
A

Y
m
l
c
(
(
©

K

1

m
b
o
Y
h
b
p
w

s
b
h
u

(

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 31 (2011) 733–738

Structural, thermal and mechanical properties of transparent
Yb:(Y0.97Zr0.03)2O3 ceramic

Xiaorui Hou a,b, Shengming Zhou a,∗, Tingting Jia a,b, Hui Lin a, Hao Teng a

a Key Laboratory of Material Science and Technology for High Power Lasers, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
P.O. Box 800-211, Shanghai 201800, China

b Graduate School of Chinese Academy of Sciences, Beijing 100049, China

Received 3 August 2010; received in revised form 22 November 2010; accepted 30 November 2010
Available online 23 December 2010

bstract

b doped (Y0.97Zr0.03)2O3 transparent ceramics were fabricated by solid state reaction and vacuum sintering. The microstructure, thermal and
echanical properties of Y2O3 ceramic, as well as the effect of Yb doping concentration on these properties were investigated in detail. The

attice parameter and unit cell volume decrease with the increasing of Yb content, whereas thermal expansive coefficient increases. With Yb
ontent increasing from 0 to 8 at.%, the mean grain size increases from 15.82 �m to 26.54 �m, and the thermal conductivity at room temperature

RT) decreases from 11.97 to 6.39 W/m/K. The microhardness decreases with Yb content, and the microhardness and fracture toughness of
Y0.97Zr0.03)2O3 transparent ceramic is 11.11 GPa and 1.29 MPa m1/2, respectively.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

One of the most important achievements in modern laser
aterial science is the development of transparent ceramics

ased on the cubic oxides Y3Al5O12 and RE2O3 (RE = Y, Sc, Lu
r Gd), doped with trivalent lanthanides (Ln3+). Among them,
2O3 transparent ceramic has received great attention due to its
igh thermal conductivity (∼13.5 W/K m), good chemical sta-
ility, broad range of transparency (0.2–8 �m), relatively low
honon energy (∼430–550 cm−1) and the capacity of doping
ith rare earth (RE3+) ions.1,2

Yb3+ ions, with the simplest energy level construction, have
ome important advantages: (1) low quantum defects (8.6%)

etween the pump and the laser photons, which results in low
eat generation during lasing3; (2) long storage lifetime of the
pper laser level (1.3 ms); (3) no excited state absorption or
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pconversion loss.4,5 Most importantly, its intense and broad
bsorption band near 940 nm makes it highly suitable for InGaAs
iode pumping. Recent years, diode-pumped high power CW
aser,6 passively Q-switched laser,7 passively mode-locked and
emtosecond laser have been reported with polycrystalline
b:Y2O3 ceramic,8 and the highest slope efficient of CW laser

n Yb:Y2O3 ceramic has reached 82.4%.9

As we all know, during laser operation, the laser induced
amage and laser beam quality are much related with the physi-
al properties of the host materials. The light absorption of laser
aterial causes thermal gradient which may disturb the laser

scillation and directly affect the quality of laser beam and laser
fficiency.10 Moreover, the thermal gradients can also lead to
aterial fracture if they are high enough. The mechanical prop-

rties of laser material are very important for the equipment
esign and practical use. So besides the optical properties, the
tructural, mechanical and thermal properties are all important

arameters to assess a laser material. The thermal conductiv-
ty of Lu2O3 and LuAG ceramics has been reported by Peters
t al.,11,12 and the thermal and mechanical properties of YAG
ransparent ceramic were investigated in detail.13,14 But a sys-
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Table 1
Cell parameters of Yb doped Y2O3 transparent ceramics.

Yb concentration
(at.%)

Lattice parameter (nm) Unit cell volume (nm3)

0 1.05947 ± 0.00023 1.18921 ± 0.00078
3 1.05846 ± 0.00004 1.18585 ± 0.00013
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1.05751 ± 0.00006 1.18263 ± 0.00021
1.05714 ± 0.00013 1.18142 ± 0.00045

ematic investigation of thermal and mechanical properties of
b doped Y2O3 transparent ceramic is less known to the best
f our knowledge. Our previous work investigated the effect of
rO2 on Y2O3 ceramic sintering and the spectroscopic prop-
rties of Yb:(Y0.97Zr0.03)2O3 transparent ceramic.15,16 In this
ork, Yb doped (Y0.97Zr0.03)2O3 ceramics with 2 in. in diame-

er were fabricated to investigate the structural, thermal (thermal
iffusivity, conductivity and expansion) and mechanical proper-
ies (microhardness and fracture toughness), as well as the effect
f Yb doping content on these properties.

. Experimental

High purity (99.999%) Y2O3 and Yb2O3 were used as start-
ng materials with 3.0 at.% ZrO2 as additive. According to the
ormula (Y0.97−xZr0.03Ybx)2O3 (x = 0 (S1), 0.03 (S2), 0.05 (S3)
nd 0.08 (S4)), the powders were blended and ball milled in
bsolute ethyl alcohol for 24 h with agate balls. After dried,
isks with 2 in. in diameter were compacted in steel mold at
0 MPa and then isostatically pressed at 250 MPa. Transparent
eramics were obtained after sintered at 1800 ◦C under a base
ressure of ∼1.0 × 10−3 Pa for 20 h.

The specimens were polished on both sides to measure the
ptical transmittance with JASCO V-900 UV/VIS/NIR spec-
rophotometer (JASCO, Japan). The structure of ceramics was
etermined by X-ray diffraction (XRD, Cu target, Model Ultima
V, Rigaku, Japan). JSM 6360-LA scanning electron microscopy
SEM) was used to analyze the microstructure of ceramics. The
amples (5 mm × mm 5 × 50 mm) for thermal-expansion mea-
urement were cut from the as-grown transparent ceramics and

easured on dilatometry DIL 402PC (NETZSCH German).
hermal diffusion coefficient and specific heat of the transpar-
nt ceramic were measured by the laser flash method using a
aser flash apparatus (NETZSCH LFA 447 Nanoflash). The sam-
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able 2
icrohardness and fracture toughness of Y2O3 ceramics with different Yb doping co

ample Average indentation
diagonal, d (�m)

Average le
radial crac

ure Y2O3 40.43 61.98
at.% Yb:Y2O3 40.75 69.22
at.% Yb:Y2O3 41.31 70.94
at.% Yb:Y2O3 43.51 71.79

ef. 19

ef. 20
eramic Society 31 (2011) 733–738

les (10 mm × 10 mm × 2 mm) were double-side polished and
oated with graphite to carry out the measurements. The Vickers
icrohardness and fracture toughness of Yb doped Y2O3 trans-

arent ceramic (20 mm × 20 mm × 2 mm) were obtained from
0 indentations made by Digital Vickers Hardness Tester FV-700
Future-Tech, Japan). In this study, the maximum load is 1 kg
nd the dwell time is 15 s, and the length of indentation diagonals
nd radical cracks was measured from the SEM images.

. Results and discussion

.1. Densification and microstructure

All the sintered samples present high transparency and the
verage total transmittance of 2 mm thick sample is 75.67%.
s shown in Fig. 1(a), the samples demonstrate high trans-
ittance not only in near infrared but also in visible region,
hich indicates that the ceramics have high quality without

cattering centers. The integrated X-ray diffraction profiles of
Y0.97Zr0.03)2O3 transparent ceramics with different Yb dop-
ng concentrations are presented in Fig. 1(b). We can see that
he phase structure of the ceramics is almost the same despite
f the different Yb contents. All the samples are well crys-
allized and coincided well with cubic Y2O3 phase (JCPDS
1-1105). While inspecting carefully, it can be observed that
ll the diffraction peaks show a slight movement to higher
iffraction angles, which is a clear evidence of the shrinkage
f the unit cell. We calculate the lattice parameter and unit
ell volume based on the XRD patterns, which are shown in
able 1, both of them decrease with the increasing of Yb con-

ent. It is mainly due to the smaller radius of Yb3+ (R = 0.86 Å)
nd Zr4+ ion (R = 0.80 Å) compared with that of Y3+ ion
R = 0.90 Å).

The microstructure of the polished surface was investi-
ated after etched in H3PO4 for 3 min at 85 ◦C. As shown
n Fig. 2, the grain size of all samples is comparatively
omogeneous without abnormal grain growth regardless of
b content, and the grain boundaries are clear without any
ores or impurities. It is easily observed that the grain size

ncreases with Yb concentration. We measured the mean grain
ize by averaging over 300 grains using a mean linear inter-
ept method. The mean grain size increases from 15.82 �m
o 18.91 �m, 22.14 �m and 26.54 �m when the concentration

ntents.

ngth of
ks, C (�m)

Microhardness,
H (GPa)

Fracture
toughness, KIC

(MPa m1/2)

11.11 ± 0.28 1.29 ± 0.05
10.94 ± 0.17 1.1 ± 0.05
10.64 ± 0.12 1.07 ± 0.04

9.59 ± 0.21 1.12 ± 0.06

∼10 ∼2.5

7.23 ± 0.35 0.81 ± 0.07
9.09 ± 0.41 1.39 ± 0.07
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Fig. 1. (a) Transmittance curve of 5 at.% Yb doped (Y Zr ) O transparent ceramic. Inset: photographs of (Yb Y Zr ) O transparent ceramics. (b)
X g con
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RD patterns of (Y0.97Zr0.03)2O3 transparent ceramics with different Yb dopin

f Yb3+ ion is 0, 3.0 at.%, 5.0 at.% and 8.0 at.%, respectively.
he reason can be explained as below: the radius difference
etween Yb3+ and Y3+ ion will induce lattice distortion, which
ould enhance the mass transport at grain boundaries during
intering. And this distortion will become larger with the con-
ent of Yb3+ ion increasing, so the speed of mass transport
nd grain growth increases accordingly and the grains grow
arger.

t
w
o

Fig. 2. SEM photographs of Y2O3 transparent ceramics with differe
x 0.97−x 0.03 2 3

centrations.

.2. Thermal properties

Before the thermal expansion measurement, the samples were
eated at 500 ◦C for 10 h with an extremely slow heating and
ooling rate of 20 ◦C/h. The main purpose of the annealing is

o relieve the processing stress. The experimental data we got
as the thermal expansion length (dL/L0) with the increasing
f temperature, as shown in Fig. 3(a). We can see that the ther-

nt Yb contents. (a) 0 at.%, (b) 3 at.%, (c) 5 at.% and (d) 8 at.%.
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ig. 3. Thermal expansion (a) and thermal expansion coefficient (b) of Y2O3 tran

al expansion curves are essentially linear in the temperature
ange from RT to 800 ◦C, and no anomaly is observed when
he measurement is carried out. It is obviously that the thermal
xpansion length increases with Yb content at the same tempera-
ure. Because the ceramic body is isotropic, we can calculate the
inear thermal expansion coefficients by the expression below:

= dL/L0

�T
(1)

here �T is the temperature difference from RT to several
ther temperatures. Because the dilatometer furnace is not very
table around room temperature especially when it just starts
p, the thermal expansion coefficients are not accurate below
00 ◦C. The coefficients over 200 ◦C are shown in Fig. 3(b),
hich clearly shows that the thermal expansion coefficient of
b:Y2O3 transparent ceramic increases with Yb doping con-

entration. The coefficients from RT to 800 ◦C are 6.98 × 10−6,
.66 × 10−6, 7.78 × 10−6 and 8.02 × 10−6 K−1 for Y2O3 trans-
arent ceramic with Yb doping level of 0, 3, 5 and 8%,
espectively. This increase is probably due to the structural dis-
ortion caused by the doping of Yb3+ ions.

The variations in thermal diffusivity and specific heat of Y2O3
ransparent ceramic as a function of Yb concentration at RT are
eported in Fig. 4(a). In this study, we did not take account of
he effect of grain size on the heat transfer in Y2O3 ceramics
ue to its small influence.17 The thermal diffusivity for pure
2O3 transparent ceramic is 5.253 × 10−6 m2/s, and it reduces

s much as 48% to 2.683 × 10−6 m2/s for 8 at.% Yb:Y2O3 trans-
arent ceramic. The reduction of thermal diffusivity is due to the
rregularity of ceramic density caused by Yb doping.18 With Yb
oncentration increasing, the specific heat of Yb:Y2O3 transpar-

nt ceramic first decreases and then increases slightly. Because
he heavier Yb3+ ions (atomic weight: 173.1) substitute for Y3+

ons (atomic weight: 88.9), the density of Yb:Y2O3 transparent
eramics increases with Yb3+ doping content (Fig. 4(b)). The

t
t
c
i

t ceramics with different Yb doping concentrations as a function of temperature.

hermal conductivity is calculated using the following equation:

= α · ρ · Cp (2)

here k, α, ρ and Cp denote thermal conductivity, thermal
iffusion coefficient, density and specific heat, respectively.
s displayed in Fig. 4(b), the influence of Yb3+ doping con-

entration on the thermal conductivity is apparent. While the
oping content of Yb3+ ion increases from 0 to 8 at.%, the ther-
al conductivity decreases by as much as 46%, from 11.97

o 6.39 W/m/K. Le Garrec and Casagrande predicted the ther-
al conductivity of 3 at.% Yb:Y2O3 ceramic as 6.7 W/m/K by

he famous model invented by Gaumé.18,19 While with 3 at.%
rO2 as additive, the thermal conductivity of our prepared 3 at.%
b:Y2O3 ((Yb0.03Y0.94Zr0.03)2O3) is still as high as 7.1 W/m/K.
ith the development of nano powder fabricating techniques,

ombined with an optimal preparing process such as slip casting
r hot isostatic pressing sintering, the amount of additive (ZrO2)
an be reduced, and the thermal conductivity will increase fur-
her, which is advantageous to reduce thermal lensing effects
nd improve the laser beam quality of Yb:Y2O3 ceramic.

The dependence of thermal conductivity of 5 at.% Yb:Y2O3
eramic on temperature is measured and given in Fig. 5. With
he temperature increasing, the thermal diffusivity decreases,
hereas the specific heat increases, which is in conformity
ith the numerical model proposed by Sato.20 Thermal dif-

usivity describes the ability of thermal equilibrium inside
he object. It is difficult to balance the temperature at higher
emperature. Therefore, the thermal diffusivity decreases with
emperature increasing. Specific heat characterizes the amount
f heat required to change a body’s temperature by 1 ◦C, it
ncreases with temperature consequently. The thermal conduc-
ivity is 6.46, 5.63, 4.79 and 4.46 W/m/K when the temperature
s 25 ◦C, 100 ◦C, 200 ◦C and 300 ◦C, respectively. It is important

o note that, although the thermal conductivity decreases with
emperature, it is still higher than that of 5 at.% Yb doped YAG
rystal at the same temperature reported in Ref. 21. The heat
nduced by laser will decrease thermal conductivity, however,
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Fig. 4. (a) Thermal diffusivity and specific heat of Y2O3 transparent ceramic with different Yb contents. (b) Density and thermal conductivity of Y2O3 transparent
ceramic with different Yb contents.

5 at.% Yb doped Y2O3 transparent ceramic as a function of temperature.
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Fig. 5. Thermal diffusivity, specific heat and thermal conductivity of

he reduction in thermal conductivity will cause heat congrega-
ion. This is a vicious cycle which is adverse to the laser quality,
o during laser operation, the cooling of Yb:Y2O3 transparent
eramic is necessary.9

.3. Mechanical properties

Fig. 6 presents the image of indentation on the mechanically
olished surface of Y2O3 transparent ceramic. The microhard-
ess can be estimated by the generally accepted formula:

= K
P

d2 (3)

here P is the load on the indenter; d is the length of indentation

iagonal; and K is the shape factor of the indenter, which is equal
o 1.854 for a pyramid-shaped indentation. The fracture tough-
ess can be experimentally determined from the linear sizes of
adial cracks (C) arising near the point of load application and

Fig. 6. Microscopic image of indentation in mechanically polished Y2O3

ceramic.
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stimated by the known formula22:

IC = 0.016

(
E

H

)1/2 (
P

C3/2

)
(4)

here E is the Young modulus, which is considered to be
79.8 GPa according to Yeheskel.23 The calculated microhard-
ess and fracture toughness of Yb:Y2O3 ceramics with different
b concentrations are listed in Table 2. Besides, some reported
alues are given for comparison.24,25 It can be seen that our
esults are in good agreement with the published results and the
ntroduction of substituting Yb ions into Y2O3 ceramic some-
hat decreases the hardness and KIC. The hardness of Y2O3

ransparent ceramic not only suits for mechanical processing,
uch as cutting and polishing, but also has enough mechanical
eliability for laser equipment.

. Conclusion

(YbxY0.97−xZr0.03)2O3 transparent ceramics (x = 0, 0.03,
.05 and 0.08) were fabricated, and the microstructure, thermal
nd mechanical properties was investigated. With Yb doping
oncentration increasing from 0 to 8 at.%, the mean grain size
ncreases, whereas the thermal conductivity at RT decreases. The
hermal conductivity of 5 at.% Yb:Y2O3 transparent ceramic
ecreases from 6.46 to 4.46 W/m/K when the temperature
ncreases from 25 ◦C to 300 ◦C, which is still higher than the
eported values of 5 at.% Yb doped YAG crystal at the same
emperature. The thermal expansive coefficient and hardness
f Y2O3 transparent ceramic are appropriate for laser equip-
ent. All the results indicate that Y2O3 transparent ceramic is

n excellent laser host material.
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