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Abstract

This paper explores residual thermal stresses in
directionally solidified ceramic eutectics, a class of
materials that has much promise for high-tempera-
ture structural applications. Residual strain tensors
of both phases in a eutectic composite are measured
by single crystal X-ray diffraction techniques. In the
analysis the material is treated as fully anisotropic
and the strain tensors, subsequently converted to
stress tensors, are measured. Results are presented
for two oxide eutectics, NiO—cubic ZrO> and YAG—
Al O3, the former having a large thermal expansion
mismatch between the two phases and the latter
having similar thermal expansion properties. It is
discovered that large residual stresses (of the order
of 1 GPa) can be present at room temperature in as-
processed eutectic materials unless the thermal
expansion behaviors of the constituent materials are
very similar. Ultimately these measurements not
only elucidate the stress state but, when compared to
theory, give information about the degree of inter-
facial constraint between the two phases. © 1999
Elsevier Science Ltd. All rights reserved.
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1 Introduction

Residual stresses are of great concern in high-tem-
perature ceramic composites, especially those sub-
ject to thermal cycling, because residual stresses
ultimately affect the mechanical behavior of the
material.!> The primary residual stresses found in
composite materials originate from the inevitable
thermal expansion mismatch between the two or
more constituent phases. Even in monolithic

*To whom correspondence should be addressed. Fax: + 1-606-
323-1929; e-mail: ecdickey@engr.uky.edu

2503

ceramics, thermal stresses can arise between the
various grains in the specimen as a consequence of
thermal expansion anisotropy. The magnitudes of
the thermal residual stresses depend upon several
factors, namely (1) the differences in the thermal
expansion response, (2) the degree of micro-
structural and/or interfacial constraint, (3) the
material compliances and (4) the plastic responses
of the two materials.

In general, in the absence of a compatibility
constraint each phase will deform independently as
a function of temperature according to the tensor
equation:

&jj = oGi(T — To)

in which g;j is the strain tensor and a; is the tensor
containing the coefficients of thermal expansion.?
As illustrated in Fig. 1 for the case of a lamellar
composite, the resultant strains must be the same
for both crystals along the direction of the con-
straint. The resulting compatibility stresses will be
at a maximum if no stress-limiting processes such
as slip transpire. If the stresses are partially miti-
gated by plastic deformation, then the compat-
ibility stresses will be reduced in proportion to the
plastic deformation that occurs.

One class of high-temperature composites, direc-
tionally solidified eutectics (DSEs), based on
psuedo-binary oxide eutectics are being sought as
high temperature structural or reinforcing materi-
als because many maintain high strengths and
creep resistances at elevated temperatures.*’ Oxide
eutectic temperatures are usually higher than
1700°C, so during the solidification processing,
enormous residual stresses can accumulate in the
material if there are appreciable differences in the
thermal expansions between the two phases. A
complicating factor in modeling thermal residual
stresses for this class of composites is that the
DSEs are very anisotropic with respect to micro-
structure and crystallography. To a large extent,
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Fig. 1. Origins of residual stresses in laminate composites: (a)

laminate at eutectic temperature, stress free; (b) laminate at

room temperature with no compatibility constraint; (c) lami-

nate at room temperature with interfacial constraint (the
arrows represent residual stresses).
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the microstructure of DSEs is determined by the
volume fraction of the minor phase. With the cri-
terion of minimum interfacial energy per unit
volume, fibrous microstructures are energetically
favorable when the volume fraction of the minor
phase is less than 0-28, while higher volume frac-
tions lead to lamellar microstructures.® Some
eutectic systems do not, however, obey this general
rule and have more irregular microstructures. Most
DSE systems, even those with irregular micro-
structures, have very well defined crystallographic
orientation relationships between the two phases.”!2
This results in the material being single-crystal-like
and necessitates that material anisotropy be taken
into consideration when modeling or measuring
the thermal residual stresses. Most continuum
models which are used to predict composite resi-
dual stresses, however, assume material isotropy;
this is not a safe assumption for highly oriented
composites even when the constituent phases are
cubic.

Another complicating factor in predicting resi-
dual stresses is that any continuum model must
make some implicit assumptions about the degree
of interfacial constraint between the two phases.
Because it not known a priori if stress-limiting
processes transpire, or over what temperature ran-
ges they occur, it is difficult to predict the degree of
interfacial constraint and it is thus not possible to
calculate the magnitude of the resultant stresses
with a high degree of confidence. We can, however,

experimentally measure the residual strains in the
composites using X-ray diffraction techniques and
then calculate the residual stress tensors. The resi-
dual stress tensor can, in turn, provide information
about the degree of interfacial or microstructural
constraint.

2 Methods for measuring residual stresses in single
crystal composites

Because directionally solidified eutectics are nearly
single crystalline, conventional residual stress mea-
surements techniques'? suited for polycrystalline
materials cannot be utilized. The premise behind
measuring residual stresses in crystallographically
random materials is that residual stresses cause a
change in the interplanar spacings in the material
along different directions in the sample. So, if
interplanar spacings are measured as a function of
sample orientation, the residual strain tensor can
be extracted and the stress tensor subsequently
calculated. For monolithic materials, it is often not
necessary to know the unstressed lattice parameter
since it is assumed that the normal stresses at the
sample surface must converge to zero to satisfy sta-
tic equilibrium.'? Furthermore, the analysis is sim-
plified by the random nature of the material which
allows diffraction elastic constants to be used in
converting the strain tensor to a stress tensor.

In single crystal composites, such as directionally
solidified eutectics, measuring residual stresses is
much more complicated, and the full thermal and
elastic anisotropies of the materials must be taken
into account. Moreover, since the average micros-
tresses for each phase are measured, the residual
stresses normal to the surface do not necessarily
converge to zero; only the integral of the stresses
over both phases must sum to zero. This requires
independent measurements of the unstressed lattice
parameters to be made for each phase. The premise
behind measuring residual stresses in single crystals
is the same as that for polycrystalline materials in
that interplanar spacings are measured along dif-
ferent directions within the sample. The difference
is that particular directions in the sample necessa-
rily correspond to crystallographically distinct
directions as well.

Because DSEs are usually single or coarse-
grained, single grains can be isolated and single-
crystal X-ray diffraction techniques can be utilized
to measure average microstrains, similar to ana-
lyses of other coarse-grained materials.!*!7
Experimentally, strain measurements can be made
on a four-circle goniometer diffractometer, so that
the crystal can be rotated in any direction (see
Ref.18 for a detailed explanation of the experimental
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setup). By rotating the goniometer by a combina-
tion of y and ¢ degrees, a particular diffraction
vector corresponding to (hkl) is brought into the
diffraction plane. Then a ®-20 scan is made across
the reflection to measure its d-spacing. To reduce
measurement errors, reflections belonging to the
same family of planes are measured when possi-
ble.'” Figure 2 shows the reflections employed for
strain measurements of Y3;Al;01, (YAG) in a
YAG-AL,O5; DSE, to be discussed below. Because
YAG is cubic, the d-spacing of each of these set of
planes will be identical in the unstressed material.
In the presence of residual stresses, however, var-
iations in the d-spacings will be observed.

From at least six d-spacings measured from dif-
ferent crystallographic planes (d‘,f,’é/) and the stress-
free lattice parameter (d,), the strain tensor is cal-
culated according to eqns. (1) and (2) in which e%]
is the measured strain for reflection (hkl) located at
¢ and g, a; is the direction cosine between the (hkl)
reflection and axis i, and ej-,- 1s the strain tensor
referred to the sample coordinate system.

ox
€¢X _ dhkl - d‘) (1)
hkl — d()
et = aajey; (2)

Although only six measurements are required to
solve for the six components of the symmetric
strain tensor, sgj, more than six measurements
improve the accuracy of the solution. The general-
ized least-squares method is employed for over-
determined systems to calculate the strain tensor,
gjj, which best fits the experimental data.*® The
strain tensor, O';j, is subsequently calculated
according to eqn (3):
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Fig. 2. Sterecographic projection showing the 18 {10 6 4}
reflections used to measure the residual strain tensor of YAG
in a YAG-AI,O; DSE.

O';j = ngkl £l (3)

in which Cjy, is the single-crystal stiffness tensor
referred to the bicrystal coordinate system.?

The experimental procedure and data analysis
outlined above were employed to measure the resi-
dual strain and stress tensors of two DSE compo-
sites. A four-circle goniometer powder x-ray
diffractometer with a Cu rotating anode source was
employed for all experiments. The first DSE system
examined, NiO—ubic ZrO,, is an example of a
lamellar composite in which there is an appreciable
difference between the two thermal expansion beha-
viors of the two phases. The second system is YAG-
Al,O5; in which the thermal expansions are fairly
similar but which has a more complex, irregular
microstructure.

3 Case study I: NiO—cubic ZrO,

In the NiO-ZrO, (9 mol% Y,053) system, NiO has
a volume fraction of 0-44 and the DSE therefore
maintains a lamellar microstructure.?! The pre-
dominant crystallographic relationship between the
two phases, as depicted in Fig. 3, is:

[110]ni0//[010] 0,/ /growth direction

(111)Ni0//(100)z,0,/ /interface plane

Because the two phases are cubic, the thermal
expansions are isotropic. Elastically, however, the
two materials are anisotropic. Table 1 presents the
elastic constants for both materials and the Zener
(Z) ratio, a measure of the elastic anisotropy for
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Fig. 3. Schematic of NiO—cubic ZrO, grain defining the crys-
tallographic orientation relationship between the two phases
and the sample reference frame, defined by x;, x; and x3.
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Table 1. Compilation of single-crystal properties

Property NiO Zr0, YAG AlLO;3
Crystal class Cubic Cubic Cubic Trigonal
CTE [x10¢ (°C)] 16-5% 12.923 8.9%4 a:9-1%3
c9:9
Elastic constants: C 270 GPa? 380 GPa?® 334 GPa?’ 495 Gpa?’
Cp, 125 GPa 130 GPa 112 GPa 160 GPa
Cyy 105 Gpa 59 Gpa 115 Gpa 146 GPa
Cs3 — — — 497 GPa
C|3 — — — 115 GPa
Cu — — — —23 GPa
Zener ratio 2C44/(C| |*C12) 1-45 0-47 1-04 —

cubic crystals. For isotropic materials Z=1. The
Zener ratio for NiO is 1-45 and for ZrO, is 0-47,
indicating that both are significantly anisotropic.

Using the experimental methods described
above, the residual stress tensors were measured
for each phase. The results are presented below
along with estimated errors corresponding to one
standard deviation:'®

NiO:
-214 =30 9
o=1| =30 912 41
9 41 880
24 7 6
+| 6 22 10 |(MPa)
6 10 19
ZrO,
—155 -3 —-37
c=| -3 =109 82
-37 —82 —1121
101 8 8
+ 8 104 20 |(MPa)
8 20 110

Here x;; is normal to the lamellae and x,; and x33
are within the plane of the lamellae, with x33 par-
allel to the growth direction (see Fig. 3). The most
significant stresses are found within the plane of
the lamellae (02, and o33) and are tensile in NiO
and compressive in ZrO,. The signs of the stresses
are in agreement with NiO having a higher coeffi-
cient of thermal expansion (see Table 1). Taking
into account the volume fractions of the two phases,
the sum of these forces balance to zero within the
experimental error, satisfying static equilibrium.'®

The magnitude of the stresses indicate that very
little stress-mitigating processes such as creep tran-
spire as the eutectic cools from its solidification
temperature. This is in agreement with transmission
electron microscopy (TEM) data that shows no
evidence for interface microcracks or dislocations.??

4 Case study II: YAG-ALO;3

One of the reasons that YAG-AI,O; composites
are good candidates for high-temperature struc-
tural materials is that their thermal expansion
properties are very similar (see Table 1). Because
there is a ecutectic between the two phases, it is
possible to produce in situ composites via direc-
tional solidification.®?® The volume fraction of
YAG is 45%, so a lamellar microstructure would
be predicted by simple theories.® The micro-
structure, however, is not lamellar and has a com-
plex geometry (see Fig. 4), so the stress state will
necessarily be more complicated than that of the
ideal lamellar or fibrous microstructures. The other
complicating factor in modeling residual stresses in
this system is that alumina is not cubic so both its

Fig. 4. SEM backscattered electron image of YAG-AIL,O;
DSE showing the irregular Chinese script microstructure.
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thermal expansion and elastic properties are ani-
sotropic. YAG on the other hand is cubic so its
thermal expansion tensor is fully isotropic. As
shown in Table 1, the Zener ratio of YAG is 1-04,
so it is also nearly elastically isotropic as well.

Residual stress measurements were made on a
YAG-Al,O; DSE crystal approximately 2 mm in
diameter that was grown by the laser-heated float-
ing zone (LHFZ) method.”® The orientation rela-
tionships found in these crystals were consistent
with those previously published in the literature,
although the growth direction was different.
Whereas only one orientation of YAG was found in
the sample, two twin-related variants of Al,O3; were
found. The variants, using rhomohedral indices for
Al,O3, were:

[111]yag//[121]aL0,//growth direction

and
(2I Dyag//(11 1)A12030r (2I I)YAG//(iII)AbO;

The resulting stress tensors for the two phases are
presented below with the reference frame outlined
in Fig. 2 above:

YAG:

43 =26 71 89 36 32

-26 18 111 | £| 36 78 40 [MPa
=71 =111 119 36 40 58

A1203I

16 =72 21 137 34 54
=72 3 =18 || 34 136 33 |[MPa
21 —-18 67 54 33 118

Here x3 is normal to the sample (parallel to the
growth axis). The measured residual stresses in
YAG-AIL,O;5 are up to two orders of magnitude less
than those observed in NiO-ZrO,, and most are
approaching the magnitude of the experimental error.

5 Discussion

Residual stresses in directionally solidified ceramic
eutectics arise from the thermal expansion mis-
matches between the two constituent phases. As
seen in the example of NiO-—cubic ZrO, DSEs,
large residual stresses accumulate as the sample
cools from the solidification temperature (in excess
of 1700°C) to room temperature. The magnitudes
of the stresses, on the order of one GPa tensile in
NiO and compressive in ZrQO,, indicate that no
significant plastic deformation processes transpired

to mitigate the stresses. The ability of the compo-
site to withstand these very high stresses without
interfacial debonding, microfracturing or creep
indicates that the two phases are strongly bonded
at the interfaces even at high temperatures. The
good interfacial adhesion is consistent with the
idea that the interfaces are in a thermodynamically
low-energy configuration. As seen in the case of
NiO-cubic ZrO,, the orientation relationship of
the two crystals leads to a layered structure of
anions and cation parallel to the interface with the
two phases sharing a common oxygen plane at the
interface (see Pennycook et al. in this issue).?? It is
interesting to note that other oxide heterophase
systems maintain similar orientation relationships
resulting in homopolar surfaces at the interface;
these include NiO-CaO,'? NiO-Y,0;,!! AlLLOs—
ZrO5(cubic)®*® and Fe,03-Al,03.3! From the
results of NiO-ZrO,, it is inferred that these other
systems may also share a common oxygen plane at
the interface which leads to electrostatic bonding
across the boundary. The fact that DSEs tend to
form strongly bonded interfaces has significant
consequences for the residual stress state of the
materials since the interfaces are not prone to
fracture or slip.

For a given DSE system, it is difficult to regulate
the residual stress state, since neither the volume
fractions nor the crystallographic orientation rela-
tionships can be controlled appreciably. Because
there are few degrees of freedom, if low residual
stresses are important, it is necessary to choose
eutectics in which the two phases have similar
thermal expansion behaviors. Such is the case for
YAG-AL,O; in which the thermal expansion
properties are within approximately 5% of each
other. Residual stress measurements by X-ray dif-
fraction, presented above, indicate that no sig-
nificant stresses are present at room temperature
within the experimental measurement error. Upper
estimates of predicted residual stresses for YAG—
Al,O3 assuming complete interfacial constraint and
a simplified lamellar geometry are on the order of
50 MPa, well below the measurement error. The
large error associated with the YAG-AI,O5 resi-
dual stress measurements, on the order of 100
MPa, are attributed to gradients in the residual
stresses across the sample. Since the diffraction
technique used in these experiments measures aver-
age residual strains, such strain gradients increase
the experimental uncertainty. Measuring residual
stresses of the order of 100 MPa in ceramic materials
is difficult by standard powder diffraction techni-
ques since the corresponding elastic strains are very
small, on the order of 10~2 percent strain.

The data for both the NiO-cubic ZrO, and
YAG-ALOj are presented together in Fig. 5 for
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Fig. 5. Cumulative stress results for NiO—cubic ZrO, and
YAG-AIL,O; presented together for visual comparison.

comparison. This figure highlights the effects of
thermal expansion mismatches on the residual
stress state of ceramic eutectic composites.

6 Conclusions

1. Residual stresses are of extreme concern in high-
temperature ceramic composites, such as direc-
tionally solidified oxide eutectics, because the
stresses ultimately affect the mechanical properties
of the material. Ceramic materials are especially
prone to thermal residual stresses because the
processing temperatures are usually in excess of
1700°C.

2. Because directionally solidified eutectics are aniso-
tropic and because the magnitude of the interfacial
constraint between the two phases is not known a
priori, it is desirable to measure the stresses
experimentally.

3. Single crystal X-ray diffraction techniques can be
used to measure the residual stress tensors of
directionally solidified eutectic composites.

4. Systems in which there is a significant mismatch
between the thermal expansion behaviors of the
two phases, as in NiO—cubic ZrO,, result in very
large residual stresses at room temperature. The
magnitude of the stresses, on the order of one

GPa, indicate that the interfaces are very well
bonded and that no significant plastic deformation
occurs to mitigate the stresses.

5. YAG-AIL,03; is an example of a eutectic composite
in which the two phases have very similar thermal
expansion behaviors. Within the measurement
accuracy, X-ray diffraction indicates that there are
no appreciable residual stresses in these composites
at room temperature.
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