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Solid state bonding of Al2O3 with Cu, Ni and Fe:
characteristics and properties
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A solid state bonding technique under hot pressing was used for joining alumina with
thin metal sheets of Ni, Cu and Fe. The microstructure and microchemistry of the
ceramic—metal interface and of the fracture interface were examined using scanning electron
microscopy (SEM) energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD), in
order to identify the adhesion mechanisms and the nature of strength limiting flaws.
Interaction between the selected metals and alumina can be physical or physico-chemical in
nature: very low amounts of interfacial compounds were formed, depending on the
processing conditions and on the presence of oxygen in the system. Fracture and toughness
tests indicated that high ceramic—metal interface strengths (up to 177 MPa) were achieved
under the adopted processing conditions and that strength and toughness were directly
related. Moreover, an increase in hardening in the metal interlayer at a distance of 2—3 lm
from the interface was observed in the samples with high strength values. The mechanical
behaviour was related to several factors that strongly depend on the bonding conditions:
plastic deformation of the metal, metal creep, metal intrusion and diffusion into alumina,
and chemical reactions at the interface.  1998 Chapman & Hall
1. Introduction
The use of ceramic components in structural, electrical
and electronic applications is rapidly increasing. Most
of these applications require the use of ceramics
bonded with metals. The performance of the resulting
bonded material is influenced and often controlled by
the properties (mechanical, electrical, magnetic and
chemical) of the ceramic—metal interface [1—9]. The
main interest in this area is therefore to develop a fun-
damental understanding of the parameters that con-
trol the properties of the interface, mainly governed by
the specific physico-chemical interaction of the two
materials [10, 11].

Chemical reactions occurring at the interface be-
tween the ceramic and the metal during bonding may
lead to the formation of new phases, that eventually
may influence the overall properties of the new com-
ponent [3, 10]. Moreover, thermal expansion mis-
match between the ceramic and the metal produces
interfacial residual stresses during processing that
influences the final mechanical strength of the
metal—ceramic bond [8, 11].

Solid-state diffusion bonding is a joining process in
which the surfaces of the two materials are held to-
gether for a certain time below the melting point of the
less refractory material [2—5, 8, 12, 13]. Adherence be-
tween dissimilar phases results from atomic and mo-
lecular interactions at the interface. These interactions
derive from the differences in co-ordination between
the atoms at the surface (asymmetrically co-ordinated)
and those in the bulk (symmetrically co-ordinated) of
0022—2461 ( 1998 Chapman & Hall
the material: atoms at the surface present an excess of
energy, that is particularly high for metals. As a conse-
quence in ceramic—metal joining processes the metal
surface energy produces a strong driving force for
shape changes that reduce the non-contacting area
and for chemical changes that lower the surface energy
[3, 7, 9].

The surface conditions of the sample, flatness,
roughness and cleanliness, play a key role during the
diffusion bonding process. Bonding temperature, pres-
sure and atmosphere are other important variables of
this joining process [8]. A wide range of metals can be
bonded to single-phase and polyphase ceramics
[2, 8, 9, 14—20].

The mechanisms involved in diffusion bonding are
similar to those occurring in pressure sintering and
they can be divided in two principal steps.

1. Plastic flow resulting from deformation of the
original surface asperities.

2. Mass transfer and surface diffusion that involve
the elimination of interfacial voids; at the same time an
adhesion process giving the interface boundary
strength also occurs.

A possible third step involves chemical reactions
between the two materials and formation of new
phases at the interface. The occurrence of these reac-
tions depends on the bonding conditions (temper-
ature, time, atmosphere and pressure) and on the
chemical composition of the materials involved
[6, 9]. Depending on the system, these reactions can
be deleterious or, to the contrary, can lead to the
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development of strong joints. In both cases the pro-
cessing atmosphere plays a key role: different behav-
iours of metals in relation to joining properties have
been found and models of ceramic interfaces have
been developed in order to predict the optimum
atmospheric conditions for a particular system
[8, 9, 20—22]. The application of new experimental and
theoretical methods has improved the understanding
of the electronic structure and chemical reactions at
ceramic—metal interfaces [23—29].

Mechanical characterization of a ceramic—metal
joint is a complex problem and the fracture mecha-
nisms at the interface are poorly understood
[6, 8, 25—27].

In this paper, interfacial microstructures realized
under different solid state bonding conditions for
three ceramic—metal couples (Al

2
O

3
—Ni, —Cu and —Fe)

are compared and related to the mechanical proper-
ties: fracture strength, fracture toughness and hard-
ness profiles.

2. Experimental procedure
Alumina samples (96% purity) were produced starting
from a commercial powder (M-KMS 96, Martin-
swerk). Green cold isostatically pressed bodies were
sintered at 1650 °C for 1 h and the final relative den-
sity was about 96%. About 6 wt% MgAl

2
O

3
is pres-

ent, as a secondary crystalline phase. The alumina
linear expansion coefficient is 8]10~6K~1. The
flexural strength of these specimens is 226$15 MPa.
After sintering the dense sample, discs of 35 mm dia-
meter and 5 mm thickness, were ground flat, polished
up to 1 lm with diamond paste, cleaned in boiling
water with 40 vol% nitric acid for 10 min and, finally,
were annealed in air at 1000 °C for 10 min, for com-
plete removal of the organic contaminants.
1828
Metal foils of Cu, Ni and Fe, with a thickness of 50 lm
were used. Table I shows the main characteristics of
the metals. Discs of 35 mm diameter were cut and
cleaned with three subsequent decreasing batches of
tricloroethylene, isopropanol and ethanol, 10 min each.

Bonding cycles were performed under vacuum
(10~1 MPa) using a hot press furnace; samples were
placed in a boron nitride-lined graphite die. A pres-
sure of 50 MPa was applied when the fixed joining
temperature was reached and removed before cooling.
Joining temperatures, chosen in the range 90—94% of
the metal melting temperature, were: 1025 °C for the
system Al

2
O

3
—Cu (sample ALCU), 1330 and 1350 °C

for the system Al
2
O

3
—Ni (samples ALNI1 and

ALNI2) and 1375 °C for the system Al
2
O

3
—Fe (sample

ALFE). Table II shows the processing conditions and
the characteristics of the joints.

Scanning electron microscopy (SEM) and quantit-
ative-energy-dispersive (EDS spectroscopy) analyses,
using pure elements as references (metallographically
prepared in the same way as the samples) were carried
out on polished cross-sections cut perpendicular to
the interfaces in order to evaluate the morphology and
microchemistry of the interfaces and diffusion phe-
nomena. Moreover, as failure often occurred along the
ceramic—metal interface, the two halves of the fracture
surface were mounted adjacent to one another, so that
equivalent locations on the metal and ceramic sides of
the fracture surface were in positions of mirror sym-
metry. Flaws and microstructures of matching posi-
tions on the two surfaces were thus identified readily.

X-ray diffraction (XRD) analyses were carried out
on the bond surfaces of metal and alumina. In particu-
lar samples ALNI2 and ALCU were analysed on the
metal side, after steps of subsequent polishing until the
metal layer was thin enough to allow the detectability
of crystlline phases at the interface.
TABLE I Characteristics and properties of the metal foils

Metal Purity Melting point Boiling point Density at 20 °C Linear exp. coeff. at Young’s
(%) (°C) (°C) (g cm~3) 0—100 °C ! modulus

(K~1) (GPa)

Ni 99.0 1453 2732 8.90 13.3]10~6 199.5
Cu 99.9 1083 2567 8.96 17.0]10~6 129.8
Fe 99.5 1535 2750 7.87 12.1]10~6 211.4

! Linear expansion coefficient of alumina is 8]10~6 (K~1).

TABLE II Joining conditions and mechanical properties of the tested Al
2
O

3
—metal couples (the pressure applied during hot pressing is

50 MPa)

Sample System Joining Joining temperature— Joining Flexural Fracture
temperature metal melting temperature time strength! toughness!
(°C) (%) (min) (MPa) (MPam~1@2)

ALNI1 Al
2
O

3
—Ni—Al

2
O

3
1330 91.7 20 73 (13) 1.59 (0.61)

ALNI2 Al
2
O

3
—Ni—Al

2
O

3
1350 92.9 30 149 (16) 3.70 (0.16)

ALCU Al
2
O

3
—Cu—Al

2
O

3
1025 94.6 15 177 (13) 2.24 (1.56)

ALFE Al
2
O

3
—Fe—Al

2
O

3
1375 89.4 2 50 (11) 0.83 (0.12)

! Values in brackets are the standard deviations.



The fracture strength of the joints was evaluated in
three-point bending on bars 14.0]2.0]1.5 mm,
length]width]thickness, respectively, on an 11 mm
span with a crosshead speed of 0.5 mmmin~1, as
sketched in Fig. 1. The fracture strength was cal-
culated with the usual bending formula. Fracture
toughness, K

I#
, was evaluated by the single edge

notched beam (SENB) method in three-point bending.
In bars of 14]2]3 mm, length]width]thickness,
respectively, a notch, 140 lm wide and 1 mm deep,
was carefully introduced with a diamond saw in cor-
respondence with the metal foil, as shown in Fig. 2.
The bars were then broken on an 11 mm span with
a crosshead speed of 0.05 mmmin~1. The values of
fracture toughness were calculated assuming that the
bars were made of a monolithic material, according
to [30]

K
I#
"y

3sP

2bd2
10~6(pc)1@2 (1)

where K
I#

was the fracture toughness (MPam~1@2),
y the shape factor; s the span (metres); P the fracture
load (Newtons); b and d the width (metres) and the
thickness (metres) of the bar, respectively; and c the
depth of the notch (metres). The authors are aware
that to evaluate the fracture toughness of an interface
between dissimilar materials a much more complex
analysis and specific experimental set up would be
required [31]. Nevertheless, our main intention was to
compare different systems more than evaluating per se
the fracture toughness of the interface.

Using a very ‘‘local probe’’, hardness tests were
carried out on a cross-section of the metal—ceramic
interface to see if some effects due to interaction be-
tween the ceramic and the metal could be detected.
Knoop microhardness profiles were made using
a Zwick 3212 hardness tester. Knoop microhardness

Figure 1 Schematic of the three-point flexural test for the deter-
mination of bond strength.

Figure 2 Schematic of the SENB three-point flexural test for the
determination of bond toughness.
Figure 3 Knoop hardness indentations at decreasing distance from
the metal—alumina interface for construction of the microhardness
profile.

was measured with a load of 0.0981 N in the metal foil
as a function of the distance to the interface between
alumina and metal, as shown in Fig. 3. The major
diagonal of the indentation was held parallel to the
interface and the distance was taken as the distance
between the interface and the centre of the indentation.

3. Results and discussion
3.1. Microstructure
The microstructure and microchemistry of polished
cross-sections cut perpendicular to the planes of the
joining interfaces are shown in Figs 4 (ALNI2),
5 (ALCU) and 6 (ALFE).

In all three cases, the metal foil adheres to the
ceramic and fills up the pores in the surface. In sam-
ples ALNI1, ALNI2 and ALCU the presence of metal
inside the alumina pores was detected up to a depth of
about 10 lm from the interface. In sample ALFE the
metal was present only inside pores at the surface. The
uniaxial pressure applied was responsible for a slight
decrease in thickness in the metal layer.

Solid state bonding works primarily through defor-
mation of the metallic foil as a consequence of the
combined effects of applied pressure and temperature,
leading to intimate contact between the two materials.
This phenomenon is strongly influenced by the rough-
ness of the alumina. In the first stage of the process, the
real contact area is smaller than the total surface area
as pores are present at the interfaces. It has been
hypothesized that contact growth is governed by va-
cancy diffusion in the metal, so that the pores at the
interface disappear [15].

Because metal creep cannot sufficiently fill up all the
cavities remaining after polishing, a diffusion process
may lead to enhanced filling of the cavities under
specific conditions of temperature and time. Evapor-
ation—condensation phenomena have been hy-
pothesized [25] to allow interfacial diffusion,
particularly for subsurface pores.

Fig. 7a, b (secondary electron and back scattered
electron images, respectively) show the ceramic and
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Figure 4 Sample ALNI2: SEM image of the polished cross-section perpendicular to the interface.

Figure 5 Sample ALCU: SEM image of the polished cross-section perpendicular to the interface.

Figure 6 Sample ALFE: SEM image of the polished cross-section perpendicular to the interface.
1830



metal sides of the fracture surface of sample ALCU.
Similar microstructures can also be observed for the
other samples. The images illustrate the grain imprints
from the metal side and their corresponding locations
on the ceramic side. Good contact along the ce-
ramic—metal interface was achieved and maintained
during bonding. On the metal side, regions where
ceramic grain-boundary imprints are absent can also
be observed. Regions where no contact was produced
seem to be associated with the presence of cavities on
the surface of the ceramic.

Reactions occurring at the interface affect the prop-
erties of the resulting products. As Al

2
O

3
represents

a state of high thermal stability, the formation of
strong bonds with metals requires elemental diffusion
form metal to ceramic. Reactions between metal and
Al

2
O

3
strongly depend on temperature, time and at-

mosphere. Under the adopted experimental condi-
tions chemical reactions are likely to occur between
the metal and Al

2
O

3
.

The microstructural and chemical analyses per-
formed on the tested samples are described in the
following paragraphs. Hypotheses about possible
macroscopic reactions and about the reaction mecha-
nisms occurring at the interface during joining are
suggested and thermodynamic calculations are also
reported for each Al

2
O

3
—metal system.

3.1.1. The Al2O3 —Ni system
Fig. 8a and b show the morphology and X-ray map of
Ni at the Al

2
O

3
-Ni interface of sample ALNI2.

A slight Ni diffusion in Al
2
O

3
was also observed in

sample ALNI1. Elements present in the ceramic part
(Al, O, Mg, Si) do not diffuse into the metal. Nickel is
present in large amounts within the pores; it is also
diffused for about 15 lm from the interface in the
Al

2
O

3
bulk. In order to quantify the amount of Ni

diffused into Al
2
O

3
several spot analyses were con-

ducted at the same distance from the interface. These
analyses show that the nickel content decreases stead-
ily from the interface to about 15 lm into the alumina
bulk and is higher in sample ALNI2 (&1 wt%) than
in ALNI1 (&0.7wt%). Therefore, the bonding tem-
perature seems to influence the diffusion rate, as ex-
pected, because an increase of the bonding
temperature of 20 °C between ALNI1 and ALNI2
induces higher Ni diffusion in Al O . This behaviour
2 3
Figure 7 Sample ALCU: SEM specular images of the ceramic (left) and metal (right) side of the fracture surface. (a) Secondary electron image,
and (b) back scattered electron image.

Figure 8 Sample ALNI2: morphology (a) and nickel X-ray map (b) at the Al O —Ni interface.

2 3
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is in agreement with previous results [32] conducted
on the system NiO—Al

2
O

3
(it can be considered sim-

ilar to the Ni—Al
2
O

3
system because of the presence of

a thin NiO layer at the Ni surface) in which the
reaction between NiO and Al

2
O

3
was shown to be

controlled by Ni—Al interdiffusion. Moreover, Hirota
and Komatsu [33] have shown that diffusion occurs
preferentially through the alumina bulk rather than
along the grain boundaries.

For the XRD analyses, the ALNI2 joint was frac-
tured along the ceramic—metal interface. X-ray analy-
sis of these surfaces did not reveal any crystalline
phase besides the expected ones: Al

2
O

3
, MgAl

2
O

4
and Ni. For a deeper analysis, the metal surface was
then polished, in steps of 5 lm each. X-ray analysis
was performed after each step. In this way the pres-
ence of a low amount of NiO ) 5Al

2
O

3
was clearly

detected just before complete removal of the Ni layer.
Numerous studies have analysed the Al

2
O

3
—Ni sys-

tem both experimentally and thermodynamically. The
spinel NiAl

2
O

4
has often been found as an interphase.

The reaction mechanism generally suggested for its
formation involves an NiO intermediate [12]

SAl
2
O

3
T#SNiOTNSNiAl

2
O

4
T (2)

with an associated free energy change of *G"!6000
!9.5]¹ (Jmol~1) [34], where ¹ is the temperature.

Under the adopted experimental conditions this
spinel phase should form. However, as only
NiO ) 5Al

2
O

3
was found, its formation instead of the

spinel phase (whether or not it passed through the
NiO intermediate) was supposed to be a consequence
of the uniaxial pressure (50 MPa) used during the
joining cycle: that changed the thermodynamic equi-
librium of the system, leading to the formation of
a more alumina-rich phase.

The oxygen involved in NiO ) 5Al
2
O

3
formation

could come from Ni, where it was dissolved in low
amounts and/or from the furnace atmosphere. From
a thermodynamic point of view, we can expect a con-
tribution from the oxygen present in the chamber as
the reaction

2SNiT#(O
2
)N2SNiOT (3)

is associated with a negative free energy change of
*G°

1350 °C"!173 000 (J mol~1) [34]; the equilib-
rium oxygen partial pressure PO

2
, for this reaction

calculated from

*G"*G0!r.t.]lnPO
2
"0 (4)

is equal to 2.7]10~6 Pa, where r. is the gas constant
and t. the temperature. Because the vacuum in the
chamber is only 10~1Pa, Ni oxidation could occur.
This would require that the oxygen coming from the
chamber atmosphere and diffusing into nickel or
along the interface reacts preferentially at the edges of
the bond. On the contrary, microscopic analyses did not
show any difference in the morphology and composition
of the interface between the central and edge parts of the
sample. Consequently the oxygen involved in the
chemical reaction is supposed to come from the nickel.

This oxygen source has also been hypothesized by
Trumble and Rühle [35], who suggested that the
1832
formation of a spinel-type phase does not necessarily
occur through an NiO intermediate, but that it is
mainly influenced by the critical oxygen activity that
increases with temperature. According to this reaction
mechanism, the oxygen source may be the oxygen
initially dissolved in the Ni and not the residual one in
the atmosphere of the chamber, the calculated critical
oxygen required for nickel aluminate formation was
shown to be much lower than the solubility limit of
oxygen in Ni [35].

Moreover, no reaction layer was found between
Al

2
O

3
and Ni; therefore, the reaction products were

present in very low amounts and randomly located on
the surface of the Al

2
O

3
grains at the interface. The

ceramic part of the fractured interface of sample
ALNI2 shows the presence of flakes of Ni-rich phase
within the grain boundaries (Fig. 9a, b). In some areas,
on the surface of the Al

2
O

3
grains, the formation of

phases within the Ni—Al—O system can also be ob-
served. The same interfacial as reactions are supposed
to occur also in sample ALNI1, but in a smaller
amount because the processing temperature is lower.

Figure 9 Sample ALNI2: ceramic side of the fracture surface at the
interface between Al

2
O

3
and nickel. (a) Secondary electron image,

and (b) back scattered electron image.



3.1.2. The Al2O3 —Cu system
Cu diffusion up to about 1 wt% occurred to a depth
of about 15 lm from the interface in the Al

2
O

3
bulk.

The presence of traces of Al and O in the metal seems
to be associated with the presence of Al

2
O

3
grains,

which probably entered the bulk of the Cu during its
deformation under pressure.

No new crystalline phase was identified at the inter-
face probably because of the limited amount of Cu. In
particular, the phase CuAl

2
O

4
, which probably for-

med from reaction between CuO and Al
2
O

3
, was

difficult to detect because it has the same spinel type
structure and consequently the same XRD peak posi-
tions as the phase MgAl

2
O

4
, already present in the

Al
2
O

3
bulk as a secondary phase. The possibility of

a thin (few nanometers) amorphous reaction film, pre-
viously observed [25], cannot be excluded in view of
the sensitivity of the analytical method used. There-
fore, a Cu—Al—O phase (probably CuAlO

2
or

CuAl
2
O

4
) is likely to be present. Its formation may be

correlated either with the slight oxidation of Cu, ow-
ing to the low level of vacuum inside the furnace, or to
the oxygen dissolved in copper. In the latter case,
a reaction mechanism similar to the one described for
the system Al

2
O

3
—Ni can be suggested. In any case the

reaction proceeds either through a copper oxide inter-
mediate (CuO or Cu

2
O) or directly [23, 27, 34]

SCuOT#SAl
2
O

3
TNSCuAl

2
O

4
T (5)

*G"!110 000#8.5]¹ (Jmol~1)

SCuT#1/2(O
2
)#SAl

2
O

3
TNSCuAl

2
O

4
T (6)

*G"!272 000#83.5]¹ (Jmol~1)
Calculations [36] of PO

2
equilibrium in the reported

reactions and of other possible ones that are energeti-
cally favoured, show that PO

2
is always lower in the

chamber, consequently, the formation of a spinel-type
phase or of other Cu—Al—O based phases is thermo-
dynamically favoured. Naidich [37] and Chatain et al.
[38] have suggested that oxygen influences the copper
wetting behaviour through the formation of oxy-
gen—copper clusters that segregate at the interface.
The occurrence of similar oxygen clustering and segre-
gation in solid copper should also affect the interfacial
characteristics [34].

On the ceramic side of the fracture interface of our
sample (Fig. 10a, b), Al

2
O

3
in contact with copper

contains some small particles ( about 1—5 lm) of Cu
that have partially reacted with alumina inside the
grain boundaries. On the metal side (Fig. 11a, b), some
Al

2
O

3
grains are attached to copper, showing pull-out

during propagation of the fracture.
The good adhesion (described in Section 3.2) ob-

tained in this sample can be correlated not only with
the possible presence at the interface of a reaction
compound, but also with the diffusion of copper into
alumina. Consequently, a bonding mechanism similar
to the one described for the system ALNI2 can also be
hypothesized for sample ALCU. Other authors [27]
have considered a similar behaviour of nickel and
copper bonded to alumina.
Figure 10 Sample ALCU: ceramic side of the fracture surface at the
interface between Al

2
O

3
and copper. (a) Secondary electron image,

and (b) back scattered electron image.

3.1.3. The Al2O3 —Fe system
The characteristics of the interface are similar to the
other systems: oxygen and aluminium are absent in
the metal part and slight diffusion of iron up to
5—10 lm in the bulk of Al

2
O

3
occurs.

The amount of iron in the alumina detected by EDS
is 0.5 wt % up to 5—8 lm from the interface. In this
sample less adhesion was obtained (see Section 3.2)
compared with ALNI and ALCU. It was probably
caused by the lower iron diffusion into alumina. The
joining time of only 2 min (compare the processing
parameters in Table II) limited iron diffusion. No
reaction layer was observed with the back scattered
SEM analysis and, in addition, no reaction products
at the interface were detected by XRD. As previously
suggested [3], bridging of oxygen ions can be con-
sidered to be responsible for bond formation in the
Al

2
O

3
—Fe system, in addition to physical bonds.

3.2. Mechanical properties
In Table II, the mean values and the standard devi-
ations of flexural strength and fracture toughness are
reported.
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Figure 11 Sample ALCU: metal side of the fracture surface at the
interface between Al

2
O

3
and copper. (a) Secondary electron image,

and (b) back scattered electron image.

Save for two fracture toughness specimens, all the
specimens broke with a linear load—deflection curve at
the ceramic—metal interface. The absence of any effect
such as plastic deformation could be due to the low
thickness of the metal foil. As the joining interface was
the weak point for all the ceramic—metal systems, the
values of flexural strength and fracture toughness re-
ported in Table II can permit some consideration
about the mechanical behaviour of the joint.

Samples ALFE and ALNI1 show poor mechanical
strengths when compared with ALCU and ALNI2. In
the system Al

2
O

3
—Ni, the bonding temperature seems

to be a crucial aspect: the increase in the bonding
temperature of 20 °C (Table II), nearly doubled the
values of flexural strength and fracture toughness. In
this system, the change in flexural strength seems to be
proportional directly to the change in fracture tough-
ness, suggesting a behaviour that can be related to the
Griffith theory [39]. If the system ceramic—metal—ce-
ramic is considered as a homogeneous material, then
the fracture is initiated at the point of pre-existing
critical defects, as in normal brittle material. In our
systems, such pre-existing critical defects are residual
porosity or unbonded zones at the interfaces similar to
those shown in Fig. 7a, b and described also in pre-
1834
vious studies [31]. In the system ALCU the high
flexural strength, when compared with its relatively
low fracture toughness, could indicate the presence of
small critical defects. However, in this system, two
SENB specimens gave very low values (see the stan-
dard deviation in Table II) while the other two speci-
mens had fracture toughness values close to
4 MPam1@2. It is likely that preparation for the SENB
tests damaged the two low-value bars. The high
flexural strength and the high fracture toughness of
the ALCU and ALNI2 systems indicate that the
bonding conditions have promoted strong adhesion
between the ceramic and the metal. Good bonding is
often associated with an interface reaction phase. In
sample ALNI2, the presence of the phase NiO )
5Al

2
O

3
has a positive effect on strength; by contrast,

the presence of the spinel nickel aluminate was pre-
viously found to be damaging to the strength of the
interface [37]. Consequently, the use of uniaxial pres-
sure during the joining cycle favours the formation at
the interface of an alumina-rich phase, whose physical
and chemical characteristics have a positive effect on
the strength of the joining.

Beside the microstructure and microchemistry of
the interface, other features have a strong effect on the
mechanical behaviour of Al

2
O

3
—metal couples. The

flexural strength of the metal—ceramic bond has been
reported [40] to be proportional inversely to the ther-
mal expansion coefficient of the metal. In those experi-
ments, the metal—alumina bond was obtained via the
insert of an additional aluminium foil between metal
and ceramic. Strong residual tension stresses and the
formation of brittle intermetallic layers were indicated
as the major causes responsible for strength degrada-
tion. Instead, in the present case, the metal is directly
bonded to the alumina and, except for sample ALNI1,
which was processed at a temperature too low for
solid state bonding, the flexural strength shows a di-
rect, albeit non-linear, correlation with the thermal
expansion coefficient of the metal (Fig. 12): the higher
the thermal expansion of the metal, the stronger the
bond (Tables I and II). The high residual thermal
stresses can be roughly estimated by the following
relation [8]

p
3%4
"

E
i
E

j
E

i
#E

j

(a
i
!a

j
)*¹ (7)

where p
3%4

is the residual thermal stress, E is Young’s
modulus, a the thermal expansion coefficient, *¹ the
temperature cooling range, and i and j refer to the
materials being bonded. According to Equation 7 by
inserting the data reported in Table II the residual
stresses calculated and the processing parameters
(namely *¹ ) are 906, 864 and 738 MPa for ALNI2,
ALCU and ALFE, respectively. These values largely
exceed the yield strengths of the metals (145, 69 and
200 MPa for nickel, copper and iron, respectively
[41]). Some plastic deformation, which relieves the
strong residual stress at the interface, can, therefore, be
expected. While it is very difficult to model the residual
plastic stress and its influence on the bond strength [8],
in our case, flexural strength seems to be related inverse-
ly to yield strength of the metal as shown in Fig. 13.



Figure 12 Flexural strength as a function of the linear thermal
expansion coefficient of the metal.

Figure 13 Flexural strength as a function of the yield stress of the
metal.
The Knoop hardness profiles in metal interlayers
are reported in Fig. 14. In sample ALFE, the mean
hardness is roughly 1.4 GPa within a scatter band of
$0.5 GPa and with a slight increase at a distance of
less than 2 lm from the ceramic—metal interface. In
system ALCU, the mean hardness is lower than that of
the iron, as expected, and occurs mainly in a scatter
band of $0.5 GPa. In this sample, the hardening
phenomenon close to the interface is much more pro-
nounced. This effect is clearly evident at a distance of
less than 3 lm. In the system Al

2
O

3
—Ni, we measured

an almost constant value of hardness in sample
ALNI1. The mean value of hardness in the nickel foil
is similar to that of the iron with a comparable scatter
band, and no indication of hardness increase close to
the interface is found. In sample ALNI2, the hardness
profile in the bulk of the nickel foil has the same
features as in sample ALNI1 but with a sharp increase
in hardness when approaching the interface. Again,
this increase is evident at a distance of less than
2—3 lm. As a general indication, it seems that the most
apparent hardness increments occur in the systems
with the highest flexural strength, i.e. ALCU and
ALNI2 (see Table II and Fig. 14): hardness profiles
seem to permit the identification of systems with the
strongest adhesion between metal and ceramic.

Because of several factors (absence of diffusion from
ceramic to metal, absence of mechanical effects such as
residual thermal stress on plastic strain because they
should be constant along the metal foil section), the
reasons for the increase in hardness are not yet fully
understood. This means that further studies are re-
quired. However, some plausible explanations can be
proposed: (a) the occurrence of very local chemical
reactions, and (b) the adhesion promoted by physical
Figure 14 Metal Knoop hardness as a function of the distance from the metal—alumina interface: (a) ALCU, (b) ALFE, (c) ALNI2, and (d) ALNI1.
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interactions: diffusion of metal to ceramic, metal creep,
surface diffusion and metal flow. These different phe-
nomena, associated also with surface characteristics,
strongly contribute to metal—ceramic adhesion and
seem to influence the hardness of the metal very close
(2—3 lm) to the interface.

4. Conclusions
Alumina ceramics were joined through hot-pressing
using Ni, Cu and Fe metal interlayers. The results
indicate that high quality Al

2
O

3
—metal bonds are pos-

sible with the solid state bonding technique.
From the analyses of microstructure and micro-

chemistry at the interface and from the proposed ad-
hesion mechanisms, the phenomena involved can be
outlined as follows: the interaction between Cu, Ni, Fe
and Al

2
O

3
can be physical or physico-chemical in

nature. Different phenomena (plastic deformation,
metal creep, surface diffusion, evaporation—condensa-
tion) act simultaneously and affect mechanical ad-
hesion. In addition, chemical reactions occur between
Al

2
O

3
and the metal leading to the formation of very

low amounts of interfacial compounds. In sample
ALNI2, the compound NiO ) 5Al

2
O

3
was found at the

interface by XRD. In sample ALCU the formation at
the interface of a very low amount of a spinel-type
phase was hypothesized. In samples ALNI1 and
ALFE, no new chemical compounds were formed at
the interface. The occurrence of chemical reactions has
been found to be dependent on the bonding condi-
tions adopted ( joining temperature, time and pres-
sure) and on the presence of oxygen in the system. In
particular, they are dependent on the amount of oxy-
gen present in nickel for the sample ALNI2. In both
the Cu—Al

2
O

3
and Ni—Al

2
O

3
systems the reaction

phase is very narrow. Consequently, the occurrence of
chemical reactions involved in bonding has to be
determined in each individual case. Moreover, the
rate-controlling mechanisms are not yet fully under-
stood and further work is necessary in this respect.

The flexural strength of samples ALNI2 and ALCU
is 149 and 177 MPa, respectively, while samples
ALNI1 and ALFE present a much lower strength.
A hardening increase effect observed in the metal at
a distance of 2—3 lm from the interface in samples
ALNI2 and ALCU was found to be connected with
the higher flexural strength of these samples. The
different mechanical behaviour can be related to sev-
eral factors: the diffusion level of the metal into
alumina, the occurrence of chemical reactions at the
interface and the joining conditions.
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