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Measurement of residual stresses in Al,O;/Ni
laminated composites using an X-ray diffraction
technique
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Using an X-ray diffraction technique, macro-residual stresses were measured in laminated
composites consisting of alternating layers of a-Al,O3 and nickel. The in-plane thermal
mismatch stresses which develop during fabrication were found to be compressive and
tensile in the a-Al,O3; and nickel layers, respectively. The magnitude of the in-plane stresses
was found to be ~ 110 MPa. Models of laminate structures predict the stress state to be
biaxial in the plane of the layers. However, substantial stresses were observed perpendicular
to the plane of the laminate; this stress might be due to the hot-pressing procedure used to
fabricate the samples. The stress on the side surface of a laminate was measured using the
indentation method and the resuits were consistent with those obtained by the X-ray
method. Three samples were heated to 700, 900 and 1000 °C, respectively, and then cooled to
test the effect of stress relaxation of the residual stresses due to the thermal expansion. The
heat treatments (700-1000 °C) had no effect on the measured stress states of the [aminates.

1. Introduction .

Tape-cast metal/ceramic laminate composites have
been shown to exhibit ductile stress-strain behaviour
with improved strength and toughness over mono-
lithic ceramic matrix materials [1]. Three strengthen-
ing and toughening mechanisms have been identified:
compressive residual stress, ductile phase bridging and
crack renucleation. The compressive stresses in the
outer layers control the size of the cracks introduced
into the surface and the maximum stress of the com-
posite. Analytical and experimental techniques have
been developed to predict and measure, respectively,
the residual stresses in the laminates.

On cooling down from the sintering temperatures .

the thermal expansion mismatch between the alumina
and nickel layers causes compressive stresses to build
up in the alumina layers and tensile stresses to build
up in the nickel layers until yielding occurs in the
nickel layers. At the onset of yielding of the nickel, the
stresses build up at a reduced rate dependent on the
strain-hardening rate.

Various experimental techniques can be used to
measure the residual stresses, including indentation
techniques, fracture-surface analysis, neutron and
X-ray diffraction techniques. Indentation techniques
provide an estimate of only the surface stresses [2].
Fracture-surface analysis provides an estimate of the
effective residual stress. Neutron diffraction has the
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potential of measuring large objects and providing an
accurate mapping of residual stress within the object.
However, at this time, this technique is still in develop-
ment. X-ray analysis offers the potential of measuring
the three-dimensional stresses of laminate composites.
It is relatively easy to apply and has the potential of
being made portable for on-site inspection of com-
posite structures. This paper is a report of the
measurement of residual stresses in a model
metal/ceramic laminate composite. The stresses iden-
tified using X-ray analysis are compared to the stresses
predicted by classical laminate analysis and to surface
indentation measurements.

2. Experimental procedure

2.1. Sample fabrication

Individual layers of nickel and alumina were formed
by tape casting. These green body tapes were cut,
stacked, and hot-pressed in a reducing atmosphere
(1300°C, 30 MPa pressure) to form laminates
(20 mm x 10 mm x 3 mm). The alternating layers of
a-Al,O; and nickel were each ~ 300 um thick. The
material composing the outer layers of the laminate
was a-Al,O;. These layers were half the thickness of
the inner layers providing symmetrical balance of the
structure [1]. The identification of faces and the coor-
dinate system used in this study are shown in Fig. 1a.
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Figure 1 (a) Coordinate system used to describe the stresses on the
three different faces. The measured (b) and principle (c) stress tensors
(MPa) [6].

2.2. Heat treatment of samples

Three samples were heated to 700, 900 and 1000 °C,
respectively, at 3°Cs ™! and held at temperature for
1 h. The samples were cooled at 5°Cs™! to 450°C.
Subsequently, the samples were removed from the
furnace and allowed to cool to room temperature. It
was hoped that heat treatments would cause relax-
ation of any stresses at temperature, and the cool-
down from the different temperatures would result in
different amounts of stress.

2.3. X-ray procedures

All sample surfaces were polished to a 1 pm finish with
diamond paste to remove the damaged layer caused
by cutting and grinding of the sample. A Scintag PTS
Residual Stress Goniometer with a rotating anode
X-ray source was used to make the X-ray residual
stress measurements. CuK, (A =0.15405981 nm)
radiation was used for all the measurements with
a beam spot size of approximately 3 mm diameter.
Specimen tilts were made perpendicular to the diffrac-
tion plane (the so-called Chi-tilt method) which en-
abled tilts of up to 60° to be made without producing
excessive peak broadening (detrimental to accurate
peak position measurement) [3]. The use of high-
angle tilts improves the precision of the strain
measurements [4]. Three ¢ values of 0°, 45°, and 90°
were used and y angles were varied from +60° to
—60°. The estimated error on an individual strain
measurement was taken as +5 x 1073, based on typi-
cal reproducibility of a measurement.

To verify alignment of the diffractometer, calib-
ration was made to NIST 640b standard silicon
powder. Measurements of several peaks of the NIST
standard were made at each of the tilt angles (¢ and )

used to make the stress measurements. The difference .
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between the measured peak positions and the
tabulated standard values was less than 0.01° 26 for all
the tilts, thus ensuring the reliability of measurements
at all tilt angles.

The sensitivity to strain is highest for higher angle
peaks. The X-ray beam was incident on both nickel
and alumina phases on the side surfaces (1 and 2 faces).
The a-Al,O; (146) reflection was found to be the
highest isolated peak in the two-phase pattern. The
o-Al,O5 (14 6) reflection was used on the 3-face also.
X-ray elastic constants for the a-Al,O; (146) peak
were taken from the literature [5].

Only the a-Al,O; phase was measured for stress
because the stress in the a-Al,O; layers was con-
sidered to be the most important from the standpoint
of mechanical properties of the laminates. A diagram
of the coordinate systems used on the different
laminate surfaces is shown in Fig. 1. The 3-face is the
top surface of the laminate; the 2-face and 1-face are
the sides of the laminate. In Fig. 1, the faces of the
laminate are labelled by the axis which intersects the
face [6]. The 3-face, for instance, is the face intersected
by the 3-axis (top surface). On all faces the in-plane
stresses are G1; and G, .

In order to obtain unstressed lattice spacings,
a powder was obtained from a piece of «-Al,O; which
was processed identically to that of the laminates.
Measurements of relative peak intensities made on top
and side surfaces showed no evidence of preferred
orientation.

The mean depth of penetration is defined as the
depth below the surface above which half the diffrac-
ted X-ray intensity originates. The mean depth of
penetration varied from 34-13 um for Chi tilts of
0°-60°, respectively [7, 8]. Clearly, if there are signifi-
cant gradients of stress within the irradiated layer, the
X-ray method produces an effective average strain.

2.4, Calculation of stresses

The strain, 4, measured at an orientation defined by
the angles ¢ and y (Fig. 2) is related to the stresses, 6;,
in the sample by Equation 1.
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where E,;; and vy, are Young’s modulus and Pois-
son’s ratio for the given hkl reflection used, ¢ and y the
tilt angles, dy, the d-spacing measured at the orienta-
tion defined by the angles ¢ and ¥, and d, the un-
stressed d-spacing.
The stresses were calculated by two different
methods; the method of Dolle [10], and the
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Figure 2 Diagram defining sample coordinate system and angles o,
%, and 26. After Tancu et al. [9].

method of Winholz and Cohen [11]. Dolle’s
method involves obtaining the stresses from the slopes
and intercepts of quantities a; and a, versus sin? y and
sin|2y|, respectively. a; and a, are defined as
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where dy, , and dy,_ are the d-spacings measured at
tilt angles ¢ and y, where y*, %~ refer to positive and
negative y, respectively. This method is outlined in
detail elsewhere [3, 10].

In Winholtz and Cohen’s method, the sample stres-
ses are recognized as being linearly related to the
measured strain. If the strain is measured in at least six
independent orientations, Equation 1 can be solved
for the stresses (i.e. by solving six equations with six
unknowns). The accuracy is improved by measuring
more than six strains and employing a least squares fit

of the data. The standard deviations in the stresses are
obtained by propagation of the standard deviations of
the individual peak fits, estimated standard deviation
of the unstressed peak position, and estimated stan-
dard deviation incurred in peak position measurement
through the equations used in the least squares fitting
procedure. The standard deviation in the peak posi-
tion measurement was estimated by making repeated
measurements, moving the sample slightly each time
and calculating the standard deviation of the measure-
ments [11, 12]. The method is described in detail else-
where [11]. The least squares fitting procedure used
was incorporated into a computer program by
Abuhasan [12].

3. Results and discussion

The results of the Winholz/Cohen and Délle
methods matched much better for the normal stresses,
Gii, than for the shear stresses, o;;, i # j. The results
from the Winholz/Cohen method are shown in
Fig. 1b. The normal stresses matched within +2 MPa
but the shears varied by upto +5 MPa. The variation
between the two methods was random.

The shear stresses obtained from the slopes of the
a, versus sin|2y| plots only consider data from
|%| < 45° 20 because sin|2y | is multivalued when |y| is
allowed to exceed 45° 20 [3]. Winholtz and Cohen’s
method uses all the data and is therefore more accu-
rate. Only the stresses obtained from the latter method
are presented here because it is felt that it provides
increased accuracy in calculation of shear stresses. The
stresses obtained from the a,, a,, and measured strain
versus sin?7y plots confirmed the results of the Win-
holtz/Cohen least squares fitting procedure.

The strain measurements performed on all the sam-
ples indicated that the heat treatments used resulted in
the same stress state, therefore the full stress analysis
was performed on one sample only (700 °C anneal).
Fig. 3 shows some representative plots of ¢, and strain
versus sin? y. Because all of the plots (¢ = 0°, 45°, 90°)
for the top surface looked the same (because
G11 = O3;), only the strain versus sin®y at ¢ = 90°
plot is shown; likewise, because both side faces yielded
very similar results, only the a; versus sin?y plots at
¢ = 0° and 90° for the 1-face are shown. Data were
also taken at ¢ = 45° but the plot is not shown be-
cause it merely gives information intermediate be-
tween ¢ = 0° and 90°,

TABLE I

a-Al,04 Nickel
Reflection used (146) Not applicable
Radiation used Cu K, Not applicable

Young’s modulus, Ey;;
Poisson’s ratio, Vi,

Thermal expansion
Unstressed lattice spacing, dy
Reflection used

Radiation used

x-tilts used

b-tilts used

0.23 [14]

(146)
Cu Ky,

0°, 45°, 90°

407 GPa [14]

8.5x107¢°C~1 [15]
0.083054 6 nm (136.085° 26)

0°, +25.7°, £37.8°, +48.6°, +60°

200 GPa [13]

0.312 [13]
13.3x107%°C 71 [13]
Not applicable

Not applicable

Not applicable

Not applicable

Not applicable
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Figure 3 (a) Strain [(d,, — do)/do] versus siny, at & = 90° for 3-face. (b) a; versus sin®y at ¢ = 0° for 1-face. (c) Strain versus sin?y at ¢ = 0
for 1-face. (d) Strain versus sin?y at ¢ = 90° for 1-face. (e) a; versus sin?y at ¢ = 90° for 1-face. (W) x~, (O) x*.

The classical laminate analysis used in this study
assumes that a plane stress condition exists in the
plane of the layers (i.e. 033 = 0) if the laminate struc-
ture has no curvature. If there is no curvature, then
there is no force in the 3 direction and the stress in the
3 direction is zero. In qualitatively analysing the dif-
fraction peaks, two types of strains are evident; uni-
form strain and non-uniform strain. If a uniform strain
state exists, the diffraction peaks will be shifted from
their zero strain reference positions due to a net
change in d-spacing. If a non-uniform strain state
exists, the diffraction peaks broaden [16]. The full-
width at half-maximum (FWHM) peak widths meas-
ured on the side faces did not vary considerably from
the FWHM measured on the top surface. This last
result was surprising, because the X-ray beam sampled
a volume containing several a-Al,O5 layers. Stress
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measurements made on the side faces can then be
interpreted as being the average stress in the a-Al, O3
layers, as measured from the side of the laminate with
the spread about this average being relatively small
[17]. Measurements made on the top surface sample
from one layer, as the top layer is «-Al, O, and the
X-ray penetration depth (13-34 pm) is much less than
the layer thickness ( ~ 150 um).

The strain versus sin? y plots showed splitting of the
x ¥, x~ branches (Fig. 3) for the side faces which in-
dicated the presence of shear stresses. Except for the
¢ = 0 plots, all of the plots of a, versus sin?y for the
side faces showed some curvature which indicated the
presence of a stress gradient in one or more of the
stress components over the sampling depth of the
X-rays. The curvature is small however, and falls with-
in experimental error. The measured stress tensors for



both the side faces (see Fig. 1b) contained significant
shear stresses, whereas the stress tensor for the top
face did not. These shear stresses are probably caused
by the angle of the cut of the laminate not being exactly
along a principal direction. The top face was not cut,
and therefore did not contain any shear stresses. In
order to compare the stresses on the different faces, all
of the stress tensors were rotated into principal direc-
tions which changed the stress tensor for the top surface
of the laminate slightly and significantly changed the
stress tensors of the two side faces (Fig. 1c).

3.1. Comparison of stresses measured on
different faces

In what follows, the stress o;; as determined from face
k (k =1,2 or 3) is denoted of;. For example, o35 de-
termined from the 1-face is 635. Loking at Fig. 1, the
in-plane principal stresses (67 and o3,) of the top
surface (defining negative stresses as compressive) are
quite close —137 and — 128 MPa, respectively). It is
also apparent that there is a significant 033 stress
(—97 MPa} which intuitively should not occur be-
cause there are no known forces acting in the direction
perpendicular to the plane of the layers.

The 614, 65,, and 63, principal stresses must meet
the condition of vanishing stress at the surface and
may therefore be reduced. The fact that they are not
zero is a result of the averaging of stresses over the
depth of penetration. In fact, the existence of stress
components normal to the surface has been shown in
X-ray residual stress studies of ceramics [6, 18] and
even in metals [3, 4, 19, 20] where the mean depth of
penetration of the X-rays was an order of magnitude
lower than in this study.

Principal stresses 613, 635, and o35 are all in the
same direction, they are: —115, —101, and —97 MPa,
respectively. o3 ; must meet the condition of vanishing
stress at the surface and is the lowest of the three.
These stresses are in reasonably good agreement.

From the results of the 3-face measurements, the
in-plane stresses o;; and ©,, should be the same.
o1, and 63, can be compared to o3 ;and o3, because
all are in-plane stresses and neither must meet the
condition of vanishing stress, they are —95, —70,
—137 and —128 MPa, respectively. The in-plane
stresses determined from the side faces are comparable
but are less than those determined from the top sur-
face. o1, and o3, are also in-plane stresses but both
must meet the condition of vanishing stress at the
interface (compare — 16 MPa to — 34 MPa), note how
these are similar but much lower than the other in-
plane stresses. It is apparent that relief of the residual
stress has occurred on the side faces. This may be
caused by preferential removal of the much softer
nickel layers at the surface by polishing or by the
diamond polishing of the Al,O;.

It seems likely that the ¢34 stress measured on all
surfaces is due to the hot-pressing procedure because
it occurs in the hot-pressing direction. A 1 cm x 1 cm
tape-cast block of Al,O; hot-pressed under the same
conditions as the laminates was measured for stress.
A stress (o3 ;) of —140 MPa in the hot-pressing direc-

tion was detected. The cause of the o5 3 stress compon-
ent could be differential cooling of the outer and inner
areas of the specimen during cool down from the
hot-pressing temperature.

3.2. Estimation of residual stress by
laminate modelling

An estimate of the thermal expansion mismatch resid-

ual stresses was calculated from the equations present-

ed by Hseuh and Evans [21]

c 1 te 1 1\7!
= - AT+ 22—+ 2 4 =
Om [(Otc o) AT + " ](Em +‘ . E. + n) )

t
O, = — Op— (5)

where o, a, I, AT, E, o, and n are the residual stress,
thermal expansion coefficient, layer thickness, cooling
temperature range, Young’s modulus, metal yield
stress, and work-hardening rate of the metal, respec-
tively. The subscripts ¢ and m refer to ceramic and
metal. This model assumes the multilayered laminate
can be modelled by a three-layer laminate with out-
side layers ceramic and the inside layer metal. The
in-plane residual stress in the outside a-alumina layers
was calculated to be —116 MPa [22].

3.3. Residual stress measurement using
indentation

The amount of residual compression in the alumina
layers can be estimated from the measurement of the
change in the length of radial cracks induced by
a Vickers indentor. Vickers indentations were placed
in a polished side section (a side face in Fig. 1a) of the
alumina layers between the surface and the first metal
layer. In the absence of residual stress, the length of
cracks, b, emanating from adjacent corners of the
impressions should almost be equal, due to a uniform
stress field. When an in-plane residual stress field
exists in the alumina layers, the length of radial crack,
b*, normal to the residual compression can be related
to the magnitude of the residual stress, c,, by [2]

K, — [n(E/H)"*Pb*~>"]
G, = Qp* 172 (6)

where Q is a coefficient related to the residual stress
field (Q = 1.128 for uniform residual stress field),
K, the apparent fracture toughness of the unstressed
a-Al,O5, n a geometrical constant, E Young’s
modulus, H the hardness, and P the load [23]. The
measurements yielded the result that the stress state
was biaxial with an in-plane stress of
o, = — 110 + 8 MPa. This result is in reasonable
agreement with the ¢ ; and o, stresses in the 3-face
measurement using X-ray analysis.

4. Conclusions

The stress state of the laminates was found to be
triaxial instead of the biaxial state predicted by mod-
els. This was verified by measurements made on three
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different faces of the laminates. Indeed, this points out
perhaps the greatest advantage of the X-ray technique;
the ability to measure triaxial stress states. Heat treat-
ments made prior to making stress measurements in
order to examine the effect of varying the cool-down
temperature had no effect on the stress state. This was
probably due to the heat-treatment temperatures be-
ing less than the temperature at which the thermal
stresses began to form on cooling during processing
and to the lack of stress relaxation during the heat
treatment.

From the lack of broadening in the diffraction
peaks obtained from the sides (as compared with those
obtained from the top surface) it can be concluded
that the stress does not vary much (if at all) in the
direction perpendicular to the plane of the layers in
the individual layers of a-Al,Os. This permits the
stress measurements made on the side faces to be
interpreted as the average stress measured inside the
irradiated volume, with the stress distribution about
this average being narrow. Owing to the lack of
broadening of the peaks obtained from measurements
made on the 1-face and 2-face, the stress could be
measured on this face and compared with those meas-
ured on the 3-face, even though the 1-face and 2-face
measurements were, in effect, averages over several
different layers.

The results of the indentation measurements (c(bi-
axial) = — 110 + 8 MPa) [1] and those estimates
based on Equations 5.and 6 (s(biaxial) = — 116 MPa)
matched well with the top surface measurements of
the X-ray tilt method; ©,; = — 137 MPa, and
Gy, = — 128 MPa. However, the indentation tech-
nique did not reveal the presence of a substantial 63 ;.

The X-ray tilt technique has been shown to be an
excellent technique to use in the measurement of resid-
ual stresses in laminate systems of this type. It is hoped
that the techniques used in this study can be extended
to the general study of residual stresses in laminated
composites.
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