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Abstract Residual stress problems encountered in join-
ing ceramics—ceramics or ceramics—metals systems for
high-temperature applications >1000 °C have been stud-
ied. A solid-state bonding technique under hot-pressing via
metallic foils sheet of Ni was used for joining alumina—
alumina and alumina—nickel alloy (HAYNES® 214™),
The residual stresses expected in the specimen were pre-
dicted by finite-element method (FEM) calculations using
an elastic—plastic-creep model (EPC). Stress distributions
in the specimen were characterized experimentally using
X-ray diffraction (XRD) and Vickers Indentation Fracture
(VIF) techniques. The tensile and shear stress profiles have
been determined along selected lines perpendicular to the
bonding interface. The results of the FEM calculation of
residual stresses have been compared experimentally with
the results of classical XRD and indentation methods. It
was found that the tensile stress concentration showed

higher values at the edge of the boundary. The residual
stresses caused by the thermal expansion mismatch
between alumina (Al,03) and Ni-based super-alloy
(HAYNES® 214™) severely deteriorated the joints com-
pared to Al,O3-Al,O; joint with the same solid-state
bonding parameters. The correlations between the FEM
calculations and experimental results obtained by XRD and
VIF method were discussed.

Introduction

High-strength ceramic—metal joints are being developed for
use in great variety of industrial applications, ranging from
structural components in heat engines to coatings in elec-
tronic devices [1]. Various techniques for joining ceramic to
metal are available, among them the solid-state bonding
used in this study [2-7]. However, making a metal-ceramic
joint by solid-state bonding method involves inevitably
residual stresses as the bonded assembly cools from the
joining temperature to room temperature. The magnitude
and influence of these shrinkage stresses can be particularly
high because of the large difference between the coefficient
of thermal expansion (CTEs) and Young’s moduli of the
three materials and the brittleness of ceramics [8—10]. In
some cases, theses residual stresses exceed the bond strength
and promote mechanical failure along the ceramic—metal
interface. In cases when the bond is strong, the residual
stresses tend to cause fracture, generally in the ceramic
[11, 12] or ductile in the joint [13, 14].

There is much work available on ceramics/metal joints
who were interested to measure strains by diffraction
techniques. For example, the residual stresses at the surface
of SizNy/carbon steel/SizN, specimens [15, 16], in vana-
dium/Al,O3 joints [17], or in Al,Oz/inconel joints [18]



have been studied using conventional X-ray sources. Also,
the inner bulk strain field in diffusion-bonded molybdenum/
SiC joints [19] and in nickel/Al,O5 joints [20] has been
determined by neutron diffraction. Other less precise
methods were developed such as layer removal techniques
[21] and indentation method [22]. These methods makes it
possible to determine the level of surface stresses at the point
of measurement (tensile stress, compressive stress), and they
present a good correlation with measurements taken by X-
ray diffraction (XRD) [21]. Additionally, a variety of ana-
lytical [23] and numerical models have been developed to
understand and optimize the residual stress state in these
materials [11, 16, 18, 22, 24]. But rarely they were compared
to experimentally measurement with result of classical XRD
[16, 18] and indentation fracture method. The most complete
comparison was made by Guipont [21]. The agreement is
rather good between XRD measurements and FEM esti-
mates. This study is to evaluate the residual stress distribu-
tion of two types of bonded specimens, Al,O3/Ni/Al,O3 and
A1203/Ni/HAYNES® 214, using the XRD measurement and
indentation fracture method. Experimental results are com-
pared with predictions obtained using finite-element analy-
sis. A good correlation is found between the FEM
calculation and experimental results.

Experimental procedure
Materials

The ceramic material used in the present investigation is a
commercial polycrystalline ¢-Al,O3 (AL23 alumina), from
UMICORE Marketing services. The ceramic specimens
were supplied in the form of 15 x 5 x 5 mm’® platelets
with polished surfaces. The base metal is nickel based
super-alloy (HAYNES® 214™) which is used in techno-
logical applications at high temperatures and in severe
chemical atmosphere. It obtained in the form of rectangular
15 x 5 x 5 mm?>. The filler metal used was a Ni foil 200-
pum thick.

The compositions of the used materials are summarized
below:

1. Alumina AL23—(>99.7% purity);

Fig. 1 Schematic drawing of 4

2. Nickel—(99.5% purity; 200 um thick);
3. HAYNES® 214™__Ni super-alloy (75% Ni, 16% Cr,
4.5% Al, 3% Fe).

Prior to bonding, ceramics were polished using diamond
pastes to a final grit size of 1 pum. The surfaces of metal
interlayer and alloy were lightly polished with silicon
carbide abrasive paper in order to remove any oxidation
layers. All surfaces were cleaned by immersion in acetone
with ultrasonic agitation for 0.5 h. After drying in hot air,
the base material blocks and the interlayer foil were pre-
pared as block/foil/block sandwiched assembly, as shown
in Fig. 1. Finally, ceramic—metal-alloy “sandwiches” are
diffusion bonded by hot-pressing the assembly at 1150 °C.
A pressure of 16 MPa through a pneumatic piston was
applied to the whole assembly while heating [15, 16]. The
heating rate was 150 °C/h and cooling rate was 200 °C/h,
and the specimen was held at the maximum temperature for
1 h before cooling to room temperature. The solid-state
bonding is carried out in primary dynamic vacuum
(107° Pa) during all the temperature cycle. The experi-
mental conditions were selected taking into account pre-
vious studies on alumina/Ni/alumina [5], alumina/Cu/
alumina [7], and alumina/Ag/alumina [6] systems.

FEM analysis

In order to estimate the magnitude and distribution of the
residual stresses in the joints, FEM calculations were per-
formed. The joining of ceramics and metal is simulated at
high temperature (1150 °C). Spatially uniform cooling
(i.e., no thermal gradients) and perfect bonding at materials
interface were assumed by a quite small cooling rate. FEM
analysis was performed using ABAQUS program [25],
assuming a two-dimensional geometry under a plane stress-
state. To be in agreement with the experimental conditions,
the choice of plane stress-state conditions was assumed in
FEM analysis because the X-ray penetration is extremely
shallow (<10 pm). The stress distribution is then described
by principal stresses o,,, and gy, in the plane of the surface,
with no stress acting perpendicular to the free surface. The
actual three-dimensional thermal stresses will affect the
plane-stress solution near the interface over a distance
comparable to the layer thickness, as has been shown from
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full three-dimensional elastic calculation of Nakamura
[26]. Nevertheless, the plane-stress model accounts for the
essential features of elasto-plastic-creep (EPC) deformation
[26].

The used conditions and the thermophysical properties
for each material are widely described in a previous paper
[27] which shows moreover that an EPC calculation was
essential to correctly model the Al,Os/Ni/HAYNES® 214
system, contrary to the system Al,O3/Ni/Al,O3 for which
an elasto-plastic (EP) calculation was sufficient. In this
way, EPC models for the metal and Ni-based super-alloy
were adopted. Figure 2 shows the mesh models used in
FEM. In ABAQUS, the calculation was accomplished in
two parts. The first part concerns a transient heat transfer
analysis incorporating the nonlinear thermal conductivity
and specific heats of nickel, HAYNES® 214 and alumina
as a function of temperature. Subsequently, the resulting
temperature distribution as a function of time was incor-
porated into the thermal stress analysis. The transient heat
transfer analysis uses second-order elements of DC2DS§
type (eight-node quadratic heat transfer quadrilateral). The
transient heat transfer analysis is conducted in three steps.
During the first step, the joint is heated to 1150 °C (heating
rate was 150 °C/h). During this period, the involved
materials are free to expand frictionless. At 1150 °C (step
2), the materials are fixed together. In the third step of the
simulation, the joint is cooled down to 25 °C (cooling rate
was 200 °C/h). The thermal stress analysis is modeled by
second-order eight-node biquadratic plane-stress elements
with nine integration points for each element (CPS8R),
which, generally, have superior deformation characteris-

predictions. The thermal stress analysis is also conducted in
three steps. In agreement with the experiments, a pressure
of 16 MPa was applied all time. Taking advantage of
symmetry and using boundary conditions, only a half of the
ALO;/Ni/HAYNES® 214 sample had been modeled and a
quarter of the Al,O3/Ni/Al,O3; sample (Fig. 2). In this
paper, stress in the y-axis, along which the interface of the
joint peels or cracks, is mainly discussed because o,
controls the strength of the joint.

Vickers Indentation Fracture method

The Vickers Indentation Fracture (VIF) method [20, 21] was
applied to investigate the residual stresses in the ceramic
portion of the bonded joints. A Vickers indenter was
impressed at several points in the ceramics at different
distances from the interface on the edge of the joint (Line
1—Fig. 2), using a micro-Vickers hardness-testing
machine. This method is based on the calculation of the
difference between the lengths of cracks observed, induced
by indentations for the same ceramic before and after joining
(Fig. 3) [20, 21]. In this study, the tests were conducted at a
load of 300 g with aloading duration of 15 severy 50 pum, in
staggered, from the metal-ceramic interface to ceramic
bulk. A Vickers indent may produce two types of cracks, i.e.,
a system of median cracks and system of Plamqvist cracks.
Liang et al. [28] have proposed a universal indentation
equation allowing the direct calculation of Kjc for both
median and Plamqvist cracks. The formula is claimed to the
use of any load to perform an indentation test.
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Fig. 3 Indentation fracture method, where 2a is the indent diagonal
and 2C is the total length of the radial crack
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1-8 (ﬁ) ] (2)
where Kjc is the fracture toughness, H, is the Vickers’s
hardness, v is the Poisson’s ratio, ¢ is a constant close to 3 for
alumina, 2a is the indent diagonal, and C is the length of the
radial crack (Fig. 3). Lawn and Fuller [29] have suggested a
relationship linking the modification of radial crack length to
the level of stress o in a surface layer of thickness d taking
into consideration the crack pattern produced by a standard

point indenter. The residual stress in the ceramic can be
calculated using to the following equation:

(@)
C

where Kic, is the substrate toughness, C; is the radial crack
length before joint, and Q is a constant depending upon
crack geometry (Q = %)

o= 14

__Kic
(nCQ)

i

; (3)

Ol

X-ray diffraction method

Because the X-ray penetration is extremely shallow
(<10 pum), a condition of plane-stress is assumed. Residual
stress measurement was carried out using the sin® ¥
method [30-33] with a W-goniometer (Dosophatex) and
INEL software equipments at 30 kV, 30 mA. The size of
the collimated X-ray beam (Cr K,;) for residual stress
measurement was @ 800 um. Measurements were per-
formed with the (300) peak of alumina at 2@ = 113°. The
strain (¢) is defined as the relative variation of the actual
lattice spacing (d,), and using the Bragg’s equation can be

related with the angle shift (A0) by:
d—d
e="—"C=_cotOX(A0O) (4)
do

The stress distribution is then described by principal
stresses Oy, and oy, in the plane of the surface, with no

stress acting perpendicular to the free surface. The normal
component o,, and the shear stresses o,, = o, and
oy, = 0;, acting out of the plane of the sample surface
are zero. A strain component perpendicular to the surface,
&, exists as a result of the Poisson’s ratio contractions
caused by the two principal stresses. The strain in the
sample surface at an angle ¢ from the principal stress o, in
the ceramic can be estimated according to Hooke’s law as
[34];

dp—oy —do _ 14V

v
Ep=0y = do E O =0,y sin® Y- E(‘Tl + 02),

(5)

where dg — o,y is the interplanar spacing of (hkl) planes of
stressed lattice tilted by i and rotated by ¢. dj is the strain-
free lattice interplanar spacing. The terms E and v represent
Young’s modulus and Poisson’s ratio, respectively. g, and
g, are the principle stresses. The direction of the diffraction
vector was specified by two angles, ¢ and i in the usual
way. The d, measurements were performed at a fixed value
of ¢ (¢ = 0°) and 21 different values of ¥ from —45° to
+45° for each ¢ angle. The Al,03/Ni/Al,O3 and Al,O3/Ni/
HAYNES® 214™ specimens were scanned along two
different directions (1 and 4 in Fig. 2) perpendicular to the
metal-ceramics interface. Line 1 was at the free end of the
specimen, and line 2 was located in the center of the
specimen (Fig. 2).

Results and discussion
FEM analysis

The stresses of particular importance are o, and t,,, which
govern the modes I and II component of energy release
rate. Initially, the assembly is stress-free. During the
cooling, the temperature distribution is assumed to be
uniform. Figure 4 represents the distribution of the normal
stresses o, for both A1203/Ni/HAYNES® 214 and Al,Os/
Ni/Al,0O; assemblies, according to lines indicated in Fig. 2.
At the edge of the junction, the stress is strongly in tension
(233 MPa, line 1) (Fig. 4a). Tension stress concentration
near the specimen edge can cause fracture within the
ceramics, in the case of strongly bonded systems, or
delamination at the interface for weakly bonded systems.
Away from the edge, o,, tends to decrease, then becomes
null (line 4). For the Al,03/Ni/Al,O5 system (Fig. 4b),
traction is observed only on the free edge (184 MPa, line
1). The maximum of shear stress 1y, is about 65 MPa for
AlL,O4/Ni/HAYNES® 214 joint and 55 MPa for Al,O4/Ni/
Al,O3 joint [35]. The presence of shear stress at the cera-
mic side near the joint interface, in combination with the
tensile stresses that are present, can induce fracturing along
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Fig. 4 Normal residual stress (o,,) profile in the metal/ceramic joint
as a function of distance from the interface. This profile is drawn
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the ceramic—metal interface. Compressive stress is
observed in the nickel layer near the tensile stress con-
centrated area. In the other area, out of the figure, there was
no significant stress or stress distribution.

Vickers Indentation Fracture method

First of all, let us note that measurements of toughness by
indentation have advantages, used in this paper (localiza-
tion of measurement, small samples without machining...)
and disadvantages (uncertainties, cracks preceded by a
multiplication of dislocations [36]...). Thus, the quantita-
tive comparison with conventional measurements using
machined samples (SENB, CVN...) must be considered
with prudence. Recently, Quin and Bradt [37] based on
information available on the VIF test concluded in their

review that the VIF technique is not suitable for the mea-
surement of the fracture toughness Kjc. It is necessary to
compare the nonconventional VIF technique and Stan-
dardized Fracture Toughness tests on the critical points. In
particular, for the VIF technique: multiple cracks are
generated during the test when the indenter is inserted into
the polished specimen surface. In the standard test, loading
is applied in universal mechanical testing machine, but the
VIF technique the specimen is loaded through a hardness
indenter. During loading, in the standard tests, the pre
crack extends in a catastrophic manner through the sample.
In the VIF method, deformation occurs below and around
the indentation; cracks are created and are propagated
beneath the indenter, then intersect the surface. The crack
slows down, and then stops far from the indenter.

In our study, the aim of Kjc measurements by VIF is not
to obtain certified value of fracture toughness but to explain
some phenomena which cannot be obtained using the
standardized fracture toughness tests. Indentation tests
were carried out on a cross section of the metal/ceramic
interface to see if effects due to interaction between
ceramics and metal could be detected.

Figure 5a shows the fracture toughness values of alumina
before and after bonding. The variation of fracture toughness
of alumina after bonding versus distance from interface
was conducted near the free edge (line 1). Fracture tough-
ness values of alumina before bonding were indicated in
Fig. 5a. It shows the decrease in ceramic toughness near
the interface after solid-state bonding. Kjc drops from
7.4 + 04 MPa\/m far from the interface (400 pum), to
3.9 £0.35 MPa\/m at 50 pm from the interface. This
decrease in toughness already was observed for many
metal-ceramics systems and seems to be explained by a
weakening effect due to the grain boundary diffusion of the
metal in alumina [6]. Indeed, this effect increases with the
diffusion time (Kic = 2.24 £ 0.1 MPa,/m was measured
after a post-annealing at 900 °C for 120 h). Conversely, the
increase in toughness (8.5 MPa\/ m) observed in the vicinity
of 200 um can be due to a toughening effect by micro-
cracking, there still related to grain boundaries [38, 39], or to
the stress field from the surface compression far to the
interface (see Fig. 5b) opposing the stress field due to
indentation. For a material with residual stresses, the K¢ for
indentation crack is [40, 41]:

Kic = K0 + K, (6)

where K20 is the stress intensity factor in a sample with
no residual stress, and K¢ is the effect due to the residual
stress field.

Figure 5b shows that the residual stresses increase from
the ceramic bulk (—53 MPa) to metal-ceramics interface
(4318 & 34 MPa). After 120 h post-annealing, the stres-
ses are lower (271 £+ 3 MPa).
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X-ray stress measurement

Figure 6a, b shows the result of X-ray stress measurement
of residual stress distributions, respectively, for Al,O3/Ni/
AlLO5 and AlL,Os/Ni/HAYNES® 214 joints. For the two
systems, it is seen that the level of stress is higher in the
direction 1 than the line 4. The stresses were mainly tensile
and the maximum was in the vicinity on the Ni/Al,O3
interface. After that, the residual stress starts to decrease
again and then the residual stress becomes almost
constantly null. At the center (line 4), as for FEM analysis,
the stresses were compressive near the interface and
become negligible in the ceramic bulk. The maximum
residual stress of the Al,O3/Ni/HAYNES® 214 specimen
(201 % 53 MPa) is higher than that at the Al,03/Ni/Al,O3
specimen (108 + 53 MPa), which confirms again the FEM
analysis.

Comparison of methods and crack formation

Figure 7 presents a comparison of the residual stress dis-
tributions, in the ceramic close to the interface (line 1), for

(a)
- 300 5
= 4 = Line1
= 250 o *  Lines
Fe 1
3 200 4
:'-.; 150 - .////;7/////%/////
1] 1 oy
< 100 4 E 353 \\}X\
£ w0 ]
=
2 e Sl
cg -50 4 E
HAYNES 214N Al 0y

00 05 10 LS 20 25 30 35 40 45
Distance along y-axis, ¥y (mm)

140 4 - Line 1
120 4 & Lined
1060 4 4 1

Residual stress along y-axis, o y (MPa)
4

HAYNES 214/N80 4
00 05 10 1S 20 25 30 35 40 48
Distance along y-axis, ¥ (mm)

AL O,

Fig. 6 Tensile residual stress in the ceramic side. a Al,O3/Ni/
Haynes®214 specimen as function of the interfaciale distance for both
lines L1 and L2. b Al,053/Ni/Al,O5 specimen as function of the
interfaciale distance for both lines L1 and 1.2

% = FEM- EP model
e FEM- EVP model
500 —d— nd i1 1i hod Mckers}
v X-ray diffraction method
400
300 t Line |

ot

Residual stress along y-axis, oy (MPa)

100
2
0 i — > 32 A
&
-100 ﬁf‘
-200 '
P R . ey -
0 1 2 3 4 5

Distance along y-axis, y (mm)

Fig. 7 Comparison of the residual stress distribution obtained by the
indentation fracture (IF) method, X-ray method, and finite-element
analysis



AlLOy/Ni/HAYNES® 214 system, as given by the three
different methods (XRD, indentation method, and FEM).
The differences between the various methods are not
negligible, but the results and the observed differences can,
however, be justified.

1. The calculation in EPC, contrary to calculation in EP
[27], was essential to modeling ceramic/metal system
because EPC results are in good agreement with
experimental measurements. The maximum level of
stress in the ceramic is found, whatever the method, at
the edge of the assembly: 201 4+ 53 MPa (X-ray),
318 + 34 MPa (Indentation method), and 233 MPa
(FEM-EVP).

2.  XRD measurement underestimates the stresses near by
the interface since the first measurements are per-
formed to 0.5 mm of the interface because of the
limited practical spatial resolution of the technique
(~800 pum). An extrapolation would give stresses of
about 250 MPa, therefore close to the results of FEM
and VIF methods. It will be also noted that FEM and
XRD profiles are rather close.

3.  On the other hand, FEM and XRD measurements do
not take account of the modifications of the mechan-
ical properties of alumina in the vicinity of the
interface (on 200 pm), probably due to the effect of
the nickel diffusion in alumina [6, 27], contrary to the
indentation method which clearly highlights these
modifications and account holds some. Moreover, this
could explain the change of stress sign close to the
interface (tension stresses to compressive stresses) in
the affected zone. Consequently, the VIF method,
which presents the disadvantage of being not very
precise, because of the difficulty in determining the
lengths of cracks, but has the advantages of permitting
measurement close to the interface.

In any case, the presence of shear stress at the ceramic
side, near the joint interface, in combination with the ten-
sile stresses that are present, may cause cracks in the joint,
or failure of bonding. Indeed, through fractographic anal-
ysis of specimens, it is found that the crack initiates at the
edge of the interlayer and then changes its direction into
the ceramic and propagates into the ceramic part near the
interface [27]. This phenomenon is observed only in dis-
similar Al,O3/Ni/HAYNES® 214 bonds. It is in accordance
with FEM analysis, and XRD or VIF measurement.

Conclusions
The residual stress distribution in symmetrical Al,O3/Ni/

Al,O5 and dissimilar AlL,Oy/Ni/HAYNES® 214 bonds have
been characterized using the XRD method, the indentation

fracture method, and was also calculated using the finite-
element method. Based on the results obtained in this work,
the following conclusions can be drawn.

1. The results of the three employed methods show that
the highest tensile stress is concentrated at the
boundary of the outer surface of the joint, and it will
cause cracks in alumina layer only in the case of
dissimilar AlLO3y/Ni/HAYNES® 214 bonds.

2. The maximum residual tensile stress of Al,O3/Ni/
Al,O3 specimen was lower than that of the Al,O3/Ni/
HAYNES® 214 specimen.

3. The results obtained by FEM analysis, X-ray, and VIF
measurements show the same trend of stress distribu-
tion and the highest tensile stress concentration at the
outer surface of the boundary of the joint. The FEM
and X-ray results are in rather good agreement,
knowing that certain phenomena, such as grain
boundary diffusion of nickel in alumina, are not taken
into account. The indentation method tends to over-
estimate the stresses, probably taking into account the
fall of toughness of ceramics close to the interface.

4. FEM is an effective method to predict the stress
distribution in symmetrical Al,O3/Ni/Al,O5 and dis-
similar A1203/Ni/HAYNES® 214 bonds. The result at
the FEM simulation shows that the filler metals zone
and the base materials part adjacent to this zone are the
high-residual stress concentration. These results
explain very well the fractography observation of the
ALO3/Ni/HAYNES®214 joints [27].
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