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Abstract

The residual stresses in YAG phase in directionally solidified eutectic (DSE) Al,03/Y3Al50;; (YAG) ceramic composite were estimated by X-ray
diffraction technique. The YAG skeleton specimen without Al,O; phase, extracted from the composite, was used as a thermally-induced stress-free
reference specimen. The X-ray stress measurements with Cu Ka irradiation were performed on the two planes: parallel and perpendicular to the
solidification direction. The estimated residual stresses on average were —220 MPa and —157 MPa on the planes parallel and perpendicular to the
solidification direction, respectively. The measured residual stresses were described fairly well by the calculation based on a lamellar model under

the condition of the stress-free temperature 14001600 K.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of the attractiveness in superior oxidation resis-
tance, high stability of the microstructure and excellent high
temperature mechanical properties in oxidative environment,
directionally solidified eutectic (DSE) oxide/oxide ceramic
composites are potential structural materials for advanced
energy generation systems and propulsion systems. !> Recently,
a number of DSE oxide/oxide ceramic composites, such
as AlL03/Y3Al5012,3 Al,03/Zr03.° Co;_,Ni,/ZrO,(Ca0),’
and Al,03/GdAIO3,? have been developed, being expected to
fulfill the requirements for ultra high temperature applications.

Since DSE ceramic composites are generally fabricated and
are to be used in an ultra high temperature environment, one of
the key issues is to reveal the residual stresses, arising from the
mismatch of coefficient of thermal expansion (CTE) among the
constituting phases on cooling from the fabrication and appli-
cation temperatures. To ensure these composites operate safely
as high temperature structural components, the residual stress
should be taken into consideration in engineering design and
real application, because such residual stress (compressive in
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one phase and tensile in the other) will certainly have an affect
on the mechanical behavior of these composites.®” Therefore,
an understanding of the residual stress state in DSE ceramic
composites is essential for engineering application.

Among the DSE ceramic composites mentioned above, the
Al,O3/YAG (Yttrium—Aluminum Garnet with the composition
of Y3Al5012) ceramic composite is a very promising candi-
date for high temperature structural components due to the good
thermal expansion compatibility between the Al,O3 and YAG
phases,!®!! clean interface between the phases without glass
phase, and high mechanical properties and high stability in ultra
high temperature region.>~>1? The next step for application is to
clarify the residual stress. The accurate estimation of the ther-
mal residual stresses is, however, a complex problem, because
the microstructure and crystallographic texture of DSE ceramic
composites are very sensitive to processing conditions as have
been reported!3~1> and therefore the thermal residual stresses
depend not only on the CTE mismatch but also on the cool-
ing rate, the morphology of the eutectic microstructure, and the
stress relaxation mechanism.

The three-dimensional observation of the eutectic structure
and the crystallographic orientation relationships between the
two eutectic phases in DSE Al,O3/YAG ceramic composite have
been characterized by Yasuda et al. by means of X-ray tomogra-
phy analysis.'© In the current work, the YAG skeleton specimen
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without Al,O3 phase, extracted from the composite, was used
as a thermally-induced stress-free reference specimen, and the
residual stresses in YAG phase in the composite on the planes
parallel and perpendicular to the solidification direction, were
estimated by the X-ray diffraction technique. Then, the residual
stresses estimated by the X-ray measurements were compared
with those predicted by the lamellar model as a first approxima-
tion to know the influence of the stress-free temperature on the
residual stress-values.

2. Materials and experimental procedure
2.1. Specimen

The DSE Al,03/YAG ceramic composites were fabricated
by a Bridgman method at the Ultra-high Temperature Materials
Research Center, Yamaguchi, Japan. The fabrication procedure
has been described in detail elsewhere.’> The surface mor-
phologies of the fabricated specimen are shown in Fig. 1. The
alumina and YAG phases correspond to the dark and light phases,
respectively.

In the fabricated specimens, the volume fraction of Al,O3 and
YAG are the same (50%).>* The widths of alumina and YAG
phases are around 10-30 wm. The single crystal Al,O3 and YAG
phases are three-dimensionally continuous and entangled.'® The
alumina and YAG crystals on the plane parallel to the solidi-
fication are elongated in comparison with those on the plane
perpendicular to it.

The specimen’s dimension was 10mm (length) x 10 mm
(width) x 10 mm (thickness). For distinguishing the surfaces in
the X-ray stress measurement, based on the crystallographic
orientation of Al,O3 phase in the composite, the mutually per-
pendicular surfaces in the specimen shown in Fig. 1, were
assigned a, b, and c. Correspondingly, each surface was defined
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Fig. 1. Surface morphologies of DSE Al,03/YAG ceramic composite, the dark
phase and light phase in this composite correspond to the Al,O3 and the YAG
phases.

Fig. 2. The surface morphology of skeleton specimen showing a porous
microstructure.

as a, b, and c direction. The solidification is along the b direction
(Fig. 1).

In order to measure the unstressed lattice parameter, dp,
the sheets with a dimension of 10mm (length) x 10 mm
(width) x 0.6 mm (thickness) were prepared, from which the
Al,O3 phase was removed by a treatment to make them fully
porous on a surface layer® and the skeleton YAG specimen was
obtained. The surface morphologies of the skeleton specimen
are shown in Fig. 2. The skeleton YAG specimen without alu-
mina phase was used as the reference (unstressed specimen)
for X-ray strain measurement. The use of skeleton YAG speci-
men minimized the composition fluctuation and microstructure
difference in comparison with those of the as-received
specimen.

2.2. X-ray diffraction

The X-ray diffraction method for the measurement of stresses
in crystalline solids has been well established.'”!® In this
method, the interplanar spacing d is used as an absolute strain
gauge. The interplanar spacing, d, for a particular set of hk!
planes of a given phase can be measured from the corresponding
peak in the diffraction pattern with Bragg’s law:

_ A
" 2 sin g

where 6p is the Bragg angle, which was obtained from the
measurement of Kal peak position in the present work. XRD
patterns were measured by a Rigaku X-ray diffractometer (RINT
2000 series, Model D/max-2200) with a four-circle goniometer
(¢, ¥, w, 20 which will be defined below).

The X-ray diffraction setup and specimen mounting are
shown in Fig. 3. The specimen can rotate in its own plane
about an axis (A—A’) normal to its surface, and about a hori-
zontal axis (B-B’) as shown in Fig. 3. The horizontal axis lies
in the specimen surface and it is initially adjusted by rotation
about the diffractometer axis (perpendicular to the drawing), to
make equal angles with the incidence and diffraction beams.

ey
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Fig. 3. The X-ray diffraction setup and specimen mounting, and definition of
rotation axes for both ¢ and i angles.

After such an adjustment, the horizontal axis is fixed (no further
rotation about the diffractometer axis).

In order to know the residual stress states in this compos-
ite, two coordinate systems, the laboratory coordinate system
and specimen coordinate system, were defined. Fig. 4 shows
a laboratory coordinate system Xi“ with respect to a specimen
coordinate system X IS and the definition of ¥ and ¢ angles. The
direction of the incident beam with respect to the specimen’s
coordinates was determined by these two angles: ¥ and ¢ (see
Figs. 3 and 4). The specimen was mounted onto a goniometer
head that was used to position a specimen in the X-ray beam
and was oriented with respect to the specimen coordinate sys-
tem (X is) so that the ¢ axis coincided with the normal (X g) of
the surface of the specimen throughout the experiment (Fig. 4).
In this work, the X ? direction was chosen as the reference for
angle ¢. In the drawing of Fig. 3, the ¥ angle is zero when the
surface of specimen is vertical and has value of 90° when the
surface of specimen is in the horizontal position. Both angles v
and ¢ were taken from the pole figure analysis.

During the X-ray stress measurement, a Cu Ka irradiation
was used at 40kV and 200 mA. The relevant diffractometer
conditions are summarized in Table 1. The direction of strain
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Fig. 4. Establishment of the laboratory coordinate system and the specimen
coordinate system, and the definition of ¢ and v angles in the present specimen.

Table 1

X-ray diffractometer conditions for residual strain measurement

Parameter Condition

Equipment Rigaku XRD: Cu Ka X-ray tube;
four circle goniometer

Power 8kW; 40kV, 200 mA

Radiation Cu Ka, A =1.540562 A

Diffraction {888}

26 range 125.1-125.8°

Divergence slit 0.25°; 2.0 mm horizontal window

Soller slit 0.25°

Receiving slit 0.15 mm

Source-to-specimen distance 185 mm

Scans Step: 0.004°; 26/step; 2.4 s/step

measurement with respect to the specimen was always along
the bisector of the incident and diffracted beams, namely, along
the X ]3“ axis normal to the diffraction planes (Fig. 4).

Generally, the diffraction peak in the high 26 region is chosen
for residual stress measurement because a high-angle peak will
result in a larger shift in 20 for a given stress. In the present
work, the 8 8 8 plane (peak position at 26 =125.386°) for YAG
phase was chosen for strain measurement, and the X-ray strain
measurements were performed on the two planes: parallel (c
plane) and perpendicular (b plane) to the solidification direction
(b axis) (Fig. 1).

Before the X-ray strain measurements, the pole figure analy-
sis was performed to determine the orientation of each member
of the YAG 888 family of diffractions using the Shultz reflec-
tion method.'® The orientation for each diffraction member was
determined by angles ¢ and 1. By rotating the goniometer by a
combination of ¢ and i degrees, a particular diffraction normal
was brought into the diffraction plane. Then a 26/6 scan was
collected from each accessible member of the YAG 888 family
of diffractions.

3. Results

The peak profiles for both as-received and skeleton specimens
were obtained in the range of 125.1-125.8° for YAG 888 diffrac-
tions. Examples (dot curve) in Fig. 5 show Gaussian distribution
in intensities. Evidently, the peak profile in the as-received spec-
imen is broadened and shifted to higher 20 in comparison with
that of the skeleton specimen. The shift and broadening of the
peak observed in the as-received specimen implies the existence
of elastic residual stresses and their inhomogeneous distribution.
To obtain the diffracted peak positions precisely, the 26 positions
were determined by fit of the background-subtracted peaks to
the Gaussian function (only the data with intensities higher than
70% of maximum intensity was used). Examples of the fitting
profiles (solid curve) are shown in Fig. 5.

The strain, e%, can be obtained from different crystallo-

graphic planes (df,l/; ) and the unstressed lattice parameter (dg)
by the following equation:

Oy
d,; —doy
0
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Fig. 5. Peak profiles measured from YAG 888 family of diffractions and fitting
lines for as-received and skeleton specimen.

where eﬁ}fl is the measured strain for diffraction (% k [) located at
¢ and ¥ (along the X ]3“ direction).

Using the relationship between the two coordinate systems,
the strain tensor ¢;; in the specimen coordinate system (X iS) can
be expressed by the following equation:

e% = aiajeij 3

where q; is the direction cosine between the (h k) diffraction
and axis i. The strain tensors in the specimen coordinate system
can be determined with generalized least-square method.!® In
the present experiments, less than six diffractions for YAG 888
family were identified on pole figure, only the principal strains
(normal to each surface of specimen) were measured.

The residual stress tensor o;; in YAG phase was calculated

from the measured strains using the relation:'8
14+v v
gij = ——0j; — 8ijj—0 4
ij E ij ij E kk @

Here 6;;=1 for i=j, and §;;=0 for i #, and v and E are Pois-
son’s ratio and Young’s modulus of materials, respectively. The
Young’s modulus and Poisson’s ratio of the YAG phase were
taken to be 294 GPa, and 0.25, respectively.zo The errors in the
measured stresses were obtained from those of strains using
the method in a previous study.!® Fig. 6 shows the measured
residual stresses and error bars for b and ¢ planes. The average
principal residual stresses in the YAG phase were —220 MPa
and —157 MPa on the planes parallel and perpendicular to the
solidification direction, respectively.

4. Discussion

The results in Fig. 6 indicated that the principal residual
stresses in YAG phase varied with varying direction and mea-
sured planes. The average values of principal residual stresses
in YAG phase were —220 MPa and —157 MPa on the ¢ plane
and b plane, respectively. These results may be associated with
the anisotropic properties and local microstructure heterogene-
ity of constitute phases. For single crystal alumina phase, an
anisotropic CTE has been observed in the basal plane and ¢
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Fig. 6. The principal residual stresses measured from YAG 888 family of diffrac-
tions on both b and ¢ planes.

axis, and the CTE is higher in ¢ axis in comparison with those
of other axis.?! This could be a reason for the relatively high
residual stress measured on the ¢ plane. In addition, the Cu Ko
irradiation used in the X-ray strain measurement has a penetra-
tion depth of about 125 pm (for 90% attenuation) obtained from
the method in the literature.!” Thus, the X-ray penetration depth
was large compared with the phase dimensions (10-30 pwm).
The residual stress in the present study is an average value
of about 125 pm thickness from the measured surface and it
can be affected by the morphologies of eutectic phases in the
X-ray irradiated volume. On the other hand, the accuracy of
residual stresses may be affected by the measurement of the
unstressed lattice parameter. Small variations in dy can greatly
affect on the accuracy of the strain measurement, especially,
for DSE Al,O3/YAG ceramic composite with small CTE mis-
match. In previous study,”>?3 the measured residual stresses
by X-ray diffraction are nearly zero within the experimental
error. However, in the present study, the dy was measured from
the skeleton YAG specimen. The advantage by using the skele-
ton specimen has been described in Section 2.1. In addition,
during the preparation of skeleton specimen, the high temper-
ature annealing would be helpful in the relaxation of residual
stress.

As shown in Fig. 1, the alumina and YAG crystals on the
plane parallel to the direction of solidification are elongated. For
rough prediction of the thermal mismatch stresses and for under-
standing the mechanism for residual stresses development, the
model?* for DSE ceramic composite with a lamellar microstruc-
ture was applied in the present work as a first approximation, as
follows. In this model, the thermal residual stresses are gener-
ated on cooling in YAG phase as schematically illustrated in
Fig. 7. It is noted that it has been shown by Yoshida et al.> that
the flow stress of this composite under applied stress parallel to
the solidification direction at high temperatures (>1600 K) can
be described well by such a lamellar model. This result suggests
that the present model could also be used for description of the
residual stress for the direction parallel to the solidification as a
rough approximation.

As a first approximation, the lamellar microstructure of the
DSE ceramic composites was regarded to be fully constrained,
isotropic, elastic slabs. Under such an approximation, the



J.J. Sha et al. / Journal of the European Ceramic Society 28 (2008) 2319-2324 2323

Aa>( ALO,

Solidification direction

Fig. 7. Schematic illustration of lamellar structure showing the presence of
residual stresses with arrows.

in-plane thermal mismatch stresses can be calculated as:>*

Titress EY T
ol = / Aa(T) 1)
Troom

Y Y Yy 7!
) s
& ) \EMT)/(1 = vA)
where oY is the residual stress of phase YAG on the plane
paralleled to the interface, A«a(7)dT is the thermal mismatch
strain between the two eutectic phases, E' and v’ are Young’s
modulus and Poisson’s ratio of phase i (i=A for alumina
and i=Y for YAG), respectively, and £ is the thickness
of layer i. In this model, the temperature dependence of
CTE and Young’s modulus was taken from our previous
work:??  EY =299 —0.01807 (GPa), E*=423—0.0474T
(GPa), «¥ =6.09+0.001177 (x 10~%/K), o* =6.50 + 0.00146T
(x107%/K). The Poisson’s ratios are 0.23 for Al,O3 phase and
0.25 for YAG phase, respectively. Since the CTE of the YAG
phase is less than that of the alumina phase, the alumina shrinks
more than YAG on cooling, but the YAG resists it. Such an
interaction puts the YAG phase in compression and the alumina
in tension as indicated by arrow in Fig. 7.

In order to estimate the thermal residual stresses with Eq.
(5), it is necessary to know the stress-free temperature,21 above
which the residual stress is released due to the creep/plastic
deformation of alumina and below which the residual stress is
accumulated. Such a temperature is considered to be depen-
dent on the cooling rate since the high temperature deformation
of alumina is time—dependent.26 In the present work, various
stress-free temperatures in the range from 1400 K (around onset
temperature of deformation of alumina®!) and 2200 K (melting
point of the composite) were assumed. The calculation results
are presented in Fig. 8, in which the residual stress at room tem-
perature in the longitudinal direction in Fig. 7 is plotted against
the stress-free temperature. From the result in Fig. 8, it can be
seen that the residual stress is highly dependent on the stress-free
temperature.
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Fig. 8. The thermal mismatch residual stresses estimated by Eq. (5) and their
dependence on the stress-free temperature at which the plastic deformation
occurred.

Comparing the stresses from experiment with those from
model’s prediction, the X-ray measured residual stresses is
very similar to those of model predictions in the low temper-
ature region (1400-1600 K). This is parallel with the minimum
temperature, which is at 1423 K in prismatic and pyramidal
planes,?! for the activation of plastic deformation in single crys-
tal aluminum phase. Meanwhile, this result indicates that X-ray
diffraction technique used in present work is appropriate and
revealed that the elastic residual stresses are unnecessarily gen-
erated at eutectic temperature.

Although the used model is simple in estimation of residual
stress in DSE ceramic composites, it can give some instructive
information and predict the stress magnitude. It is noted that a
more refined model based on the real microstructure by finite
element method (FEM) under the condition of the stress-free
temperature 1423 K revealed that the average residual stress in
the direction parallel to the solidification was —180 MPa on an
average,”’ with which the present result is consistent.

5. Conclusion

The residual stresses in YAG phase of directionally solidi-
fied eutectic Al,03/Y3Al5012 (YAG) ceramic composite were
estimated by X-ray diffraction technique. It was found that the
average residual stresses are —220 MPa and —157 MPa on the
planes parallel and perpendicular to the solidification direction,
respectively. The measured residual stresses were similar to
those calculated by a lamellar model for the stress-free tem-
perature 1400-1600 K.
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