465 nm, theAlO.-
Y ,0,-Ce,0,-SI0, glasses showed abroad emission
band intherange of 500-600 nm, whichisattributed to
thef-f transition of Ce*. It wasnoticed that, theemis-
sion peak shifted tolong-wavel ength and theemission
intensity increased with decreasing content of SO, in
theglasses.
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Figure5: Emission spectraof ALO.-Y,0,-Ce,0,-SO, glasses

(,=465nm). Theinset showsthephotosof the glasssamples

of 1, 2, 3, and 4 with 10, 20, 30, and 40 mol% SiO,,
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Prepar ation of rare-earth aluminate nano-cer am-
icsby glasscrystallization

Asmany other oxide ceramics, rare-earth alumi-
nate ceramicsare generaly produced by sintering of
crystaline powderswith ahigh purity and fine particle
size. During sintering, densification occurs mostly by
thermally-activated diffusion processes, and ahigher
sintering temperatureisrequired to realizeahigh den-
sity. At high temperatures, however, fast grain growth
often takes place and nano-sized grainscan hardly be
preserved. Because of the concomitant grain growth
with densification, it isagreat challengeto produce
highly-dense nano-ceramics by crystallinepowder sin-
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tering.

Compared with crystallinepowder sintering, glass
crystalization may provide amorefeasiblemethod to
produce highly-dense nano-ceramics. By thismethod,
highly-denserare-earth d uminateglassesare prepared
at first and then converted into nano-ceramics by post
crystdlization. Thus, thetwo processesof dengfication
and grangrowth are separated (Figure 6), which makes
the preparation of highly-densenano-ceramicspossible.
Asan example, highly-denseand transparent LaAlO,/
ZrQ, nano-ceramics have been prepared by glasscrys-
tallization™¢, whichisdiscussedin detail asfollows.

A

Crystalline powder sintering }
\ I

| Kl

100 nm I
"""""""""""""""" I

Grain size

——-———

\ 4

Relative density 100%
Figure6: A comparison between crystalline powder sintering
and glass crystallization with different densification and
grain growth kinetics in the preparation of ceramics. A:
highly-dense nano-ceramics; B: porousnano-cer amics, C:
highly-dense submicron or micro-ceramics. In crystalline
powder sintering, concomitant grain growth occurswith
densification (grain sizeincreaseswith increasingrelative
density), and it isdifficult torealizeboth high density and
nano-sized grains. By glasscrystallization, thetwo processes
of densification and grain growth are separated, where
dengficationiscompleted at fir s and then grain growth takes
place, thusoffering thefeasibility to prepar e highly-dense
nano-cer amics.

IntheAl,O,-La,0,-ZrO, ternary system, the com-
position of 53A1.,0,-20La,0,-27ZrO, (in mol %) was
investigated. At first, glassmicrosphereswereprepared
by flame spraying (Figure 7 (a)). From DTA anaysis,
theglasstransitiontemperature and onset crystalliza-
tion temperature of the Al,O,-La,0,-ZrO, glass
microspheres were 816 and 895°C, respectively. By

T, for ALZ glass
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Figure7: (a)Al,O,-La0,-ZrO,glassmicrospheresprepared
by flame-spraying; (b) transparent Al,O,-La,0,-ZrO, bulk
glassprepared by hot-pressing; (c) transparent LaAlO /ZrO,
nano-cer amic prepar ed by crygallization of theparent glass,
(d) transmittance spectra of theAl,O,-La,0.-ZrO, glassand
LaAIO/ZrO, nano-ceramic. The sample thickness is 1
mmi%,

sintering experiments, the most appropriate sintering
temperature was determined to be 875°C.

After hot-pressing at 875°C under a pressure of
90M Pa, highly-densetransparent glasswas produced
(Figure7 (b)). It was confirmed by XRD analysisthat
the glass samplewasfully amorphouswith no crystal -
line phase. Thedensity of theAl,O,-La,0,-ZrO, glass
was 4.55 g/cm? (99.8% TD), and SEM observation
also indicated that the samplewas highly-dense with-
out pores. At thefracture surface, the sample showed
atypical conchoidal feature commonly observed for
glasses(Figure8(a)). Theglass sampleshowed agood
transparency in therangefrom 265 nmto 6.5 um, and
the maximum transmittancereached 75%ininfrared
region (Figure7 (d)).

The hot-pressed Al,O,-La,0,-ZrO, glass can be
converted into polycrystalline ceramics by post crys-
talization. Todothis, the glasssamplewasanned ed at

c—— Pty Science
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Figure8: (a) SEM imageof theAl,O.-La,0.-Zr O, glass, (b) TEM imageof the LaAlO,/Zr O, nano-cer amic™.

different temperaturesin therange of 900-1300°C for
2 h. After annealing at 900°C, La,Zr,O, was precipi-
tated. At 1000°C, the diffraction peaks of La,Zr,O,
almost disappeared, and new crystalline phases of
LaAlO, and ZrO, were produced. At 1100 and
1200°C, no La,Zr,O, remained and only LaAlIO, and
ZrO, existed. When theanneding temperaturewasfur-
ther increased to 1300°C, minor LaAl ,O,, phasewas
detected, and the diffractionintensitiesof LaAlO,and
ZrO, changed ittle, implyingthat thecrystalizationwas
amost complete.

During annealing, both the crystallization fraction
and thedensity of samplesincreased with increasing
temperature. Particularly, after being annealed at
1200°C, the samplewasamost fully-crystallized, and
thegrain szewassmaller than 100 nm (Figure 8 (b)).
Thatistosay, highly-denseL.aAlO,/ZrO, nano-ceramic

o e
1% Nd:YAG/HfOz; (d) 3% Nd:YAG/HfOZ[ﬂl.
Wodzriols Secience mm—

Figure9: Transparent nano-ceramicsprepared by glasscrystallization: (a) LaAlO /ZrO,,; (b) 1.5%Er:LaAlO/ZrO,; (c)

wasobtained. Thenano-ceramic wastransparent (Fig-
ure7 (c)), and the maximum transmittanceininfrared
region reached ~70%, which was closeto that of the
parent glass before annealing (Figure 7 (d)). The
LaAlO,/ZrO, nano-ceramic showed aVickershard-
nessof 19 GPa, which amost doubled that of the par-
ent glass. Theremarkableincreasein hardnesscan be
attributed to thelarge crystalization fraction and the
nano-scaemicrogtructure. With acombination of good
optical and mechanical properties, the LaAlO,/ZrO,
nano-ceramics are attractive for avariety of applica-
tions.

InadditiontoLaAlO/ZrO,, severd other rare-earth
auminatetransparent nano-ceramicshavedsobeenpro-
duced by glasscrystdlization, asshownin Figure9. It
appearsthat glasscrystalizationisan effectivemethod
to prepare highly-denseand transparent nano-ceramics.
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CONCLUSIONS

A new method of powder sintering and glasscrys-
tallization hasbeen devel oped to preparerare-earth du-
minate glasses and nano-ceramics. By powder sinter-
ing, rare-earth aluminate glasseswith alarge sample
Size can be produced in contrast to the melt-casting
approachwherethesamplesizeisdtrictly limited to be
<1lcm. By glasscrystalization, grain growthis sepa
rated from densification, and highly-denserare-earth
auminate nano-ceramicscan beprepared, whichisdif-
ficult for crystalline powder sintering dueto concomi-
tant grain growth with densification. Moreover, by us-
ing thenew method, thetemperaturefor preparingrare-
earth duminateglassesand ceramicsismuch decreased
incomparisonwith the conventiond techniques. Inthis
case, the new method may provide amore effective
and practical way to produce rare-earth aluminate
glassesand ceramics. Findly, it should be pointed out
that, themethod of powder sintering and glasscrystal -
lizationisnot only limited intheproduction of rare-earth
aluminate glassesand ceramics, but a so applicablefor
preparing many other kinds of glassesand ceramics.
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