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bstract

ttrium aluminum garnet (YAG) precursor was synthesized via a coprecipitation method with aluminum nitrate and yttrium nitrate as raw materials,
sing ammonium hydrogen carbonate (AHC) as the precipitant. Fine and low-agglomerated YAG powder was obtained by calcining the precursor
t 1200 ◦C. The primary crystallites were measured to be ∼120 nm in size and weakly agglomerated to a particle size of ∼500 nm, indicating a
igh degree of sinterability. With 0.5 wt% tetraethyl orthosilicate (TEOS) and 0.1 wt% magnesia as sintering aids, transparent YAG ceramics were

abricated by vacuum sintering at 1730–1790 ◦C for various hours. The influences of sintering temperature and holding time on the microstructure
nd transmittance of YAG ceramics were discussed.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Coble first demonstrated that polycrystalline ceramics could
e sintered to a visually transparent/translucent state and translu-
ent alumina ceramics (Lucalox) were prepared.1,2 Since then,

 variety of transparent/translucent ceramics including MgO,3

2O3,4 MgAl2O4,5 PLZT,6 AlON,7 SiAlON,8 AlN,9 YAG10

ave been successfully produced by sintering to exceptionally
igh densities and thus reducing/eliminating light scatter-
ng from residual porosity. Transparent YAG ceramics hold
romise for certain optical applications such as solid-state
aser host media, luminous pipes for high-intensity discharge
amps or heat-resistive windows because of their large dop-
ng concentrations,11,12 increased compositional and structural
ersatility,13–15 good chemical corrosion resisitivity,16 and high
echanical property.17
Usually, two source powders are utilized to make YAG
ransparent ceramics: (i) mixtures of Y2O3 and Al2O3, which
orm YAG in situ during solid-state reactive sintering,18–24 and
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ii) wet-chemical synthesized YAG powder.25–29 Solid-state
eactive sintering is a relatively simple way to fabricate YAG
ransparent ceramics and a range of compositions is easy to
mplement by changing the reactant powder amounts during
atching.30,31 However, the incorporation of some impurities
s unavoidable during ball milling. Wet chemical approaches
uch as precipitation,32–36 spray pyrolysis,37,38 hydrothermal
or solvothermal) synthesis,39–41 sol–gel42–44 and combustion
ynthesis45–49 have many advantages such as atomic level
ixing of high-purity precursors and low processing temper-

ture. Among the wet chemical methods, precipitation is a
elatively simple way to synthesize YAG powder with compo-
ition homogeneity, good crystallinity and pure phase at low
emperature. And fully dense and transparent ceramics can be
abricated by vacuum sintering of YAG powders with high
interability.

In this paper, carbonate precursors of YAG were synthesized
ia a coprecipitation method using ammonium hydrogen car-
onate (AHC) as the precipitant. Nanosized YAG powders with

◦
igh sinterability were obtained at 1200 C and transparent YAG
eramics were fabricated by vacuum sintering at 1730–1790 ◦C
ith a considerable amount of additives of tetraethoxysilane

TEOS) and MgO.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.040
mailto:lijiang@mail.sic.ac.cn
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.  Experimental

.1.  Materials

Several raw materials were used to synthesize nanosized
AG powders: yttria (Y2O3, Shanghai Yuelong New Materials
o. Ltd., China, 99.99% purity), aluminum nitrate non-
hydrate (Al(NO3)3·9H2O, Sigma–Aldrich Chemicals, USA,
98% purity), ammonium hydrogen carbonate (NH4HCO3,
igma–Aldrich Chemicals, USA, >99% purity) and ammonium
ulfate ((NH4)2·SO4, Sinopharm Chemical Reagent Co. Ltd.,
hina, analytical purity).

.2. Powder  synthesis

In the present work, a wet-chemical synthesis route was
tilized to produce nanosized YAG powders, employing
l(NO3)3·9H2O and Y2O3 as the starting materials, respec-

ively. Yttrium nitrate solution was prepared by dissolving the
ttria powder in the heated nitric acid (Shanghai Lingfeng Chem-
cal Reagent Co., Ltd., super-high purity). Aluminum nitrate
olution was prepared by dissolving the Al(NO3)3·9H2O in the
eionized water. Al3+ and Y3+ concentrations of the nitrate solu-
ions were assayed by the ICP (Inductively Coupled Plasma)
pectrophotometric technique. The metal nitrates were mixed to
eet the YAG stoichiometry and further adjusted the solution

oncentration to 0.19 M for Al3+. As a precipitation solution,
 0.92 M solution of ammonium hydrogen carbonate (AHC)
as used and ammonium sulfate (0.11 g in 100 ml of deionized
ater) was added to the solution. The precursor precipitate was
ade at the room temperature by dripping 2200 ml of ammo-

ium hydrogen carbonate solution into 1100 ml of the mixed
olution of mother nitrate salts at a speed of 2 ml/min under
ild agitation and the final pH value of the slurry was about

.0. The resultant suspension was agitated for 6 h and aged for
2 h. Then, the suspension was filtered using centrifugal fil-
ration, washed four times with deionized water, rinsed twice
ith ethanol, and dried at 70 ◦C for 24 h. The dried cake was

rushed with a corundum pestle and mortar, and sieved through
 200-mesh screen. The sieved precursor powder was calcined
t different temperatures for 3 h to form garnet phase of YAG
owders.

.3. Powder  characterization

Thermal gravimetric analysis and differential thermal anal-
sis (TG–DTA) of the original precursor were recorded on a
etzsch STA 449C Instrument. Measurements were taken under

 continuous flow of air (20 ml/min). Sample was heated at
0 ◦C/min to 1400 ◦C and then cooled to room temperature
aturally.

Chemical analysis was made to confirm the chemical stoi-
hiometry of YAG powders. Y and Al contents were determined

y the chelate-titrimetric method.

Phase identification was performed by the X-ray diffraction
XRD) method on a HUBER Imaging Plate Guinier Camera
670 [S] (CuK�1 radiation, λ  = 1.54056 Å, 40 kV/30 mA, Ge

i
u
C
U

mic Society 32 (2012) 2971–2979

onochromator). The 2θ  for all data ranged from 15◦ to 65◦ with
.005◦ step size. The average crystallite size of the calcined pow-
ers was calculated from X-ray peak broadening using Scherrer
ormula. The XRD data are refined by Rietveld method using
he Jade program (Version 5.0).

Specific surface area analyses were conducted at 77 K using
 Norcross ASAP 2010 micromeritics, with N2 as the absorbate
as. Powders were degassed at 150 ◦C until the air pressure was
elow 5 �m Hg. The specific surface areas were calculated using
he BET multipoint method with 8 data points. The average
article size of the calcined powders was calculated from the
pecific surface area data.

Microstructures were observed on a JEOL JSM-6700
ESEM and the mean particle size was estimated by measuring
iameters of 100 particles in the FESEM photographs. Powders
ere dispersed in ethanol using an ultrasonic horn. Drops of the
ispersed materials were deposited on a copper stub and dried
n nature. Samples were sputter coated with palladium using a
EOL JFC-1600 auto fine coater system.

The agglomeration particle size distribution was measured
y a dynamic laser scattering (DLS) method on a Brookhaven
etaPlus Zeta Potential Analyzer.

.4. Ceramic  fabrication  and  characterization

Using the powder calcined at 1200 ◦C as starting materi-
ls, 0.5 wt% TEOS (Alfa Aesar, 99.999% purity, USA) and
.1at%MgO (Sinopharm Chemical Reagent Co., Ltd., spec-
ral purity, China) as sintering aids, two powder batches were
all milled in anhydrous ethanol for 10 h using high-purity
99.7%) alumina balls and the balling media had no mea-
urable weight loss after milling. The milled suspensions
ere dried at 90 ◦C in an oven and ground in an alumina
ortar. After sieving through 200-mesh screen, two powder

atches were uniaxially pressed in a 20 mm die at 10 MPa
ollowed by cold isostatical pressing (CIP) at 250 MPa. The
ompacted disks were sintered at the temperature range of
730–1790 ◦C up to 30 h in a tungsten mesh heated vacuum fur-
ace (KZG-110F, Shanghai Chenrong Electrical Furnace Co.,
td., Shanghai, China) under 3 ×  10−3 Pa vacuum during hold-

ng. The heating and cooling rates were 5 ◦C/min and 10 ◦C/min,
espectively. All the sintered specimens were annealed at
450 ◦C for 20 h in air to remove the oxygen vacancies. For
ptical transmission comparison, YAG transparent ceramics
ere also fabricated by a solid-state reactive sintering method20

sing commercial Y2O3 and �-Al2O3 powders as starting
aterials.
Densities of the sintered specimens were measured by the

rchimedes method, using deionized water as the immer-
ion medium. Microstructures of the fractured surfaces and
he polished and thermal-etched surfaces were observed by
mens on both surfaces with the thickness of 1.0 mm were
sed to measure the optical in-line transmittance (Model
ray-5000 UV-VIS-NIR Spectrophotometer, Varian, CA,
SA).
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ig. 1. TG–DTA curves of the precursor produced by AHC coprecipitation
ethod.

.  Results  and  discussion

The concentration of ammonium hydrogen carbonate solu-
ion was considered to affect composition of the resultant
recipitate. Previous work50 revealed that Al3+ ions may pre-
ipitate as pseudo-boehmite (AlOOH) or ammonium dawsonite
(NH4Al(OH)2CO3)] mainly depending on the concentra-
ion of AHC solution. On the other hand, Y3+ may most
ikely precipitate as normal carbonate of [Y2(CO3)3·nH2O
n = 2–3)]51 or basic carbonate of [Y(OH)CO3]52 from the
resent carbonate anions containing AHC solution. The direct
ormation of yttrium normal carbonate rather than basic car-
onate was mainly due to the high CO3

2− concentration of
he AHC solution. Yttrium basic carbonate of [Y(OH)CO3]
as classically produced by the so-called homogeneous pre-

ipitation process achieved by the forced hydrolysis of urea
t elevated temperature (>83 ◦C). In this experiment, concen-
ration of the AHC solution was selected as 0.92 M. Al3+

ons precipitated from solution of nitrate as (AlOOH) and
(NH4Al(OH)2CO3)]. If we regard the number of crystallization
ater of Y2(CO3)3·nH2O as 3 according to the previous work,53

he composition of the obtained precursor can be described as
0[x(NH4Al(OH)2CO3)·(1 −  x)AlOOH]·3[Y2(CO3)3·3H2O].

TG–DTA curves of the precursor show two endothermic and
wo exothermic peaks up to 1400 ◦C, with a total weight loss of

40.2%, as shown in Fig. 1. This weight loss is regarded as the
heoretical mass of a precursor with an approximate compo-
ition of 10[0.19(NH4Al(OH)2CO3)·0.81AlOOH]·3[Y2(CO3)
·3H2O]. According to the chemical analysis result, it was
ound the mole ratio of Y to Al was 0.593, which was a
ittle less than the stoichiometric value. So it can be consid-
red that a relatively accurate composition of the precursor
s 10[0.19(NH4Al(OH)2CO3)·0.81AlOOH]·3[Y1.9767(CO3)3·

H2O. The weight loss of the precursor at lower tempera-
ure (<400 ◦C) was mainly ascribed to the release of ammonia
nd molecular water and the partial decomposition of CO3

i
o
t

ig. 2. XRD patterns of as-synthesized precursor and the resultant powders
btained by calcining the precursors at different temperatures for 3 h.

roup, while that occurred at higher temperature (>400 ◦C)
as mainly due to the further decomposition of carbonate

pecies.35The relatively sharper endothermic peak located at
112 ◦C was assigned to the evaporation of absorbed water.
he relatively wider endothermic peak at ∼150 ◦C may be
aused by the release of molecular water and the decomposi-
ion of NH4Al(OH)2CO3. The exothermic peaks at 944 ◦C and
046 ◦C were caused by the crystallization of yttrium aluminum
onoclinic (Y4Al2O9, YAM) and YAG phases, respectively.
his observation was confirmed by the XRD results given

n Fig. 2.
Fig. 2 shows the XRD patterns of as-synthesized precursor

nd the resultant powders obtained by calcining the precursors
t different temperatures for 3 h. The co-precipitated powder
as found to be amorphous. For the powder calcined at 800 ◦C,

ubic Y2O3 (JCPDS 89-5592) and amorphous Al2O3 formed.
onoclinic YAP (JCPDS 16-219) and cubic YAG (JCPDS 82-

575) crystallized at 900 ◦C with the presence of Y2O3 phase.
t 1000 ◦C and 1100 ◦C, the YAP and Y2O3 phases persisted,
ut with increase of intensity for YAP and with loss of inten-
ity for Y2O3 as more YAG formed. Calcining to 1200 ◦C and
300 ◦C resulted in an almost-complete conversion to YAG, and
nly a very small amount of YAM remained. The results are
ot consistent with the observations of Li et al.,35 in which
irect crystallization of YAG phase occurred at 900 ◦C with-
ut the formation of any intermediate phases. In Li’s work,35

AG precursor was obtained by adding nitrate solution to the
HC precipitant solution, which was called as the reverse-strike
ethod. In the present work, chemical precipitation was per-

ormed by the normal-strike method (adding AHC precipitant
olution to the nitrate solution). The main deference between the
wo methods is the rate at which pH of the nitrate solution change
s a function of time. For multi-cation material of YAG, the
ormer technique has the advantage of high cation homogene-

ty in the precursor. However, it suffers from the disadvantage
f aggregation at relatively high pH value of precipitant solu-
ion. For the normal-strike method, the cation distribution in
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Fig. 3. FESEM micrographs of as-synthesized precursor and the resultant powders obtained by calcining the precursors at different temperatures for 3 h: (a) precursor;
(b) 800 ◦C; (c) 900 ◦C; (d) 1000 ◦C; (e) 1100 ◦C; (f) 1200 ◦C; and (g) 1300 ◦C.
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ig. 4. SEM micrographs of the fractured surfaces and the mirror-polished and
760 ◦C and (e and f) 1790 ◦C for 10 h.

he precursor is not as homogenous as that prepared by reverse-
trike method, as can be confirmed by XRD results in Fig. 2.
evertheless, precipitation reaction occurred at relatively warm

ondition, so the dispersion property of the particle synthesize by
he normal-strike method is better for the reverse-strike method.
he mean crystallite size of YAG powder defined as DXRD was
etermined by X-ray line broadening and calculated using the
cherrer equation:

XRD = 0.89λ

B  cos θ

here B  =  (B2
o −  B2

c )
1/2

, Bo is the full width at half maximum
◦
in 2θ), Bc is the correction factor for instrument broadening,

 is the angle of the peak maximum (in◦ 2θ), and λ  is the CuK�

eighted average wavelength. For the powders calcined at 1000,
100, 1200 and 1300 ◦C, the mean crystallite size values of YAG

a
t
t

mal etched surfaces of YAG ceramics sintered at (a and b) 1730 ◦C, (c and d)

owders calculated from the (2 1 1) XRD peaks are 39, 49, 101
nd 135 nm, respectively.

Fig. 3 shows the FESEM micrographs of as-synthesized
recursor and the resultant powders obtained by calcining the
recursors at different temperatures for 3 h. The precursor
ainly contains sub-micrometer sized aggregates of nano-sized

rimary particles. The resultant powders calcined at 800, 900
nd 1000 ◦C were agglomerated and showed similar overall
orphology to that of the precursor. For the powders calcined

t 1100, 1200 and 1300 ◦C, appreciable particle growth from
0 nm to 120 nm and 150 nm occurred with increasing the cal-
ination temperature. The mean primary particle size estimated
rom FESEM photographs is denoted as D . The mean
FESEM
gglomerate size D50 is the median diameter determined from
he particle size distribution measured by the dynamic laser scat-
ering (DLS) method. The D50 value of the resultant powder



2 n Ceramic Society 32 (2012) 2971–2979

c
w

D

w
S
m
1
i
p
T
p
w
c
w
w

r
t
c
a
t
a
s
F
t
i

Fig. 5. In-line transmittance of the transparent YAG ceramics from powder
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alcined at 1200 ◦C is about 500 nm. The particle size DBET
as calculated from the following formula

BET = 6

ρ  · SBET

here ρ  (4.55 g/cm3) is the theoretical density of YAG, and
BET is the specific surface area determined by BET measure-
ent. The measured particle size of DBET for the YAG is about

15 nm. It can be found that the DSEM value of the YAG powder
s just a little larger than that of DXRD. This indicates that each
article shown in the FESEM photograph is a single crystallite.
he measured value of DBET is nearly the same as the mean
article size in FESEM micrograph. The agreement of DBET
ith DFESEM of the powder indicates that the secondary parti-

les with mean diameter of ∼500 nm have porous structure, in
hich the primary particles with mean diameter of 120 nm are
eakly agglomerated by small connections with necks.
According to the above analysis, it is considered that the

esultant powder calcined at 1200 ◦C will be favorable for
ransparent ceramic fabrication. Higher calcination temperature
aused drastic increase in crystallite size and decrease in sinter-
bility. While the YAG powders produced at lower temperature,
hough have smaller crystallite sizes, had more secondary phases
nd exhibited lower densification rates. The YAG powder was

◦
intered to over 99% of theoretical density at above 1700 C.
ig. 4 shows the SEM micrographs of the fractured surfaces and

he mirror-polished and thermal etched surfaces of YAG ceram-
cs sintered at 1730, 1760 and 1790 ◦C for 10 h. It can be seen

p
t
d
o

ig. 6. SEM micrographs of the fractured surfaces and the mirror-polished and therm
) 2 h and (c and d) 20 h.
intered at 1730, 1760 and 1790 ◦C for 10 h.

hat the sintered bodies have homogeneous structures and the
rain size increases from 8.5 to 9.1 �m and 9.9 �m with increase
f sintering temperature. All the specimens have a few pores
emained mainly at the grain boundaries. The formed secondary
hase corresponding to alumina is caused by the nonstoichiome-
ry of the YAG powder, in which the mole ratio of Y to Al (0.593)

etermined by chemical analysis is lower than theoretical value
f 0.6.

al etched surfaces of YAG ceramics from powder sintered at 1790 ◦C for (a and
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Fig. 7. In-line transmittance of 1 mm-thick YAG transparent ceramics from pow-
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er sintered at 1790 ◦C for (a) 2 h, (b) 10 h, (c) 20 h, and (d) 2 mm-thick YAG
ransparent ceramic fabricated by a solid-state reactive sintering method.

Fig. 5 shows the optical in-line transmittance spectra of the
 mm-thick transparent YAG ceramics sintered at 1730, 1760
nd 1790 ◦C for 10 h. The in-line transmittance increases with
ncrease of sintering temperature. For the sample sintered at
790 ◦C for 10 h, the transmittance reached 33.4% at 1064 nm.
owever, the value of transmission is much lower than the theo-

etical value due to the existence of residual pores and secondary
hase, as can be confirmed in Fig. 4.

Besides sintering temperature, holding time at maximum
emperature also has an obvious effect on the microstructure
nd optical transmittance of YAG ceramic. Fig. 6 shows the
EM micrographs of the fractured surfaces and the mirror-
olished and thermal etched surfaces of YAG ceramics sintered
t 1790 for 2 and 20 h. Both sintered bodies have homogeneous
icrostructures with grains ∼4.0 and 11.9 �m in diameter as

ar as the SEM photographs show. Micro-pores were gradu-
lly removed with increasing the holding time. However, there
re still a few residual pores remained at triple junctions or
long grain boundaries even at the holding time as long as
0 h.

Fig. 7 shows the in-line transmittance spectra of YAG trans-
arent ceramics from powder sintered at 1790 ◦C for 2, 10 and
0 h, as well as the specimen fabricated by solid-state reac-
ive sintering method. The in-line transmittance increases with
ncreasing the holding time. However, even with the holding
ime of 20 h, the optical transmittance (∼55% in the visible
ight region) of YAG transparent ceramic is far lower than that
f the sample fabricated by solid-state reaction and vacuum
intering due to the existence of optical scattering. The main
ptical scattering was caused by not only the residual micro-
ores, but also the secondary phase of alumina. The pores with
he size of several microns present in the samples are likely a
esult of voids or pressure gradients during green forming. The
ingle best way to remove such micro-pores is move towards

 colloidal forming method. Slip casting, tape casting, gel-
asting, etc. are all better suited to forming transparent ceramics

han dry pressing because they are better able to handle nano-
caled powders and they produce more homogeneous green
odies.54,55 When properly done, these methods lead to more

R

mic Society 32 (2012) 2971–2979 2977

venly distributed pore size distributions and fewer defects. They
re, of course, more difficult to handle than dry pressing. In the
resent work, the much more severe optical scattering is caused
y the secondary phase of alumina. And the nonstoichiometry
f the YAG powder is the origin of secondary phase. In order
o keep the stoichiometry of the YAG powder prepared by co-
recipitation method and vacuum sintering, every step of the
rocess should be precisely controlled. In addition, sintering aid
ategory and amount, as well as sintering schedule should be
arefully taken into account to enhance the densification, con-
rol the grain size and optimize the microstructure of the sintered
ody.

. Conclusions

The results of the present study can be summarized as follows:

1) YAG precursor with the composition of
10[0.19(NH4Al(OH)2CO3)·0.81AlOOH]·3[Y1.9767(CO3)3·
3H2O was prepared by the coprecipitation method with
aluminum nitrate and yttrium nitrate as raw materials,
using ammonium hydrogen carbonate as the precipitant.
Calcination of the precursor at 1200 ◦C resulted in fine and
low-agglomerated YAG powder. The powder was measured
to be ∼120 nm in primary crystallite size and ∼500 nm in
agglomerate size. The agglomerate particles had a porous
structure with a netlike connection.

2) Nanosized YAG powders were sintered into transparent
bodies by vacuum sintering at 1730–1790 ◦C with a con-
siderable amount of TEOS and MgO additions. All the
sintered YAG ceramics exhibited homogeneous microstruc-
tures with no abnormal grain growth.

3) The in-line transmittance (∼55% in the visible light wave-
length) of the YAG ceramic sintered at 1790 ◦C for 20 h is far
lower than that of the sample fabricated by solid-state reac-
tion and vacuum sintering due to the existence of residual
micro-pores and secondary phase.

4) It is very important to synthesize a stoichiometric and low-
agglomerated YAG powder by co-precipitation method for
transparent ceramic fabrication.
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