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This study investigates thermal mismatch stresses in the
lamellar microstructure of the solid solution directionally
solidified eutectic (DSE) oxide Co1�xNixO/ZrO2(CaO). X-ray
and neutron diffraction measurements were performed on
isolated eutectic domains to measure the residual strain and
stress tensors. Maximum principal residual stresses on the
order of 1 GPa were recorded, with the Co1�xNixO and the
ZrO2(CaO) phases maintaining states of tensile and compres-
sive stress, respectively. The stress tensors for these materials
are compared with measurements for similar DSE oxide
systems and suggest that solid solution DSEs might be used to
tailor the residual stress states in DSE composites.

I. Introduction

CONTROLLING and characterizing the residual stress state is an
issue of importance for most classes of ceramic composites.

Thermal expansion or phase transformation mismatches can gen-
erate residual stresses either on cooling during fabrication or
during use by thermal cycling and/or diffusion. The usefulness or
harmfulness of a residual stress state depends on the composite
and its use. For most fiber-reinforced composites, residual
stresses are undesirable because they inhibit fiber pullout
during composite fracture.1 However, residual stresses in lam-
inate composites can be used to enhance crack deflection and
interfacial delamination.2– 4

A number of directionally solidified eutectic (DSE) oxide
systems have been investigated as potential candidates for high-
temperature composite materials (e.g., Y3Al5O12/Al2O3,5 Al2O3/
ZrO2,6 and GdAlO3/Al2O3

7 among many others8,9). The materials
range in microstructure from lamellar to fibrous to “Chinese
script” morphologies. Since the eutectic composite is generally
created by solidifying from the melt (usually greater than 1700°C),
the potential exists for either helpful or harmful residual stress
distributions to develop during cooling to room temperature from
thermal expansion mismatch between the component phases of the
composite.

Measurements of the residual strain in an assortment of DSE
oxide composites have been made using diffraction- and

spectroscopy-based techniques. X-ray diffraction measurements of
the residual strain state have been performed on the NiO/
ZrO2(CaO) and Y3Al5O12/Al2O3 DSE.10,11 Spectroscopy (fluores-
cence and Raman) measurements have been used to measure
residual strains in the Al2O3/ZrO2 DSE.12 In all these cases, the
stresses were calculated from measured strains by using elasticity
relationships. Previous measurements using X-ray diffraction dem-
onstrated the presence of gigapascal-level residual stresses in the
system, NiO/ZrO2(CaO or Y2O3). The maximum principal resid-
ual stresses at room temperature in the interfacial plane were
tensile in NiO (�900 MPa on average) and compressive in ZrO2

(�1110 MPa on average).10 The existence of these large stresses
after cooling was attributed to strong interfacial bonding which
stems from the electrostatic bonding between polar cation sheets
(Ni2� in the {111} plane, Zr4� in the {100} plane) by an
interfacial sheet of oxygen anions.

The solid solution DSE, Co1�xNixO/ZrO2(CaO), is a novel
materials system which has been recently developed for the study
of the structure–property relationships controlling interfacial frac-
ture in oxide composites.13 This DSE is isostructural with NiO/
ZrO2(CaO), possessing a lamellar microstructure and a similar
interfacial stacking sequence involving the {111} planes of
Co1�xNixO and the {100} planes of ZrO2(CaO). These structural
similarities beg the question of whether or not the interfacial
structure of the solid solution DSEs will support similar large
stresses as are observed in NiO/ZrO2(CaO). The thermal expan-
sion coefficients of the Co1�xNixO phase have been observed to
change with composition, which gives the expectation of a change
in the residual stress state with composition.14 A systematic
change in the residual stress state with composition might provide
a method for tailoring residual stresses and associated mechanical
behavior in DSE composites.

In this paper, the residual stresses in the solid solution DSE are
explored both theoretically and experimentally. The change in
thermal mismatch stresses with composition is predicted with a
simple elasticity model using experimental data for the thermal
expansion coefficient. The residual strain tensors for both
Co0.333Ni0.666O/ZrO2(CaO) and Co0.5Ni0.5O/ZrO2(CaO) are mea-
sured using X-ray diffraction. The residual strain tensor for
Co0.5Ni0.5O/ZrO2(CaO) was independently measured using neu-
tron diffraction. In all cases, the stress tensors were subsequently
calculated using single-crystal elasticity data from the literature.

II. Methodology

(1) Calculation of Thermal Mismatch Stresses
As a first approximation, the lamellar microstructure of the solid

solution DSEs (Fig. 1A) can be viewed as collection of plane-
strain, fully constrained, isotropic, elastic slabs (Fig. 1B). Thermal
mismatch stresses are calculated from the eutectic temperature to
room temperature, assuming no creep or other relaxation during
cooling.10 The eutectic temperature is estimated to be �1700°C
for this system from previous work on the NiO/CaO15 and
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NiO/Y2O3
16 eutectics. The in-plane thermal mismatch stresses for

this geometry can be calculated as:
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where �p
A is the residual stress of phase A on the plane parallel to

the interface, ����T is the thermal mismatch strain between the
two materials, Ei is Young’s modulus of phase i (assumed to be
isotropic), �i is Poisson’s ratio of phase i, and ti is the thickness of
layer i.4 For the solid solution DSEs, E and � will be assumed to
be independent of temperature and to follow a rule-of-mixtures
behavior for the values of modulus for NiO and CoO. The values
used in these calculations are derived from experimental measure-
ments on NiO,17 CoO,17 and ZrO2(CaO)18 (Table I). The param-
eter � is the coefficient of thermal expansion (CTE). The variation
of � with composition in the Co1�xNixO phase has been measured
previously from room temperature to 1500°C (Table II).14 A
variety of CTE values for stabilized zirconia have been reported in
the literature (Table III).19–21 The value of � for fully stabilized
ZrO2(CaO-15mol%) used here is 10.4 � 10�6/K.22,23

Due to the measured change in the CTE for the Co1�xNixO
phase with temperature, a slightly more complex formulation for
the thermal mismatch stresses can be used.
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Assuming identical phase fractions (tA � tB) for simplicity, the
thermal mismatch stresses must be opposite in sign but equal in
magnitude to complete the force balance between phases.

(2) Measurement of Thermal Mismatch Strains: X-ray and
Neutron Diffractions

Samples of Co1�xNixO/ZrO2(CaO-15mol%) were directionally
solidified using the optical floating zone method at the Laboratoire de
Physico-Chimie de l’Etat, Université de Paris-Sud (Orsay, France), as
has been described in more detail elsewhere.13 Appropriate fractions
of CoO, NiO, ZrO2, and CaCO3 were combined into a powder
mixture, calcined, isostatically pressed, and finally sintered. The
sintered rods were directionally solidified using an NEC double
ellipsoidal image furnace. Controlled atmospheres of Ar, CO2, and air
were used to suppress the formation of Co3O4 during growth.

Thermal mismatch strains in the Co0.333Ni0.666O/ZrO2(CaO) and
Co0.5Ni0.5O/ZrO2(CaO) eutectics were measured using single-crystal
X-ray and neutron diffraction techniques. Eutectic domains of a single
orientation or “eutectic single crystals” were isolated from the bulk
eutectic by first identifying large domains of a single microstructural
orientation on polished longitudinal sections of the bulk followed by
removal of the domain with a low-speed diamond saw with further
grinding and polishing. The resulting samples were �300–500 �m
by 300–500 �m in cross section and �0.5–1 cm in length with the
lamellae oriented along the long axis of the specimen.

X-ray diffraction measurements were performed on a Scintag
PTS™ four-circle goniometer (
, �, �, 2�). The relevant diffrac-
tometer conditions are summarized in Table IV. The samples were
oriented with respect to the laboratory reference frame (Fig. 2)
with the X1 direction lying along the 
 rotation axis and the X1–X3

interfacial plane normal lying along the � rotation axis (within 5°).
X-ray pole figures were performed using the reflections of interest
({113} for Co1�xNixO and {331} for ZrO2(CaO)) in addition to
the more standard reflections of {200} and {222}. The {113} and
{331} reflections were chosen because of their multiplicity (12
possible reflections in one hemisphere) and their high angular
position for diffraction (�120° for CrK�) for added strain sensi-
tivity. After the diffraction normal was brought into the plane of

Table III. Literature Values for the CTE of Cubic
Stabilized Zirconia as a Function of Stabilizer Type†

Average CTE (�20–1000°C) (�10�6/K)

Touloukian19 Terblanche21 Filatov22 Karaulov23 Lukin20

Y2O3 12.9 (15%) 11.4 (9.3%) 11.2 (10%)
CaO 10.4 (12%) 10.3 (15%) 10.7 (8%)
MgO 11.8 (15%) 9.5 (8%)

†Values in parentheses are mole percent levels of the stabilizer.

Fig. 1. Lamellar microstructures in Co1�xNixO/ZrO2(CaO): (A) Optical
micrograph from Co0.333Ni0.666O/ZrO2(CaO); the dark phase is
ZrO2(CaO), and the light phase is Co0.333Ni0.666O. (B) Schematic of ideal
structure showing presence of residual stresses with arrows.

Table I. Literature Values for the Elasticity of NiO, CoO,
and ZrO2(CaO)†

NiO CoO ZrO2(CaO)

C11 (GPa) 270 256 380
C12 (GPa) 125 144 120
C44 (GPa) 105 80 62
E (GPa) 224 180 227
� 0.217 0.276 0.273

†Taken from Refs. 17 and 18.

Table II. Measured Values for the CTE of
Co1–xNixO as a Function of CoO Content†

Mole fraction of CoO
Average CTE (1300–1500°C)

(�10�6/K)

0 16.7
0.33 20.4
0.66 20.5
1 18.1

†Taken from Ref. 14.
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the detector, a rocking curve in 2� for that (hkl) reflection was
recorded.

To complete the strain measurement ((d – d0)/d0), it was necessary
to measure a strain-free standard. This was accomplished by perform-
ing X-ray powder diffraction on a pulverized section of the eutectic
from an adjacent section of the isolated crystal in the bulk to minimize
compositional variation. Small amounts of NBS standard silicon
(SRM6406) were added to the crushed powder as an internal
calibration standard. The powders were crushed under liquid nitrogen
to suppress plastic deformation in the Co1�xNixO phase that could
lead to peak broadening. The powders were not annealed due to the
possibility of change in the point defect concentration and in the
composition from the nucleation of the Co3O4 spinel phase. The
powder lattice parameters were also measured on a Scintag PTS™
diffractometer under the same conditions as the strain measurements
but with scans (2�) from 40° to 160° at scan rates of 0.02°/2.3 s. The
strain-free lattice parameters were calculated using a least-squares-
refinement approach in the commercially available Jade software
package24 and are given in Table V.

The neutron diffraction measurements were similar in method
to the X-ray diffraction measurements with several important
differences. The neutron measurements were performed on beam
line HB-2 in the high-flux isotope reactor (HFIR) at Oak Ridge
National Laboratory. A sample of Co0.5Ni0.5O/ZrO2(CaO) was
mounted on a Huber two-circle goniometer with the long axis of
the sample (parallel to lamellae) along the 
 axis. The {222}
reflections were used to measure strains in the Co0.5Ni0.5O phase,
and {400} reflections were used to measure strains in the
ZrO2(CaO) phase as a function of 
 and �. The position of the 2�
detector arm was calibrated with a powder Ni standard and a
powder ZrO2(CaO) standard. The X-ray diffraction measured
values for the strain-free lattice parameters for the Co0.5Ni0.5O and
ZrO2(CaO) phases were used to calculate strain from the neutron
diffraction measurements. Table VI summarizes the neutron dif-
fractometer conditions.

The strain tensor εkl was calculated (Eq. (3)) by combining
measured strains (e33

��) from measured d-spacings using as many
reflections (dhkl

��) as possible with the strain-free lattice parameter
(d0) in an overdetermined system of linear equations (greater than
six d-spacings).25

e33
�� �

dhkl
�� � d0

d0
(3)

This tensor was transformed into the sample coordinate system
(εkl) using direction cosines (�ij) (Eq. (4)).

e33
�� � a3ka3lεkl (4)

A generalized least-squares routine was used to fit this tensor to
the strain data using the singular variable decomposition (SVD)
algorithm.26 The error values propagated through this calculation
were based on estimates of the standard error from the lattice
parameter measurements and are quoted in units of strain.

The stresses (�ij) in this paper were calculated from the
measured strains (εkl) by relating them through basic elasticity
relationships27 using room-temperature, single-crystal elasticity
data (Cijkl) from the literature for both phases (Table I).17,18

�ij � Cijkl�εkl (5)

Elasticity values for the Co1�xNixO phase were approximated as a
rule of mixtures between CoO and NiO. Values for elasticity in
ZrO2(CaO) were taken for the nearest composition to the nominal
composition for these samples. Errors for the stress tensors were
propagated using only the error estimates on the strain tensors due to
a lack of error estimates on the elasticity data in the literature sources.

Fig. 2. Sample and diffractometer coordinate system for X-ray residual
stress measurements. Note that the interface plane is given by the X1– X3

plane.

Table IV. X-ray Diffractometer Conditions for Residual
Strain Measurement

Scintag PTS four-circle goniometer

Anode power Cr X-ray tube: 1.4 kW; 40 kV; 35 mA
Detector/filters Intrinsic Ge detector, PHA rejects

CrK� line
Radiation CrK�, 	 � 2.2897 Å
Incident slit

divergence
0.55°, 2 mm diameter short pinhole

collimator
Receiving divergence �1.9°, radial divergence limiting

Soller slits
Source-to-sample

distance
290 mm

Sample-to-back-slit
distance

290 mm

Scan rates 0.02° 2�/s, �500 cps at peak

Table V. Measured Strain-Free Lattice Parameters by
X-ray Diffraction

Lattice parameter (Å)

Co1�xNixO ZrO2 (CaO)

Co0.333Ni0.666O/ZrO2(CaO) 4.2034 � 0.0015 5.1292 � 0.0027
Co0.5Ni0.5O/ZrO2(CaO) 4.2177 � 0.0011 5.1271 � 0.0032

Table VI. High-Flux Isotope Reactor (HFIR) HB-2 Beam
Line Neutron Diffractometer Conditions for Residual

Stress Measurements

Beam line HB-2; Huber two-circle
goniometer

Detector Position-sensitive detector (PSD)
Radiation � � 1.652 Å neutrons
Incident divergence 1-mm pinhole collimator 70 mm

from sample
Receiving divergence 0.25°, radial divergence slit
Sample-to-detector distance 80 mm
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III. Results

(1) Expected Thermal Mismatch Stresses
The insertion of experimentally measured thermal expansion

data for the Co1�xNixO and ZrO2(CaO) phases into Eq. (2) results
in the prediction of large thermal mismatch stresses across the
solid solution (Fig. 3). In addition, these stresses in the middle of
the solid solution may increase by as much as 30% over those in
NiO/ZrO2(CaO) due to an increase of the thermal expansion
coefficient with temperature for the middle compositions. This has
been attributed previously to an increased ease of formation for
point defects in the solid solution as compared with the end
compositions CoO and NiO.14 It is important to note the difference
in the stress prediction between a constant CTE and one that
changes with temperature. In particular, the use of a constant CTE
value greatly overestimates the expected residual stress for the end
compositions NiO/ZrO2(CaO) and CoO/ZrO2(CaO).

(2) X-ray and Neutron Diffraction Strain and Stress Tensors
The residual strain and stress tensors obtained by X-ray diffrac-

tion for the Co0.333Ni0.666O/ZrO2(CaO) and Co0.5Ni0.5O/
ZrO2(CaO) eutectics are shown in Appendixes A and B, respec-
tively. The principal stresses in each tensor are an order of
magnitude larger than the off-axis stresses (�ij, i � j) and their
respective error estimates. In the plane of the interface, the stresses
are tensile for the Co1�xNixO phase and compressive for the
ZrO2(CaO) phase, as expected.

The residual strain and stress tensors for Co0.5Ni0.5O/
ZrO2(CaO) measured by neutron diffraction are shown in Appen-
dix C. Strain measurements for the ZrO2(CaO) phase were
unsuccessful due to the weak neutron scattering structure factors
for ZrO2.28 The strain and stress tensors for the Co1�xNixO phase
are in qualitative agreement with those from the X-ray measure-
ment but are larger in magnitude. Again the magnitude of the
principal stresses is an order of magnitude greater than the off-axis
stresses or the measurement errors.

(3) Force Balances
As a check on the physical validity of the results, we have

calculated the force balance between phases using the idealized
slab model for the microstructure. In this force balance, the sum of
the forces along any principal direction should sum to zero
(neglecting off-axis stresses) (Eqs. (6) and (7)). For the interfacial
constraint stresses, the magnitude of the stresses is weighted by the
area fraction (identical to the volume fraction for phases of equal
through thickness) of each phase.

�i
CoNiO�VfCoNiO � ��i

ZrO2�VfZrO2 (6)

�i
CoNiO

�i
ZrO2 � �

VfZrO2

VfCoNiO
(7)

The volume fractions for the phases in each specimen were
measured by calculating the area fraction of each phase from SEM
images of transverse sections of DSEs and assuming an identical
through-thickness dimension for each phase. The stress balances
for each phase are listed in Table VII. The stress balances are
within measurement error of the negative of the volume fraction
ratio (Eq. (7)) for �11, �33, and their average in each composition.
Note the particularly good agreement in the �11 balance as it is the
direction for which the microstructural relationship to the goniom-
eter is unambiguous. The values for �22 are unexpectedly large and
of unexpected sign, given that this is the principal direction for
Poisson-generated stresses. The force balance ratio for �22 is
within the error margin of a perfect force balance (�1.0) for
Co0.333Ni0.666O/ZrO2(CaO), but not for Co0.5Ni0.5O/ZrO2(CaO).
The force balance for the neutron diffraction results was not
calculated due to a lack of data from the ZrO2(CaO) phase.

IV. Discussion

The stress tensors are both self-consistent (dominance of principal
stresses, force balances, etc.) and are also fairly consistent between
techniques (X-ray versus neutron diffraction). The agreement be-
tween the neutron and X-ray results is important because it shows that
surface relaxation of the stresses is most likely a low-level artifact in
these measurements. The CrK� radiation used in the X-ray experi-
ment has a penetration depth (for 90% attenuation) of �25 �m. This
depth is several times the lamellar width but still fairly close to the
surface. The neutron beam completely penetrates the sample, sam-
pling the entire volume and thus averaging over the whole crystal,
likely eliminating any type of surface relaxation aberration. The
seeming lack of surface relaxation observed is most likely due to the
fact that microcompatibility stresses are being measured as opposed to
some sort of macrostress that would more readily relax near the
surface.25 The larger observed stresses in the neutron diffraction
measurements may be from radial, macroscopic strain gradients in the
bulk crystal.

The strain and stress values reported may also be affected by the
measured value of the “strain-free” lattice parameter. Small
variations in d0 can greatly affect the accuracy of the strain
measurement, quickly negating its validity. In this case, the two
greatest possible artifacts for the measurement of d0 are composi-
tional fluctuations and incomplete relaxation of residual strains
within the standard. As noted above, strain-free specimens were
taken from material directly adjacent (�300 �m radially) from the
strained samples at the same longitudinal position in the bulk
eutectic to try to minimize any compositional fluctuations associ-
ated with segregation along the eutectic growth. Compositional
fluctuations could bias the absolute accuracy of the results in either
direction (more or less strain). Incomplete relaxation of strain
would come from particles in the pulverized eutectic in which the
lamellae are still well-bonded. High-temperature annealing would
only partially relax residual strains (strains could still develop from
the onset of recovery to room temperature) and would most likely
change the point defect concentration and perhaps the composition
(due to volatilization and phase transformation of CoO to Co3O4).
An incomplete relaxation can only underestimate the measured
strain if the strain free standard is measured for both phases
simultaneously. We therefore believe that the strains observed in
this study are at least as large as reported and are not overestimated

Fig. 3. Predicted residual stresses in the Co1�xNixO/ZrO2(CaO) DSE due
to thermal mismatch.

Table VII. Force Equilibrium Ratios for Stress Tensors

Co0.333Ni0.666O/ZrO2(CaO) Co0.5Ni0.5O/ZrO2(CaO)

Vf
Co1–xNixO (%) 52.7 � 11.7 58.0 � 10.9

Vf
ZrO2(CaO) (%) 47.3 � 13.3 42.0 � 9.1

Force ratio expected �0.90 � 0.36 �0.72 � 0.38
�11 ratio observed �1.02 � 0.12 �0.69 � 0.13
�33 ratio observed �0.80 � 0.11 �1.11 � 0.19
Average ratio observed �0.91 � 0.13 �0.90 � 0.18
�22 ratio observed �1.19 � 0.16 �0.56 � 0.23
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but may be underestimated. Since the above force balance ratios
are approximately equal and within the estimated errors, the
independently measured d0 values are likely reasonably accurate
and, hence, the calculated strains and stresses as well.

The large (
1 GPa) principal residual stresses can be readily
interpreted in terms of the microstructure. The large, positive
values of stress along the X1 and X3 principal directions
demonstrate a large value of tensile stress in the plane of the
interface in the Co1�xNixO phase (large and compressive for
ZrO2(CaO)). The magnitude of the stresses points to strong
interfacial bonding in the solid solution DSEs, as might be
hypothesized from their crystallographic orientation relation-
ships. This result is important because it demonstrates that the
effect of adding CoO to the solid solution does not relax the
interfacial constraint on the lamellae. However, the observation
of large stresses in the X2 direction with the same sign as that
along X1 and X3 is not in keeping with the simple microstruc-
tural picture in Figs. 1(B) and 2. In addition, the force balance
for the X2 direction is not achieved for the Co0.5Ni0.5O/
ZrO2(CaO) crystal. The X2 principal stress in Figs. 1(B) and 2
should be a Poisson-generated stress which is smaller than and
opposite in sign to the X1 and X3 principal stresses. In contrast
to the simple slab model, the real microstructure of these
samples consists of domains of lamellae which are all oriented
in a similar direction but are interrupted every 20 –30 �m (Fig.
1(A)). These interruptions in lamellar structure are called
lamellar growth faults in the crystal growth literature and stem
from changes in the fusion zone volume during growth.29 This
faulted structure means that at every fault a Co1�xNixO/
ZrO2(CaO) interface forms in the X2– X3 plane, which would
generate the same sorts of strains as those observed in the X1–
X3 plane, possibly giving a finite value of the same sign for the
X2 principal strain.

The large residual stresses measured in this work are in
keeping with those measured in other ceramic DSEs. Previous
work on the NiO/ZrO2(CaO) system with X-rays demonstrated
residual stresses with the same sign and general magnitude as
have been observed here.10 Similar studies with X-rays on the
YAG/Al2O3 DSE have shown much lower stresses (barely
above the measurement threshold) due to the small difference in
CTE between YAG and alumina.11 Piezospectroscopic (Cr3�

luminescence and Raman) studies on Al2O3/ZrO2 DSE oxides
revealed residual stresses due to thermal mismatch in the range
of 300 MPa to 4 GPa.12 For samples with monoclinic ZrO2, the
ZrO2 phase was in compression and the Al2O3 phase was in
tension. For samples with Y2O3-stabilized cubic ZrO2, the ZrO2

phase was in tension and the Al2O3 phase was in compression
due to the increased CTE value from monoclinic to cubic ZrO2.
Calculations have been made for the residual stresses in the
MoSi2/Mo5Si3 DSE that predict thermal mismatch residual
stresses on the order of 600 MPa to 2.5 GPa.30

The ability of ceramic DSEs to retain such large stresses
without relaxation on cooling reveals a great deal about the
mechanical nature of the interface and the microstructure of
these materials. First and foremost, these large stresses demon-
strate the extremely well-bonded nature of the internal inter-
faces in DSEs, as it is the interfacial constraint which gives rise
to the thermal mismatch stresses. Interfacial constraint in
NiO/ZrO2 has been explained with electrostatic interfacial
bonding as its source.10,31 It has been observed that the
interfacial structure of the solid solution eutectics is different

from that of NiO/ZrO2 as evidenced by a changing growth
orientation relationship.13 However, the nature of the interfacial
planes ({111} for Co1�xNixO and {100} for ZrO2(CaO))
remains the same for all compositions, and it is quite possible
that electrostatic bonding plays a dominant role in interfacial
adhesion for these materials as it does in NiO/ZrO2(CaO).
Another observation about stresses of these magnitudes is the
level of strain supported without cracking. For these measure-
ments and the measurements on NiO/ZrO2(CaO), elastic strains
in excess of 0.2% were readily observed, while strains in excess
of �0.15% often cause failure in bulk, polycrystalline ceramics.
The support of such large strains is most likely due to the lack
of significant flaws in the DSE microstructure as grown from
the melt. Lastly, the measured stresses (�1 GPa) are well in
excess of the measured yield strengths (�100 MPa) for single
crystals of NiO and CoO in compression.32,33 To understand the
generation of gigapascal stresses in this phase, it is necessary to
follow the development of these stresses on cooling. As will be
discussed below, thermal mismatch stresses will actually not
develop until the sample is cooled to some fraction of the
melting point (e.g., 70%). Below this temperature, the thermal
mismatch stresses will increase as the sample cools until the
yield point is exceeded. The Co1�xNixO materials are known to
deform at high temperature by dislocation climb.34 With further
cooling, one might expect that these materials will strain harden very
quickly until the upper yield point is increased to levels on the order
of gigapascals, capable of supporting the observed residual stresses.
This sort of deformation sequence, resulting in residual stresses larger
than the yield stress, has been observed in thermal cycling behavior of
metal matrix composites.35

In light of the simple model used here and previous residual stress
measurements on NiO/ZrO2, changes in composition do appear to
control the level of residual stress in the system in a somewhat
predictable fashion (Table VIII). As predicted, the solid solution
composition stresses are significantly larger than those observed in
NiO/ZrO2. The increase in stress magnitude in the solid solution
DSEs over those observed in NiO/ZrO2 can be explained by the
increase in CTE for the Co1�xNixO phase with increasing CoO. This
increase in stress suggests that composition might be used as a
variable to tailor the residual stress level in solid solution DSEs.
Despite the general increase in measured stresses compared with
NiO/ZrO2(CaO), the X-ray-diffraction-measured stresses in the
Co0.333Ni0.666O/ZrO2(CaO) sample are slightly larger than those for
the Co0.5Ni0.5O/ZrO2(CaO) sample, which is the opposite trend from
what is predicted. However, the neutron diffraction data do show
measurably larger stresses in the Co0.5Ni0.5O/ZrO2(CaO) sample that
are close to the predicted levels.

The simple calculation made at the beginning of this paper is
instructive in predicting the order of magnitude of the thermal
mismatch stresses. However, the model ignores several important
physical parameters that may explain the difference between the
measured values and the model’s predictions. The choice of the
eutectic temperature as the point of onset for stress development
appears to have overestimated the residual stress levels. Stresses
will only develop at a lower temperature, e.g., 60–70%, of the
eutectic point. This lower onset temperature may explain the
systematically lower values for the measured residual stresses
compared with the predicted stresses. The model also neglects any
macrostresses that might develop due to a thermal gradient from
the outside of the sample to the inside during growth. A possibly
large underestimation of the residual stresses might come from

Table VIII. Comparison between Experimental versus Calculated X1–X3 Plane Residual Stresses

Co0.5Ni0.5O/ZrO2
Co0.3Ni0.6O/ZrO2

X-ray data NiO/ZrO2
‡X-ray data Neutron data Model†

Co0.5Ni0.5O ZrO2 Co0.5Ni0.5O ZrO2 Co0.5Ni0.5O ZrO2 Co0.3Ni0.6O ZrO2 NiO ZrO2

�11(MPa) 1140 � 130 �1650 � 130 1050 � 40 – 1677 �1677 1370 � 120 �1340 � 50 929 � 20 �840 � 50
�33 (MPa) 1030 �90 �930 � 80 1140 � 30 – 1677 �1677 1360 � 150 �1700 � 40 927 � 20 �1045 � 60

†Based on the assumption of equal volume fractions. ‡Original paper uses �22 as �11 used here.10
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only a mild overestimation in the coefficient of thermal expansion
(CTE) for the ZrO2(CaO) phase. As noted in Table III, the CTE of
stabilized zirconia varies considerably with the amount and type of
stabilizer used. Furthermore, the assumption of the temperature
independence of Young’s modulus is most likely not correct;
however, substantial data on this parameter for the present mate-
rials are not currently available. All these observations suggest that
while the simple model used here and elsewhere has been helpful
for predicting stress magnitudes, a more refined model is necessary
for actually predicting the effects of process variables on thermal
mismatch residual stresses in this and related DSE oxide systems.

V. Conclusions

The residual stress tensors in the solid solution DSE oxides,
Co1�xNixO/ZrO2(CaO) (x � 0.5 and 0.666), have been mea-
sured using single-crystal X-ray and neutron diffraction tech-
niques. In the plane of the lamellae, residual stresses of 1 GPa
and greater were observed with both techniques for these
compositions. The large stresses in the interfacial plane point to
the remarkable strength of interfacial constraint in this system,
as has been previously observed in NiO/ZrO2(CaO). The
residual stresses for the solid solution DSEs are larger than
those in NiO/ZrO2(CaO), as predicted by a simple elastic slab
model. The increase in residual stress is attributed to the
increased thermal expansion coefficient of the Co1�xNixO
phase with increasing CoO fraction. The ability to control
residual stress levels using solid solutions may allow for further
tailoring of mechanical behavior in DSE composites.
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Appendix A

Strain Tensors Measured by X-ray Diffraction

Strain Tensors for Co0.5Ni0.5O/ZrO2(CaO)
(a) ZrO2(CaO) {331}

εij � � �3.96 �0.03 �0.05
�0.03 0.04 0.004
�0.05 0.004 �1.12

�
� � 0.28 0.13 0.07

0.13 0.08 0.06
0.07 0.06 0.08

� �10–3

(b) Co0.5Ni0.5O {113}

εij � � 3.56 �0.21 �0.01
�0.21 �1.607 0.05
�0.01 0.05 2.92

�
� � 0.38 0.10 0.08

0.10 0.19 0.09
0.08 0.09 0.07

� �10–3

Strain Tensors for Co0.333Ni0.666O/ZrO2(CaO)
(c) ZrO2(CaO) {331}

εij � � �2.76 0.87 �0.02
0.87 �0.34 �0.573

�0.02 �0.573 �3.12
�

� � 0.08 0.15 0.07
0.15 0.05 0.06
0.07 0.06 0.06

� �10–3

(d) Co0.333Ni0.666O {113}

εij � � 2.88 �0.57 �0.85
�0.57 1.742 0.23
�0.85 0.23 2.92

�
� � 0.18 0.09 0.16

0.09 0.22 0.06
0.16 0.06 0.33

� �10–3

Appendix B

Stress Tensor Calculated from X-ray Diffraction
Strain Tensor

Stress Tensors for Co0.5Ni0.5O/ZrO2(CaO)
(a) ZrO2(CaO)

�ij � � �1634 �3 �5
�3 �594 0.3
�5 0.3 �896

�
� � 125 82 8

82 75 7
8 7 75

� 	MPa


(b) Co0.5Ni0.5O

�ij � � 1113 �20 �1
�20 452 5
�1 5 1032

�
� � 134 22 16

22 107 11
16 11 90

� 	MPa


Stress Tensors for Co0.333Ni0.666O/ZrO2(CaO)
(c) ZrO2(CaO)

�ij � � �1464 81 �2
81 �835 �53

�2 �53 �1558
�

� � 45 99 8
99 38 7

8 7 40
� 	MPa


(d) Co0.333Ni0.666O

�ij � � 1353 �56 �74
�56 1198 20
�74 20 1422

�
� � 115 15 32

15 117 11
32 11 151

� 	MPa


Appendix C

Strain and Stress Tensors Measured and Calculated from
Neutron Diffraction Data

Strain Tensor for Co0.5Ni0.5O/ZrO2(CaO) Co0.5Ni0.5O {222}

εij � � 4.19 0.13 �0.53
0.13 0.973 0.18

�0.53 0.18 2.74
�

� � 0.09 0.01 0.07
0.01 0.07 0.05
0.07 0.05 0.04

� �10–3

December 2003 Residual Stress Distributions in Co1�xNixO/ZrO2(CaO) 2193



Stress Tensor for Co0.5Ni0.5O/ZrO2(CaO) Co0.5Ni0.5O {222}

�ij � � 1607 11 �28
11 1145 11

�28 11 1462
�

� � 38 2 15
2 35 11

15 11 31
� 	MPa
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