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Ceramics of yttrium aluminum garnet doped with Ca or Mg are produced by solid state
reaction under vacuum sintering. The influence of CaO and MgO additives themselves on
microstructure and optical properties of YAG ceramics is investigated. Ceramics of Mg-
doped YAG is transparent while ceramics of Ca-doped YAG is fully opaque due to high
concentration of residual porosity into later. Changing concentration of Ca affects signifi-
cantly on the grain growth, the average grain size increase with increasing of Ca concen-
tration. Changing concentration of Mg from 0.05 to 0.5 at.% doesn’t influence on grain
size of the ceramics. It is proposed that liquid appears on the grain boundaries of the
ceramics due to CaO additive. This liquid causes increasing the diffusion of components
through the grain boundaries that speed up the grain growth and traps the pores while no
such liquid exists for MgO additive. This difference is determined by the different ways of
interaction of CaO and MgO with the basic YAG components Al,O; and Y,0,. It is
determined that the Mg concentration ranges in vicinity of 0.15 at.% Mg to produce
Mg:YAG ceramics of higher transparency.

Keywords: Yttrium aluminum garnet ceramics, CaO additive, MgO additive, solid
state reaction, vacuum sintering, microstructure, transparency.

Tlonyuena KepamMuka urrpuii anmomunnesoro rpanara (MAT), monuposannoro nonamu Ca
u Mg, nyrem TBeppoasHOro CUHTE3a MPU CHEKAHWM B Bakyyme. VccieJoBaHO BJANSHUE
nobasox Ca0 u MgO ma MuKpocTpyKTYypy M onTuueckue cpoiictea Kepamuku UAT. Kepamu-
ra UAT monumposannas Mg, Oblia mpospadHoii, B TO BpeMs Kak KepaMmuga monupoeanusa Ca,
HOJIHOCTBIO CBETOHEIIPOHUIIAEMAas BCJIEJCTBHE BBICOKOII OCTATOUYHOM IIOPUCTOCTH. ¥ CTAHOBJIE-
HO, 4To maMeHeHme KoHueHtpammum Ca or 0.16 go 0.5 ar.% sHAYMTEJLHO BIAMSET HA POCT
3epPeH B KepaMWUKe, CPeJHUI pasMep 3epHA yBeJIWUYMUBACTCH IIPU YyBEJIWYECHUN KOHIIEHTPAIUN
Ca, a usmenenwe Koumenrpamuu Mg ot 0,05 xo 0,5 ar.% me BAuMgeT Ha pasMep 3epeH
KepaMuku. [Ipeamososeno, 4To KUAKOCTh, KOTOPAs BO3HHKAET HA I'PAHUIAX 3epeH KepaMu-
KN B ciryuae nmpuMenenusa gobasku Ca0, cmocobGerByeT Auddysun KOMIIOHEHT Uepesd MeK3ep-
HEeHHYI0 TPaHUIly, BEI3LIBAsA IMIOBLIIIIEHNE CKOPOCTU POCTA 3€pHa M 3axBaT Iop. B To Ke
BpeMsa mpu gomnupoBanuu MAT MarHmeM KUAKOCTL Ha MeK3€PHEHHON IpaHUIle He BO3HUKA-
er. Takoe ornuume ompepensercsa pasHpiMu nyrtamu Bsaumopeiictsus CaO u MgO ¢ ocHoB-
HpIME KoMmIoHeHTamu Kepamuku MAT — Al,O5 u Y,0,.

Buaue pomyeanmasa Ca ta Mg Ha MikpocTpykTypy i onmTuuHi BIacTUBOCTI Kepamikm
IAT. M.AYaiika, O.M.Bosx, A.I' [Jopowenro, B.K.Kaourxos, II.B.Mameiivenxo, C.B.Ilapxo-
menro, Al Dedopos.

Omep:xano Kepamiky iTpiii aaromimiesoro rpamary (IAT), mo momoanuii iomamu Ca Ta
Mg, muasxom TBeprodasHoro cuHresdy npu crmikanHi y Bakyymi. HocaimxeHo Buaus noGaBoK
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Ca0 1a MgO ma mikpocrpykTypy Ta ontuuni BiactuBocti kKepamiku IAT. Kepamika IAT, mo
nounosana Mg, mposopa B Toil uac sk Kepamika, 1o pomosana Ca, Gyia moBHiCTIO cBiT/IOHE-
IpPo30pa BHACIIZOK BHCOKOI 3aiuIIKoBOI mopucrocti. BeTanosieHo, 110 3MiHa KOHIIEHTpPAIlil
Ca y memxax 0.16-0.5 ar.% sHauHO BILIMBae Ha picT 3epeH y Kepawmini, cepeaniii poamip
gepHa 30iybInyerhes 31 36inmpurennam Kourenrtparii Ca, a smina xoumenrpanii Mg six 0.05
mo 0.5 ar.% wme BuimuBae Ha posmip sepeH Kepamiku. IIpumnymieHo, 0 piguHa, K8 BUHUKAE
HAa TPAHUIEX 3epeH KepamMiku y BUNAAKY 3acrocyBanus pobasgm Ca0, cmpuse nudysii
KOMIIOHEHT Uepe3 MiiK3epHEeHY T'PAHUIII0 i TAKMM UYMHOM CIIPUUYWHSE TMiABUITEHHA IIBUAKOCTI
pocty 3epHa 1 BaxonseHHa mop. B To#l ke wac mpu momyBanui IAI' marmiem pingmna Ha
MiksepHeH1 rpanuni me BuMHUKae. Taka BigMiHHiICTL BU3HAUYAETHLCA DPIBHUMHK HIAAXaMU

Baaemoxii CaO i MgO 3 ocnoBEMME KommoHeHTamu Kepamikm IAT — AlLOj; i Y,0,.

Bera-

HOBJIEHO, II[0 AJIA OZEePiKaHHd KepaMmiku, mio gomoBaHa Mg, 8 maliBumiono mposopicrio HeoG-

xigna Koumenrparnisa 6aussko 0.15 ar.% Mg.

1. Introduction

Over the past decade, solid-state lasers
have demonstrated remarkable power in
scaling [1-3]. Largely, the emergence of
solid-state lasers as competitive high-power
devices is due to the availability of highly
efficient (60 percent), high-power (> 100 W),
low-cost (< $10/W) laser diode bars [4].

Cubic structure materials like yttrium
aluminum garnet (YAG) now can be fabri-
cated as ceramics with optical uniformity
that is better than found in YAG crystals
(for both dopant uniformity and variations
in index of refraction), with scattering loss
coefficients comparable to the YAG crystals
(< 0.15 % /em) [5, 6]. These materials can be
also produced in sizes that the YAG crystals
cannot achieve (e.g., 400x400 mm? slabs) [6].

In recent years tetrahedral coordinated
Cr**.-doped YAG attracted a great deal of
attention due to its potential use as tunable
solid state lasers in the spectral range of
1.85-1.55 um [7] or as passive Q-switcher
for laser systems based on YAG doped with
rare earth ions such as Nd and Yb [8].

Existence of the tetravalent Cr in the
crystal requires containing divalent addi-
tives such as Ca or Mg to compensate the
difference in charge. Sugimoto et al. [9]
have shown that considerable excess of the
Ca?* ions up to 6 times against Cr is needed
to obtain optimal concentration of Cr4* in
the single crystal of Cr4*:YAG.

Traditionally sintering aids of SiO, are
used in YAG ceramic technology to obtain
the high transparent ceramies [10, 11]. For
example, Ikesue and Kamata [12] have
found that SiO, addition is crucial for
achieving the completed phase formation of
Nd:YAG ceramics with high density. But in
the case of Cr4*:YAG ceramics the presence
of SiO, decreases concentration of Cr4* [13,
14]. Si** ions incorporated into YAG con-
sume Ca2?* or Mg2* that eliminates these
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ions from the process of formation of Cr4+.
Therefore the sintering aids of SiO, cannot
be applied to create the transparent ceram-
ics of Cr4*:YAG.

Two basic problems should be overcame
for obtaining the high quality transparent
Cr4*:YAG ceramics by solid state sintering
reaction. First one the reaching of the high
concentration of Cr4* can be solved by intro-
ducing in ceramics an excess of divalent
ions like Ca2* or Mg2* for charge compensa-
tion. But in contrast to the YAG single crys-
tals in ceramics the extra phases contained
of Ca or Mg can be released on the grain
boundaries. The second problem deals with
obtaining the high quality transparent ce-
ramics of YAG without SiO, as sintering
aids that challenges investigation of the sin-
tering YAG ceramics without addition of
Si0,. Obviously a usage of CaO or MgO
themselves as new sintering aids have to be
checked.

These problems cannot be solved without
knowledge about effects of CaO or MgO ad-
ditives on micro-structure of the YAG ce-
ramics. Many papers report about influence
of Ca0 or MgO on YAG ceramic properties
but in complex with other additives and no
themselves. This paper deals with the inves-
tigation of influence of CaO and MgO
themselves on micro-structure and optical
properties of the YAG ceramics.

2. Experimental

Two series of YAG ceramics with CaO
and MgO additives were sintered according
to the protocol reported in [15]. High purity
AlL,O3 (purity > 99.99 %, Baikowski, d =
0.15-0.3 um), Y,03 (purity > 99.999 %,

Alfa Aesar, d <10 m), MgO (purity >
99.99 %, Alfa Aesar, d > 0.1 um), CaO
(purity > 99.999 %, Sigma Aldrich,

d < 0.1 um) were used as starting materials.
Powders were taken in stoichiometric ratio
of YAG, concentrations of Ca and Mg were

Functional materials, 24, 2, 2017



M.A.Chaika et al. / Influence of Ca and Mg doping ...

calculated according to replace of Y. The
powder mixtures were homogenized in a ball
mill for 15 h using high purity Al,O3 balls.
The resulted slurry was dried for 1 day in
air and was sieved through the 200-mesh
screen to produce powder. The powder was
uniaxial pressed at P = 250 MPa to obtain
green bodies. The green bodies were heated
in a vacuum furnace with gradual rise of
temperature to 1750°C and soaking for 10 h
to carry out solid state reactions and sinter-
ing for producing ceramics. First series of
YAG ceramics prepared from powders con-
tained 0.5, 0.25, and 0.16 at.% Ca are de-
noted as Ca = 0.5, Ca = 0.25 and Ca = 0.16,
respectively. Another series of the YAG ce-
ramics synthesized from powders with 0.5,
0.15, and 0.05 at.% Mg are denoted as Mg
=0.5, Mg=0.15 and Mg = 0.05, respec-
tively.

Optical investigation was performed with
UV/Vis spectrophotometer Analytik Jena
Specord 200, before optical measurements
the ceramics surface was polished by dia-
mond abrasive with gradual decreasing the
size of the abrasive from 30 to 7 um. After
processing the ceramics had the shape of
tablets with a diameter of 8 mm and a
thickness of 1.2 mm.

The ceramics micro-structure was investi-
gated by means of Scanning Electron Micros-
copy (SEM) JEOL JSM-6390LV, element
analysis was performed by energy-dispersive
X-ray spectroscopy (EDS) with Silicon Drift
Detector (SDD) X-MaxN Oxford Instruments.

Dilatometric analysis (DLA) of the pow-
ders was performed with differential dila-
tometer Netzsch 402ED (Netzsch-Ger’ate-
bauGmbH,Germany) within 20—-1500°C range
in air. The heating rate was 10°C min~! and
o-Alb,O; was used as a reference. The com-
pacts of special shape were prepared to car-
ried out the DLA measurements.

3. Results

3.1. Shrinkage of Ca:YAG and Mg YAG
powders

Shrinkage of the compacts prepared from
powders of Ca= 0.5 (2.985 Y,0;, 0.015
CaO, 5A|203) and Mg=0.5 (2.985 Y203,
0.015 MgO, 5 Al,O3) were investigated by
means of dilatometric analysis up to 1470°C
(see Fig. 1). At the range of 1000-1330°C
(denoted as A) the rate of densification is
almost equivalent for both powders. At tem-
perature above 1330°C (denoted as B) the
powder with Ca = 0.5 have lower rate of
densification.
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Fig. 1. Shrinkage rate of the powders: a)
Ca = 0.5 and b) Mg = 0.5.

The shrinkage rate of these powders is
superposition of two processes: 1) shrink-
age due to different density of intermediate
crystal phases formed under the solid state
reactions of YAG synthesis and 2) sintering
of the powders. The solid state reactions
basically occur in A temperature range,
while in B range the shrinkage determined
by sintering. The identity of the shrinkage
rates for both powders in the range A
points to the same effect or absence of the
effect of CaO and MgO additives on the
rates of the intermediate solid state reac-
tions occurred during the YAG synthesis.
The different shrinkage rate of powders in
the range B indicates different influence of
the CaO and MgO additives on the powder
sintering, which likely will affect on the
properties of the ceramics prepared from
these powders.

3.2. Ceramics of Ca:YAG

Ceramics of Ca:YAG was fabricated by
means of the solid state reactions under
vacuum sintering. Obtained samples of ce-
ramics were totally opaque even after pol-
ishing. The ceramics surface was etched
thermally at 1400°C for 15 h in air to re-
veal the grain boundaries. SEM images of
the microstructure of Ca:YAG ceramics are
presented in Fig. 2. The surface investiga-
tion shows that all samples of the ceramics
CaYAG contain large amount of residual
porosity. No deviation from the YAG
stoichiometry was observed on the sample
surfaces by EDS analysis that can pointed
to absence of inclusions of secondary phases
in the sample.

Fig. 3 shows the grain size distribution
calculated by the linear intercept method [16]
according equation Eq. 1 at least 350 grains
are taken for each measurement.
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‘ b)

Fig. 2. SEM images of the thermally etched surface of ceramics samples: a) Ca = 0.16 and b) Ca =

0.5. Insert shows EDS spectrum of sample of Ca = 0.16.
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Fig. 3. Grain size distribution in ceramics
samples: a) Ca = 0.5, b) Ca=0.25, and c¢)
Ca = 0.16. Insert shows dependences of the
average grain size on concentration of Ca
into ceramics of Ca:YAG.

1.56 - L 1)
G= M
where G is the grain size, L is the length of a
line that freely drawn on a high resolution SEM
image and M indicates the magnification. The
insert in Fig. 3 shows dependence of the aver-
age grain size on concentration of Ca into ce-
ramics of Ca:YAG. The ceramics of Ca = 0.16,
Ca = 0.25, and Ca = 0.5 have average grain
size of 1.45+0.07 um, 2.8+0.2 um, and
3.4%0.2 um, respectively. Standard deviation
was calculated using the Student’s t-test. The
rise of Ca concentration results in increase
of the average grain size.

3.3. Ceramics of Mg:YAG

Ceramics of Mg.YAG was fabricated by
means of the solid state reactions under
vacuum sintering under the same conditions
as the ceramics of Ca:YAG. X-ray diffrac-
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Fig. 4. XRD patterns of a) ICSD Card
N170158 of YAG and Mg:YAG ceramics: b)
Mg = 0.5, ¢) Mg = 0.15, d) Mg = 0.05.

tion patterns as-prepared samples shown in
Fig. 4 are coincided with the crystal struc-
ture of the pure YAG phase corresponded to
Inorganic Crystal Structure Database (ICSD)
Card N 170158.

No new peaks or peak shifts are observed
on the diffraction patterns of Mg YAG ce-
ramics comparing to the one of YAG. Re-
lated intensities of the diffraction peaks of
all patterns presented in Fig. 4 are identical
that means no preferred orientation of the
ceramics grains of Mg:YAG takes place.

The SEM images of the surface micro-
structure of Mg:YAG ceramics are shown in
Fig. 5. To reveal the grain boundaries the
ceramics samples were etched at 1400°C for
15 h in air. The grain size distribution and
average grain size don’t depend on the con-
centration of Mg and consist of from 0.5 to
8 um and 3.2£0.2 um, respectively.

The investigation of the sample surfaces
revealed no porosity for whole range of Mg
concentration. The EDS was applied to ex-
amine inclusions in these ceramics. No any
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Fig. 5. SEM images of the surface after thermal etching of ceramics samples: a) Mg = 0.5; b) Mg =
0.05. Insert shows EDS spectrum from inclusion of impurity phase into sample Mg = 0.5.

inclusions were observed on a surface of the
samples of Mg = 0.05 and Mg = 0.15 while
the surface of the ceramic of MgO = 0.5
contained the inclusion of impurity phases
richen with Mg and Al.

The sintered ceramics of Mg:YAG after pol-
ishing were investigated by means of optical
absorption spectroscopy. Optical in-line trans-
mittance spectra of Mg:YAG ceramics are
shown in Fig. 6. The transmittance at
1064 nm, which is the most interest wave-
length range, of the samples Mg = 0.5, Mg =
0.15, and Mg =0.05 is 33, 79, and 73 %
varies non monotonically. Increasing the con-
centration of Mg from 0.05 to 0.15 at.% in-
creases the transmittance from 73 to 79 %,
further increasing concentration of MgO
drops the transmittance from 79 to 33 %
probably due to the high scattering. The ab-
sorption band centered at 220 nm can origi-
nated from absorption of F center [17].

4. Discussions

Ca0 and MgO additives were applied as
sintering aids to synthesize the YAG ceram-
ics by the solid state reaction sintering in
vacuum. The quite different effect of these
additives on the optical quality of the YAG
ceramics was revealed. The Mg:YAG ceram-
ics was transparent while the Ca:YAG one
was fully opaque. Obliviously that such dis-
tinction appeared under ceramies synthesis,
which consisted of the solid state reactions
between the original oxide powders at range
of 1000-1400°C and sintering the YAG
grains formed in result of these reactions.
In accordance with DLA (see Fig. 1) no dif-
ference in shrinkage behavior of the sam-
ples with both sorts of additives are ob-
served in temperature range of the solid
state reactions. Therefore it could be as-
sumed that influence of the additives on the
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Fig. 6. Optical in-line transmittance spectra
of mirror polished samples: a) Mg = 0.5, b)
Mg = 0.15, and c¢) Mg = 0.05.

optical properties of the ceramics is caused
by their different affecting on the YAG ce-
ramics sintering of.

As has been shown (see Fig. 2, 3) the
addition of CaO into the YAG ceramics af-
fects the grain growth that leads to increase
of the average grain size with increasing
the concentration of CaO into Ca.YAG ce-
ramics. The initial powders and sintering
conditions were equal for all samples only
Ca concentration was changed. It means
that major factor of the change of the grain
size distribution into the ceramic is an in-
teraction between CaO and the basic compo-
nents (Al,O3 or Y,03). The phase diagram of
the ternary system of Al,03-Y,03;—Ca0 con-
tains eutectic points at 1375 and 1395°C
[18] as well as binary system of Al,0;—CaO
system has eutectic point at 1360°C [19]
that can cause formation of the liquid on the
grain boundaries under the sintering. Such
liquid increases the diffusion of the compo-
nents through the grain boundaries that
speeds up the grain growth and traps the
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pores. The high concentration of pores in
Ca:YAG ceramics brings adverse effects on
the optical properties. Even a small concen-
tration of CaO leads to formation of the
totally opaque ceramics.

In contrast with Ca:YAG ceramics it was
shown that the ceramics of Mg.YAG is trans-
parent. The dependence of MgYAG ceramics
transparency from Mg concentration is non
monotonic. The in-line transmittance rises from
73 to 79 % with increasing the concentration
of Mg dopant from 0.05 to 0.15 at.% and fur-
ther dropping to 33 % at 0.5 at.% of Mg.

Such a behavior agrees with the phase
diagram of the ternary systems of Al,O3—
Y,03-MgO [20]. No liquid phases exist
under the sintering conditions of Mg:YAG,
only the set of solid solutions of MgO in
Al,O5 or Y,03 are found on the binary phase
diagrams [21, 22]. The change of MgO con-
centration doesn’t significant affect on the
grain size distribution of Mg:YAG ceramic.
At 0.5 at.% of Mg the Mg-contained phases
precipitate as island but don’t distribute
along the grain boundaries (see Fig. 5).

Our data also agree with Yang et al. [23]
who suggested that effect of MgO resulted
in the solid solution formation by substitu-
tion of AIP* by Mg?* as follows Eq. 2.

2MgO + <<O>> — 2Mgj, + Vg + 20§. (2)

According to Eq. 2, one expects that the
formation of oxygen vacancies improves the
volume diffusion coefficient and can support
the vacancy diffusion from the pore to the
grain boundaries. The vacancies are elimi-
nated at the grain boundaries causing the en-
hanced densification rate, which can be ob-
served on the shrinkage curve (b) of Fig. 1.
In the case of relatively low concentration of
MgO this mechanism allows to obtain well
transparent ceramics. But increasing the level
of MgO doping causes lowering transparency
resulted in the light scattering on the precipi-
tates of Mg contained phases.

Many authors [23-26] used magnesium
oxide as the sintering aids to create the
high transparent ceramics of YAG, but they
have used wide range of amount MgO from
0.04 [24] to 0.5 wt.% [25]. In this paper we
have shown that the optimal MgO concen-
tration is about of 0.15 at.%.

4. Conclusions

Ceramics of Ca:'YAG and Mg:YAG were
produced by solid state reaction sintering
under vacuum at 1750°C for 10 h. The in-
fluence of CaO and MgO additives on micro-
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structure and optical properties of the YAG
ceramics was investigated and the quite dif-
ferent effect were revealed. Ceramics of
Mg:YAG is transparent while ceramics of
Ca:YAG is fully opaque due to high concen-
tration of residual porosity into the later
one. Changing the concentration of Ca af-
fects significantly on the grain growth, the
increase of Ca concentration leads to in-
creasing the average grain size. Changing
the concentration of Mg from 0.05 to
0.5 at.% doesn’t influence on the grain size
of the ceramics. It was proposed that such
different behavior is due to a liquid ap-
peares on the grain boundaries of the ce-
ramics in Ca:YAG ceramics while there is no
such liquid in Mg:YAG. This difference is
determined by the different ways of interac-
tion of CaO and MgO with the basic YAG
components — Al,O5 and Y,0;.

It was determined the concentration of
Mg to produce MQ:YAG ceramiecs of the
higher transparency ranges in vicinity of
0.15 at.% Mg.
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