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bstract

he residual stresses in YAG phase of the melt growth Al2O3/YAG eutectic composite were studied at room temperature by means of the indentation
racture test and finite element stress analysis. The YAG phase taken out from the composite was used as a reference sample without thermally
nduced residual stresses. The apparent fracture toughness of YAG phase with residual stress in the composite was higher than that of the reference
ample of bare YAG. From the difference in fracture toughness value between the YAG in the composite and the bare YAG, the residual stress of

AG in the composite was estimated to be −170 ± 100 and −220 ± 130 MPa in the cross-sections perpendicular and parallel to the solidification
irection, respectively. The experimentally measured spatial distribution of the residual stress in YAG phase in the composite was accounted for
y the result of finite element analysis, which showed that the residual stress is different from position to position due to the variation in local
orphology of YAG and Al2O3 within the composite.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Considerable efforts have been made to develop high per-
ormance materials with excellent high-temperature strength
o improve thermal efficiency in jet aircraft engines and high
fficiency power-generation gas turbines. Among the devel-
ped materials, the unidirectionally solidified eutectic ceramic
omposites have clean interface, high-thermo-dynamical com-
atibility between/among the constituting phases and high static
nd creep strengths,1–15 being attractive and promising for struc-
ural application. For application of these composite materials to
ndustrial products such as gas turbine components, the study on

echanical behavior at room temperature is also important since
hese materials will be handled to fabricate machine compo-
ents at room temperature. For analysis of mechanical behavior

t room temperature, it is demanded to estimate the residual
tresses introduced during cooling from solidification- to room
emperature.

∗ Corresponding author. Tel.: +81 75 753 4834; fax: +81 75 753 4841.
E-mail address: ochiai@iic.kyoto-u.ac.jp (S. Ochiai).

(

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
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In the Al2O3/YAG composite, as the coefficient of thermal
xpansion of YAG is close to that of Al2O3,15–17 the thermally
nduced stresses are low in comparison with the other direc-
ionally solidified eutectic composites, as has been reported by
lorca and Orera,15 Dickey et al.17 and Torii et al.18 In the
resent work, it was attempted to elucidate the residual stress
alue and its distribution in detail. The outline of the contents
f this paper is as follows.

1) In order to obtain the reference sample without thermally
induced residual stress, the bare YAG was taken out from
the Al2O3/YAG composite by removing Al2O3, as shown
in Section 2.1. From the difference in fracture toughness
between the YAG in the composite and bare YAG, the resid-
ual stress of YAG in the composite was estimated. As the
fracture toughness of YAG was low as will be shown later
in Section 3.2, the apparent fracture toughness was strongly
affected by the existent residual stress, making it possible

to detect the residual stress in YAG, even though the stress
level was low.

2) From the difference in fracture toughness between the YAG
in the composite and bare YAG phase, the average residual

mailto:ochiai@iic.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.01.013
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5410LS, Jeol Co. Ltd.) to examine whether the expected features
occur in the present composite or not. The result is presented in
Section 3.1.
310 S. Ochiai et al. / Journal of the Europ

stress in YAG in the composite was estimated to be around
−220 to −170 MPa as shown in Section 3.3. Such a result
was described well by the finite element analysis, which
showed around −180 to −150 MPa. In addition to the inden-
tation fracture test and finite element analysis employed in
the present work, the X-ray diffraction method was also
employed to measure the residual stress for the same com-
posite and reference samples, whose result is submitted in
a separated paper.19 It is noted that the average residual
stress estimated by the X-ray method was around −220 to
−160 MPa, being comparable to the result of the present
work.

3) The fracture toughness- and residual stress values in YAG in
the composite were widely distributed, as shown in Sections
3.2 and 3.3. The reason for this was accounted for by the
result of the finite element analysis from the viewpoint of
the widely distributed residual stress stemming from the
variation in local morphology of YAG and Al2O3 within
the composite, as will be shown in Section 3.4.

. Experimental procedure

.1. Sample

High purity �-Al2O3 and Y2O3 powders with a eutectic mole
atio of 82:18 were ball-milled in ethanol. Thus obtained slurry
as dried and pre-melt by arc-melting to obtain initial ingots.
he ingots were crushed and the powders were melted in a Mo
rucible by high frequency induction heating at a pressure of
.3 × 10−3 Pa in an argon atmosphere. After sustaining the melt
t 2223 K for 1.8 ks, the melt was solidified unidirectionally by
escending the Mo crucible at a speed of 1.39 × 10−6 m/s. The
olume fraction of Al2O3 and YAG in the fabricated composite
as 0.5 for each.3

In the present work, the residual stress was measured from the
ifference in fracture toughness between the YAG in the com-
osite with thermally induced residual stress and the bare YAG
ithout it by the procedure shown later in Section 2.4. The bare
AG was obtained by removing Al2O3 from the Al2O3/YAG
omposite by deoxidization of Al2O3 in carbon container in
acuum at 1873 K for 7.2 ks. Under this deoxidization condition,
he depth of the Al2O3-removed region in the thickness direction
f the sample was around 250 �m, being around 8–25 times the
hickness of the YAG (around 10–30 �m). The appearance of the
urface of thus prepared bare YAG sample is presented in Fig. 1.

.2. Observation of propagation process of cracks induced
y high load indentation

Fig. 2 shows the schematic representation of the relation of
rack propagation path in relation to residual stresses, focus-
ng on the curved parts. As shown later, the residual stress in
AG was compressive. This means that the coefficient of ther-

al expansion of �(YAG) is lower than that of �(Al2O3). Under

uch a condition, the following crack path is expected. When the
rack existing in Al2O3 approaches the YAG, the crack extends
nto YAG due to the tensile circumferential residual stress of

F
o
p
Y

ig. 1. Appearance of the bare YAG, prepared by removing Al2O3 from the
l2O3/YAG composite.

l2O3 as in Fig. 2(a). On the other hand, when the crack exist-
ng in YAG approaches Al2O3, the crack by-passes Al2O3 due to
he tensile radial residual stress at interface as in Fig. 2(b). While
AG and Al2O3 are not particles in the present composite, such

eatures will be observed at least for the parts where the YAG
nd Al2O3 are curved in shape. Thus, from the observation of
he crack process, which of YAG and Al2O3 has compressive
esidual stress can be identified.

When indentation test is done at appropriate high loads, the
rack induced by the indentation propagates by breaking the
l2O3, YAG and their interfaces alternatively and stops finally.

n the present work, the indentation test at a high load of 196 N
as carried out with hardness measurement machine (AVK-C1,
kashi Co. Ltd.). Then the crack propagation process, covering

round 10–20 phases of Al2O3 and YAG in the cross-section,
as observed with SEM (scanning electron microscope) (JSM-
ig. 2. Local stress field caused by cooling due to the difference in coefficient
f thermal expansion between YAG and Al2O3 phases and its influence on crack
ropagation under the condition where the coefficient of thermal expansion of
AG is lower than that of Al2O3.
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ig. 3. The morphology of Faces A and B, perpendicular and parallel to the
olidification direction, respectively, on which indentation test was carried out.

.3. Indentation fracture test

The indentation fracture test (IF test) was carried out using
ynamic micro-hardness machine (HMV-2000, Shimadzu Co.
td.) at a load 0.49 N with a holding time 10 s, for Faces A
nd B, which are perpendicular and parallel to the solidification
irection, respectively, as shown in Fig. 3. For convenience, we
efine x, y and z directions as in Fig. 3. Faces A and B correspond
o x–y and x–z planes, respectively. The sizes of the indentation
nd induced crack were measured with SEM.

Until now, two empirical equations have been proposed to
stimate fracture toughness from the IF test; Evans’s equation for
edian crack20 and Niihara’s one for palmqvist crack.21 In order

o know which equation is applicable to the present samples,
he indented sample was broken by bending and the appear-
nce of the indentation-induced crack beneath the indentation
Fig. 4) was observed with SEM. The hatched cross-section
n Fig. 4 corresponds to fracture surface by bending. From
he observed morphology of the cracks beneath the inden-
ation, it was identified which median and palmqvist cracks
ere induced by the indentation. Based on such a result, the

orresponding equation was used for estimation of the frac-
ure toughness values. The result will be presented in Section
.2.

.4. Estimation of residual stress
For the materials with residual stresses, the fracture toughness
Ic is a function of the crack size c and the residual stress σR.22

oting the fracture toughness under no residual stress as K∗
Ic,

c
d
t
(

ig. 4. Schematic representation of the indentation-induced crack, whose mor-
hology beneath the indentation was observed from the fracture surface caused
y bending after indentation.

he relation among the KIc, K∗
Ic, c and σR is expressed by22,23

Ic = K∗
Ic − 2σR

( c

π

)1/2
(1)

ubstituting the measured values of KIc and c of YAG in com-
osite, and K∗

Ic of bare YAG into Eq. (1), σR was calculated. The
esult will be shown in Section 3.3.

.5. Finite element analysis

The Young’s modulus values of the Al2O3/YAG composite
t room temperature for the directions parallel, 45◦—inclined
nd perpendicular to the solidification direction have been
eported to be 333, 329 and 342 GPa, respectively,16 indicat-
ng that the anisotropy (difference in Young’s modulus among
he directions) is small for the Young’s modulus. Also, in the

easured coefficient of thermal expansions for the directions
arallel, 45◦, perpendicular to the solidification direction, the
nisotropy was small as well as for Young’s modulus, as shown
n Fig. 5.16 It was attempted in our former work16 to describe
uch measured temperature-dependences of the Young’s mod-
lus and coefficient of thermal expansion of the composite by
he finite element method (FEM). Various reported temperature-
ependences of Young’s modulus and coefficient of thermal
xpansion for single crystal YAG and Al2O3 were input for
alculation. However, within the reported data for single crys-
als, reasonable calculation results, satisfying simultaneously
he measured temperature-dependences of Young’s modulus and

oefficient of thermal expansion of the composite for the three
irections, could not be found. Then, as a first approximation,
he following temperature (T) dependence of Young’s modulus
E) and coefficient of thermal expansion (α) of polycrystalline
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Fig. 5. Comparison of the temperature dependence of the coefficient of thermal
expansion of the composite for parallel (z direction in Fig. 3) and perpendicular
(x and y directions) directions calculated by the finite element method (FEM)
and that calculated by the Cribb equation with the measured ones for parallel,
perpendicular and 45◦ directions. As the difference in temperature dependence
of the coefficient of thermal expansion calculated by FEM between the parallel
and perpendicular directions was too small to be distinguished in the present
s
(
f

A

E

E

α

α

T
c
i
o
p
t
r
F
g
a
c
t
e
m
b

l
o
t
e
A
f
t
Y
o
v
t
t

F
M

d
f

c
m
s
l
t
r
p
t
a
d
t
p
f
s
b

3

3

t
i
c
s
c

cale, the calculation results for both directions are shown with the same symbol
©). The result calculated by Cribb equation (�) is dependent only of volume
raction, giving the same result for any direction.

l2O3 and YAG24–27 were input.

(Al2O3) = 423 − 0.0474T (GPa), (2)

(YAG) = 299 − 0.0180T (GPa), (3)

(Al2O3) = 6.50 + 0.00146T (×10−6 K−1), (4)

(YAG) = 6.09 + 0.00117T (×10−6 K−1) (5)

he calculation result for the temperature dependence of the
oefficient of thermal expansion of the composite is presented
n Fig. 5. As the difference in calculated temperature dependence
f the coefficient of thermal expansion of the composite for the
arallel (z direction in Fig. 3) and perpendicular (y direction) was
oo small to be distinguished in the present scale, the calculation
esults for both directions are shown with the same symbol (©).
or reference, the result calculated by Cribb equation,28 which
ives the same result for any direction when isotropic values
re input, is also presented with �. The calculation results were
lose to the experimental ones. In this way, when Eqs. (2)–(5)
aken from the reported data for polycrystalline were used, the
xperimentally measured temperature dependence of the ther-
al expansion of the composite could be described fairly well

y the finite element analysis as well as by the Cribb’s model.28

In the present work, Eqs. (2)–(5) that could give the calcu-
ation results close to the measured temperature-dependences
f Young’s modulus and coefficient of thermal expansion of
he composite were used as a first approximation for the finite
lement analysis to calculate the residual stress distribution in
l2O3 and YAG. On this point, the present calculation is rough;

urther study is needed for refinement. It is, however, noted that
he present calculation showed that the average residual stress of
AG in composite is around −180 to −150 MPa and the range

f residual stress is around −300 to 0 MPa, as shown later. These
alues are similar to the average values −220 to −170 MPa and
he range from −500 to 0 MPa estimated by the indentation frac-
ure test and similar to −220 to −160 MPa estimated by X-ray

p
t
d
s

ig. 6. The finite element model of Face A for analysis of residual stresses. (a)
odel morphology of Face A and (b) mesh and boundary condition.

iffraction.19 These results suggest that the present input values
or calculation are not so much different from the actual ones.

The present finite element analysis was carried with the
ommercial finite element code MARC/MentatTM. The model
orphology of Face A and given meshes is representatively

hown in Fig. 6. (The model morphology of Face B will be shown
ater in Fig. 14(a).) The Poisson’s ratio of Al2O3 and YAG was
aken to be 0.23 and 0.25, respectively.29 For calculation of the
esidual stresses, it was needed to know the “stress free” tem-
erature, at which the build-up of elastic stresses begins, since
he elastic strains generated by the thermal expansion mismatch
bove this temperature are smoothed out by the plastic or creep
eformation of one (or both) phases.15 In the present calcula-
ion, the onset temperature of dislocation slip in prismatic and
yramidal planes in Al2O3, 1423 K, was taken as the “stress
ree” temperature, which has been used for analysis of residual
tresses in Al2O3/YSZ composite.15 The calculation result will
e presented in Section 3.4.

. Results and discussion

.1. Crack propagation path

As stated in Section 2.1, it is expected that the crack in
he Al2O3 tends to extend directly into YAG, but the crack
n YAG tends to by-pass the Al2O3 if YAG and Al2O3 have
ompressive and tensile residual stresses, respectively. Fig. 7
hows the observed propagation path of the indentation-induced
rack. As high load of 196 N was applied in this test, the crack

ropagated for long distance. The arrows show the direction of
he crack propagation. The expected tendency is clearly found,
emonstrating that YAG and Al2O3 have compressive and ten-
ile residual stresses, respectively, and therefore the coefficient
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room temperature was taken to be 290 GPa.

Fig. 10 shows the examples of appearance of Vickers inden-
tations in Face A of the YAG in composite and bare YAG. The
Fig. 7. Examples of the observed propagation path of the crack i

f thermal expansion of YAG is lower than that of Al2O3. This
esult indicates that the apparent fracture toughness of the YAG
n composite is higher than that of the bare YAG due to the
xistent compressive stress.

.2. Fracture toughness of bare YAG and YAG in composite

In order to know which of the Evans’s20 and Niihira’s21

quations is applicable to estimate the fracture toughness, the
ppearance of the crack beneath the indentation (Fig. 4) was
bserved. As shown in Fig. 8, the median crack was formed.

his indicates that the Evans’s equation, which premises the
edian crack, is applicable to the present YAG. Also the dam-

ge zone was formed just beneath the indentation, due to which
ateral crack was formed upon unloading process.30

ig. 8. Appearance of the indentation-induced crack beneath the indented sur-
ace, observed in the fracture surface of specimens caused by bending after
ndentation.

c

F

d by high load indentation in Face A of Al2O3/YAG composite.

The Vickers indentation-induced crack in YAG is schemati-
ally represented as shown in Fig. 9. The Evans’s equation20 is
iven by

Ic = 0.036E0.4P0.6a−0.7
( c

a

)−1.5
(6)

here E is the Young’s modulus, 2c the crack size, P the load
nd 2a the diagonal length. The Young’s modulus of YAG at

16
rack propagated in the diagonal directions. Substituting the

ig. 9. Schematic representation of Vickers indentation-induced fracture.
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ig. 10. Appearance of Vickers indentations in Face A of (a) YAG in the com-
osite and (b) bare YAG.

easured a and c values into Eq. (5), the K∗
Ic and KIc values

ere obtained.
K∗

Ic and KIc values at more than 30 points were measured for
- and B-faces. The results are shown in Fig. 11. The measured
alues are numerically expressed as follows:

K∗
Ic = 1.11 ± 0.09 MPa (m)1/2,

KIc = 1.69 ± 0.30 MPa (m)1/2 for Face A.

K∗
Ic = 1.04 ± 0.08 MPa (m)1/2,

KIc = 1.78 ± 0.39 MPa (m)1/2 for Face B.

wo distinct features are read. (i) The fracture toughness value
f the bare YAG, K∗

Ic, was lower than that of the YAG in com-
osite, KIc, suggesting the existence of the compressive residual
tress. (ii) The scatter of fracture toughness K∗

Ic of the bare YAG
as small, while the scatter of fracture toughness KIc of the
AG in composite was large. The reason for this is attributed

o the large scatter of residual strain value of YAG in the com-

osite, which is different from position to position due to the
on-uniformity of the local shape and local volume fraction of
he constituents (Al2O3, YAG), as will be discussed in Section
.4.

u
w
i
i

ig. 11. Measured fracture toughness of YAG in the composite and bare YAG
n Faces (a) A and (b) B.

.3. Estimation of residual stress in YAG in composite from
he K∗

Ic and KIc

The average fracture toughness values of the bare YAG
K∗

Ic) and YAG (KIc) in composite in Face A were 1.11 and
.69 MPa (m)1/2, respectively, from which the average residual
tress σR was estimated to be −170 MPa by Eq. (1). In a similar
anner, from the difference in average K∗

Ic (1.05 MPa (m)1/2)
nd KIc (1.78 MPa (m)1/2) in Face B, the average residual stress
R was estimated to be −220 MPa. The existence of the com-
ressive residual stress in YAG and tensile one in Al2O3 is
econfirmed experimentally by the indentation fracture test as
ell as by observation of the crack propagation path shown in
ection 3.1.

The fracture indentation test showed that the KIc in the YAG
n composite is widely distributed in comparison with the K∗

Ic of
are YAG (Fig. 11). Such a relatively large distribution of KIc of
he YAG in composite implies the large distribution of the resid-

19
al stress. In our recent X-ray diffraction experiment, the full
idth at half maximum intensity of the Bragg peak of the YAG

n composite was larger than that of the bare YAG, which also
mplies the distributed residual stresses. The distribution of the
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ig. 12. Residual stress distribution in YAG in composite, estimated by Eq. (1).

esidual stress of the YAG in composite was roughly estimated
rom the distribution of KIc as follows.

If we assume that the distribution in fracture toughness stems
rom the difference of the residual stress, we have the residual
tress distribution by substituting the measured KIc and c val-
es into Eq. (1) for each data and average value of K∗

Ic = 1.11
nd 1.05 MPa (m)1/2 for Faces A and B, respectively. The result
s presented in Fig. 12. In these results, the residual stress var-
ed from −400 to 0 MPa for Face A and from −500 to 0 MPa
or Face B. The statistical result of the average stress with
he standard deviation for Face A was −170 ± 100 MPa and
hat for Face B was −220 ± 130 MPa. In this way, the resid-
al stress was widely distributed, depending on the position at
hich the indentation test was conducted. The present exper-

mentally estimated distribution of the residual stress in YAG
ill be compared with that calculated by the FEM in Section
.4.

The compressive residual stress for Face B was slightly higher
han that for Face A. Two possible reasons for this difference are
nisotropy especially of Al2O3 and difference in morphology
f Al2O3 and YAG between Faces A and B (Al2O3 and YAG
re elongated along the solidification direction in Face B but
ot in Face A (Fig. 3)). As the input values for finite element

nalysis of residual stresses were taken from the reported data
or polycrystalline Al2O3 and YAG (2.5), the influence of their
nisotropy on the residual stresses could not be examined within
he present work but the influence of the morphology could be

r
F
w
f

ig. 13. Residual stress distributions in YAG and Al2O3 in the composite at
oom temperature calculated by the finite element method for Face A. (a) Model
omposite. (b) Residual stress in YAG in the x direction. (c) Residual stress in
AG in the y direction. (d) Residual stress in Al2O3 in the y direction.

xamined. In Section 3.4, the influence of the morphology on
he average residual stresses will be shown.

.4. Residual stress distribution in YAG in composite
alculated by the FEM

Fig. 13 shows the residual stress distribution in Face A.
he model used for finite element calculation is presented in
ig. 13(a). This model was taken from the observed morphology.
he red and white parts correspond to YAG and Al2O3, respec-

ively. Totally 27,292 elements and 27,595 nodes were given
or calculation. Fig. 13(b)–(d) show the stress distributions in
AG in the x direction in Fig. 3, in YAG in the y direction and in
l2O3 in the y direction, respectively. Fig. 14 shows the residual

tress distribution in Face B. The model for Face B was taken
lso from the observed morphology. Totally 27,312 elements
nd 27,643 nodes were given for calculation. The calculation

esult of a part of the model (surrounded with broken lines in
ig. 14(a)) is picked up to show clearly the stress distributions
ithin (b) YAG and (c) Al2O3 in the z direction. The following

eatures are read from Figs. 13 and 14.
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Fig. 14. (a) The model morphology of Face B and examples of the residual
s
r
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tress distribution in the z direction in (b) YAG and (c) Al2O3 in composite at
oom temperature, calculated by the finite element method for Face B. The part
urround by the broken lines in (a) is representatively picked up and is enlarged
o show the detailed residual stress distributions within (b) YAG and (c) Al2O3.

1) The Al2O3 and YAG have tensile and compressive stresses,
respectively. The stresses are not uniform, being different
from position to position. Also the stresses in x, y and z
directions are different. In this way, the residual stresses
are dependent on the local morphological factors such as
thickness, curvature and local volume fraction.

2) The residual stresses in both YAG and Al2O3 vary with posi-
tion (around from −300 to 0 MPa in YAG and around from
0 to 300 MPa in Al2O3). The calculated residual stress range
in YAG was comparable to the measured range from −400
to 0 MPa for Face A and from −500 to 0 MPa for Face B
(Fig. 11). The average stress of YAG in Face A (=(σx + σy)/2)
was −150 MPa and that in Face B (=(σx + σz)/2) was
−180 MPa. The difference in the calculated average value
between Faces A and B is attributed to the difference in
morphology (Fig. 3). These calculated average values were
comparable to the average values of −170 and −220 MPa
estimated by the indentation fracture test and of −160 and
220 MPa estimated by the X-ray diffraction method,19 for

Faces A and B, respectively.

3) For calculation of residual stresses, the onset temperature
of dislocation slip in prismatic and pyramidal planes in
Al2O3, 1423 K, was taken as the “stress free” temperature as
eramic Society 28 (2008) 2309–2317

stated in Section 2.5. However, in practice, the “stress free”
temperature is not a fixed value, since it is dependent on
fabrication condition such as the temperature gradient and
cooling rate after solidification. If we take the “stress free”
temperature as 1623 K for instance, the average stresses in
Faces A and B become −180 and −210 MPa, being closer to
the measured values of −170 and −220 MPa, respectively.
Namely if the amount of plastic (or creep) deformation is not
sufficient to release the accumulated elastic residual strain,
the residual stress becomes higher. For calculation of the
residual stress, we need exact value of “stress free” tem-
perature, which is unknown until now. It is, however, noted
again that the calculated average residual stresses are com-
parable to the measured values. This suggests that the “stress
free” temperature 1423 K practically gives a fairly good
approximation for calculation of residual stress distribu-
tion. Conclusively, the calculation results in Figs. 13 and 14,
showing the wide distribution of the residual stress (around
−300 to 0 MPa in YAG and around 0 to +300 MPa in Al2O3),
are considered not to be so much different from the practical
ones. The residual stress is different from position to posi-
tion, due to the difference in local morphology. Namely,
high- and low-residual stress regions coexist within YAG
and Al2O3, which accounts for the measured wide distri-
bution of fracture toughness (Fig. 11) and residual stress
(Fig. 12) in YAG at least qualitatively.

. Conclusions

The residual stresses at room temperature in YAG of the melt
rowth Al2O3/YAG eutectic composite were studied by means
f indentation fracture test and finite element analysis. As a
eference sample without thermally induced residual stress, the
are YAG taken out from the composite was used. Main results
re summarized as follows.

1) The crack in YAG in the composite tends to by-pass Al2O3,
while the crack in Al2O3 tends to run into YAG, suggesting
that the residual stresses are compressive and tensile in YAG
and Al2O3, respectively.

2) The indentation fracture test showed that the fracture tough-
ness of YAG in the composite was higher than that of the
bare YAG taken out from the composite. From the differ-
ence in fracture toughness value, the residual stress of YAG
in composite was estimated to be around −170 ± 100 and
−220 ± 130 MPa for Faces A and B, respectively.

3) The fracture toughness and therefore the residual stress of
YAG in composite were different from position to position,
depending on the local morphology. The residual stresses
of YAG, estimated by the indentation fracture test, were in
the ranges of around −400 to 0 MPa and around −500 to
0 MPa for Faces A and B, respectively.

4) The average residual stresses in YAG in composite cal-

culated by the finite element analysis were −150 and
−180 MPa in Faces A and B, respectively. The residual
stresses of YAG, calculated by the FEM, were in the range
of around −300 to 0 MPa in Faces A and B. These calcu-
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lation results were comparable to the experimental results
mentioned in (2) and (3) above.

5) The experimentally observed wide distribution of residual
stress in YAG (and Al2O3) was accounted for by the differ-
ence in local morphology based on the result of the finite
element analysis.
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