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Abstract

The use of aluminium nitride in a wide range of applications depends on the capability to form strong AlN/AlN and AlN/metals
(or alloys) joints. It has been shown that the di�erent methods of joining, successfully used for alumina, solid-state bonding, liquid-
state bonding and direct copper bonding (DCB, brazing), can be used for AlN. An optimisation of the di�erent bonding parameters

is required to obtain strong bonds. The in¯uence of oxygen, nitrogen and the role of reactions products have been outlined. # 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aluminium nitride is a material more and more cur-
rently used instead of alumina for heat exchangers and
heat engines because of both high thermal conductivity
and high electrical resistivity. It is thus important to know
the possibilities for making bonds between AlN and
metals (or alloys) with the di�erent technologies used for
alumina up to date.
Joining of AlN has been the subject of some researches

essentially focused on direct copper bonding technique
(DCB)1,2 and active metal brazing3ÿ5 which feasibility
has been demonstrated.
This paper describes experiments on joining of AlN

using, as examples, the solid state process with AlN/Cu
(electronic applications) and AlN/Al/Steel (thermo-
mechanical applications) and two liquid phase bonding
processes: DCB (AlN/Cu) and brazing (AlN/Cu and
AlN/Steel). The conditions required to obtain bonds of
good quality, the interfacial chemistry and the in¯uence
of the di�erent bonding parameters are discussed.

2. Experimental procedure

Blocks of commercial AlN ceramic with Y2O3

(4wt%) as sintering aid (C&C, Tarbes, France) were
joined together or to stainless steel (Fe±17%wt Cr) with

either pure aluminium and copper (oxygen free high
conductivity) foils as interlayer metals or Ag (72%wt)±
Cu (28%wt) and Ag (62.94%wt)±Cu (35.4%wt)±Ti
(1.66%wt) (CuSil ABA, WESGO-GTE) as commercial
brazing alloys (0.1 mm thickness).
Shear or push-out test samples were fabricated in order

tomeasure the fracture strength of the bonds (Fig. 1). In all
cases, the fracture occurs in the elastic zone, the fracture
strength corresponding to the maximum of the strain±
deformation curve. Five measures have been carried out
for each elaboration condition. Following mechanical
testing, optical microscopy, scanning electron microscopy
(SEM) observations, energy dispersive spectrometry
(EDS) analyses and X-ray di�raction (conventional or
grazing incidence) investigations were carried out in order
to detect the presence of interfacial phases.

3. Solid state bonding

Whatever the materials used, bonds with high
strength can be obtained providing an optimisation of
the numerous processing parameters (time, temperature,
applied pressure, radius/thickness ratio of the interlayer,
friction at the interface related to the surface roughness
of the ceramic). Thus is widely described in the litera-
ture, particularly for alumina.6ÿ10

3.1. AlN/Cu/AlN

Bonds were elaborated using a copper foil (0.2 mm
thick, 99.5% purity). AlN was polished and cleaned

0955-2219/00/$ - see front matter # 2000 Elsevier Science Ltd. All rights reserved.

PI I : S0955-2219(00 )00037-6

Journal of the European Ceramic Society 20 (2000) 1829±1836

*Corresponding author.

E-mail address: dtreheux@ec-lyon.fr (D. Treheux).



with alcohol to an average surface roughness Ra of 0.2
mm. Solid state bonding was performed in dynamic
vacuum (5�10ÿ3 torr). Heating and cooling rates ranged
from 150�C/h and 200�C/h. The in¯uence of bonding
time (2±5 h), temperature (1000±1050�C) and pressure (4
to 12 MPa) on the fracture strength is shown in Fig 2.
The pressures leading to optimal strengths was 6 MPa
for the two bonding times and temperatures investi-
gated. This evolution is classically observed: themaximum
correspond to the maximum bonding area and, for high
pressure, the decrease is due to other mechanisms such as
high shear stresses close to the interface and damage of
materials (ceramic and metal) during bonding.6,11

All the fractures were adhesive (along the interface)
when bonds were synthesised at 1000�C. GIXRD di�rac-
tion (Fig. 3) shows presence of AlN, Al5Y3O12 and Cu.
Also, Al2O3 and CuAlO2 were detected at interface prob-
ably due to AlN and copper oxidation. Thus suggested
that the fracture occurs into the copper (near by the
interfacial zone rich in reaction products Al2O3, CuAlO2).
As a comparison, in similar experimental conditions

(1000�C, 2 h, 6 MPa, primary vacuum), the Cu/Al2O3

system are leading to mechanical resistance up to 80MPa
associated with cohesive fracture in alumina. It is due to
Cu±O (clusters) interactions and a perfect matching of
surfaces to be bonded (obtained 2 h after solid state
bonding).8 Consequently, the weakness of AlN/Cu
bonds can be explained by di�erence of chemical
bonding mechanisms: for Al2O3/Cu, copper-oxygen
interactions are more important to strong adhesion.8 In
contrast, for AlN/Cu copper-aluminium interactions are
more developed (11). Increasing both time and tempera-
ture (1050�C, 5 h), the strength slightly increases up to an
applied pressure of 6 MPa where the maximum is
reached (32 MPa), and then decreases (Fig. 2). The frac-
ture becomes cohesive (in the bulk AlN) for 6 MPa. The
increasing of mechanical behaviour at 1050�C is prob-
ably caused by migration of secondary phases at inter-
faces according results obtained for Al2O3/Ni system.7

3.2. AlN/Al/Steel bonding

When aluminium is used as interlayer, the bonding
pressure must be high (10 MPa) to break the super®cial

Fig. 1. Samples and mechanical tests used (loading rate 0.l mm/mn).

Fig. 2. Push-test bonding strength vs. applied pressure for AlN/Cu

joint obtained by solid state bonding at 5�10ÿ3 torr vacuum.

Fig. 3. GIXRD spectrum (Cu Ka) of the fracture surface (AlN side) of

the AIN/Cu/AlN solid state bonding (T=1000�C, 5�10ÿ3 torr

vacuum, t=2 h, P=6 MPa).
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alumina layer always present and to ensure a true contact
between aluminium and the material to be bonded.12

Joints were elaborated using Al foil of 0.2 mm thickness.
The in¯uence of the bonding temperature (600±

650�C) on the fracture strength, measured by shearing,
has been investigated for two bonding time plateau (0±2
h) (Fig.4). The pressure is continuously applied during
the bonding cycle. Whatever the temperature, a short
bonding time gives strongest bonds. If the bonding time
is raised, the fracture strength decreased to no adher-
ence. Micrographic observations (Fig. 5) and X-ray dif-
fraction spectrum (Fig. 6) shows that intermetallic
phase identi®ed as Fe2Al5 grows between aluminium
and steel at any bonding temperature and time. Thus
upon testing, for long bonding time cracks preferentially
propagated in the brittle compound Fe2Al5 as shown by
XRD di�raction patterns performed on the two sides
failure surfaces (Fig. 6). The strength of the bond is
directly associated to the Fe2Al5 thickness: as the Fe2Al5
layer increases, the bond degrades (Fig. 7). For short

bonding time the fracture propagated at Al/AlN inter-
face and the fracture strength is 50±60 MPa (Fig. 7).

4. Liquid state bonding

Liquid metals do not wet alumina nor aluminium
nitride.8 Based on works of Rhee,5 the contact angle of

Fig. 5. Optical micrography of an AlN/Al/steel joint solid state bon-

ded at 630�C for 0 mm and 10 MPa, 5�10ÿ3 torr vacuum.

Fig. 4. Shear strength vs. bonding temperature for AlN/Al/steel joint

(solid state bonding P=10 MPa, 5�10ÿ3 torr vacuum).

Fig. 6. X-ray di�raction spectrum (Cu Ka) of the fracture surface of

AlN/Al/Steel joint in the conditions: 10 MPa, 620�C, 2 h.

Fig. 7. Evolution of the bond strength (shear test) of the A1N/Al/steel

vs thickness of Fe2A15 (bonding conditions: 640�C, 10 MPa).
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copper on AlN surface at 1100�C was 147� and the one
silver at 1000�C was 152�. Consequently, to enhance the
wettability intermediary phases or active metals are
needed (as for alumina) for bonding.3,8,13

4.1. Direct copper bonding

DCB technique is based on the presence of an eutectic
between copper and Cu2O (0.39 wt% O2, Tm=1065�C)
which wets alumina. The process can thus be success-
fully used only if the AlN surface is oxidised in alumina,
in air or in an oxygen atmosphere .1,2 AlN was held at
1200�C in air for 1 to 180 min to obtain various thickness
of the alumina layer. Copper was also oxidised at 1000�C
before bonding. The two oxidised materials were thus
pressed together and held at 1070�C (below 1083�C,
melting point of copper and above the melting point of
eutectic) during 1±2 min. Then, the eutectic phase was
appeared and brought the copper in intimate contact
with AlN by wetting and reacting with alumina to form
the binary oxide CuAlO2.

11,13

The composition of the bonding atmosphere is very
important since the initial Cu2O must be maintained. If
the oxygen partial pressure is too high, all copper is

converted into eutectic melt, conversely if the partial
pressure is less than the equilibrium partial pressure over
Cu2O at 1065�C (1.1 10ÿ3 torr), oxide is reduced and the
eutectic phase will not form. The trends in fracture
strength of AlN/AlN bonds measured as a function of
alumina and Cu2O thickness (measured by microscopy)
are given respectively in Figs. 8 and 9 for bonding per-
formed in argon with 70 ppm O2.

Fig. 10. Grazing X-ray di�raction spectrum (Cu Ka) of the fracture

surface of AlN: (a) push-test strength=1 MPa, (b) push-test strength

=40 MPa.
Fig. 8. In¯uence of Al2O3 thickness on the bonding strength push-test

of AlN DCB (1073�C, 4 mm, Cu2O thickness=0.87 mm, atmosphere:

Ar+70 ppm O2).

Fig. 9. In¯uence of Cu2O thickness on the bonding strength shear test of

AlN DCB (1073�C, 6 mm, A1203 thickness=4.7 mm, Ar+70 ppm O2).

Fig. 11. Grazing X-ray di�raction spectrum (Cu Ka)of the as-sprayed

copper deposit on AlN ceramic.
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The bond strength always increases with the alumina
thickness (Fig 8) (up to 50 mm, maximum value investi-
gated). On the contrary, varying the Cu2O thickness, the
strength ®rst increases up to 0.2 mm where the max-
imum reaches and maintains over the range 0.2±0.5 mm,
then it decreases to zero for 1.2 mm (Fig. 9). In fact, thin
Cu2O layers (<0.1 mm) are associated with small
amounts of eutectic, thus to local bonding. Increasing

the Cu2O layer enabled the eutectic to form and there-
fore to wet the entire AlN surface. But if the Cu2O
thickness is too high (>0.5 mm) Cu2O are not always
entirely converted into eutectic melt and consequently,
on testing, cracks develop along the residual Cu2O/
CuAlO2 interface, as shown by X-ray di�raction
experiments made on the fracture surface (Fig. 10a). On
the contrary, in the range 0.2±0.5 mm, all the Cu2O

Fig. 12. In¯uence of the brazing atmosphere on the shear strength of

AlN/AgCu/Cu and Al2O3/AgCu/Cu8 bonds (T=820�C, t=1 min).

Fig. 13. GIXRD spectrum (Cu Ka) of the fracture surface (A1N side) of

the AlN/AgCu/Cu assembly brazed at 820�C, t=1 mm PO2
� 2� 10ÿ4

Fig. 14. WDX analysis of A1N/AgCu/Cu assembly brazed in primary vacuum at 820�C, t=1 min.
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reacts to form binary oxide CuAlO2. In this case,
according to the good plasticity of CuAlO2,

16 bonds are
stronger and the fracture appears in the AlN/Al2O3

interphase (Fig. 10b).

4.2. Non-reactive brazing AlN/Cu

The composition of the brazing alloy was Ag72±Cu
28 wt%. Brazing was performed at 820�C, 1min in
either vacuum or air. As with alumina,8 the braze does
not wet AlN. Consequently, before bonding, AlN sur-
face was plasma-sprayed by copper powders in air as
previously used for Al2O3/Cu brazing.8 Plasma spraying
of copper on AlN leads to the formation of a composite
layer (20±40 mm thick) constituting of Cu and Cu2O as
shown by X-ray di�raction (Fig. 11).
As for Al2O3/Cu system,8 the shear strength observed

for as-sprayed AlN/copper bonds is strongly a�ected by
the oxygen partial pressure in the brazing atmosphere
(Fig. 12).
Stronger bonds are obtained for 2�10ÿ4 torr PO2

atmosphere. The strength decreases for higher or lower
PO2

. GIXRD analysis (Fig. 13) did not detect any new
phases but only copper, silver and AlN associated to
secondary phase Al5Y3O12. Cu2O (present before braz-
ing) and CuAlO2 were not detected after bonding.

These results are in good agreement with alumina
joined in the same conditions but with shear fracture
strength higher with AlN than alumina (70 against
40MPa for alumina).
WDX maps (Fig. 14) of the cross-sections of the

optimal sample shows that aluminium, associated with
silver, di�uses in the brazing alloy through the initial
copper deposit. Those results suggested that AlN in
contact with the metallic melt decompose during brazing
to form Ag±Al liquid solution. This is in good agreement
with silver±aluminium phase diagram.17 Also, copper
oxide Cu2O present in the pre-sprayed layer decomposes
to make oxygen available for the good wetting of cera-
mic. Such an hypothesis is consistent with other results
that clearly show the critical role of oxygen to enhance
wetting and reactions in several systems such as Al2O3/
Cu4,11 and Al2O3/Ag.9 Furthermore, the presence of
Al5Y3O12 at the interface can be traduced the formation
either by capillarity from the grains boundary of AlN as
for Ni/Al2O3

7 and Pt/Al2O3
18 or by reaction due to

decomposition of AlN and residual oxygen.
Indeed, depending on oxygen content, present both in

the atmosphere and copper metallisation, is likely an oxi-
nitride layer AlNxOy onto AlN surface at 820�C.19 Thus,
are similar conditions described for AlN support this
assumption.

Fig. 15. WDX analysis of AIN/AgCuTi/steel assembly brazed at 850�C, t=5 mm and PO2
� 2� 10ÿ4 torr.
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4.3. Reactive brazing AlN/Steel

AlN was joined to steel using a conventional braze
alloy (CuSil ABA) with the following composition: Ag
62.95±Cu 35.4-Ti 1.66 wt%. Bonding was achieved at
850�C for 5min under primary vacuum.11 The fracture
happens in the ceramic bulk and the shear fracture
strength was 50MPa.
Titanium containing alloys react rapidly with AlN.

WDX observations (Fig. 15) indicate that titanium segre-
gates at the AlN/brazing alloy interface to form titanium
nitride TiN as proved both by EDS analysis (Fig. 16) and
XRD di�raction. The proposed mechanism is decom-
position of AlN associated with aluminium and nitrogen
di�usion into the brazing alloy. This reaction product has
a primordial role for mechanical properties of interface.20

It is interesting that for Al2O3/steel system, elaborated
in the same conditions, lower fracture strength (38MPa)
were observed. XRD di�raction detects TiO phase at

the interface (Fig. 17) instead of TiN for AlN/steel.
Also, TiN phase accommodates internal stresses
because thermal expansion mismatches AlN and steel21

during cooling.

5. Conclusions

Classical processes used for metal/ceramic bonding can
be transposed for AlN/metal systems with the same pre-
caution concerning the formation of reaction products
which nature and morphology have been optimised.
For Cu/AlN system, oxygen reacts as reactive element

either by oxidation of AlN, forming Al2O3 or/and by
copper oxidation. Afterwards the classical reaction
between Al2O3 and Cu2O leading to CuAlO2 take place.
Whatever the process solid-state bonding or liquid state
bonding, the best results were obtained for an optimal
thickness of CuAlO2 and Al2O3 which dictates strict
joining conditions, especially for oxygen content in metal
and bonding atmosphere. However for this system, pre-
metallisation of AlN by atmospheric plasma spraying
permit to elaborate strong AlN/Cu bonds using classical
AgCu non-reactive brazing alloy. Such excellent results
were linked up to aluminium di�usion through brazing
alloy without formation of reactions products. Once
more, oxygen present in pre-metallisation layer or bond-
ing atmosphere seems to play a signi®cant role.
Titanium addition, in AgCu ®ller alloy, totally modify

the bonding mechanism because titanium segregates at
the AlN interface and reacts with AlN to form TiN.
Finally, the AlN/Al/steel system reveals the necessity to

control all the reaction products growing during bonding.
Indeed the AlN/Al interface is non-reactive system and to
Al/steel is reactive interface leading to the intermetallic
Fe2Al5 compound, which is particularly brittle.

Fig. 16. EDS analysis of the A1N/AgCuTi/steel assembly near the MN/brazing alloy interface (T=850�C, t=5 min, PO2
� 2� 10ÿ4 torr).

Fig. 17. XRD spectrum (Cu Ka) of the fracture surface (alumina side)

of Al2O3/AgCuTi/steel bonding brazed at 850�C, PO2
� 2� 10ÿ4 torr,

t=5 mm.
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