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Abstract: Nitride ceramics are gaining importance in advanced technology appli- 
cations. Examples include high temperature engine components of Si3N4, heat 
dissipating electronic substrates of AlN, and chemically inert cutting tools of 
cubic BN. The effective and widespread use of nitrogen ceramics in these and 
other applications, however, depends on the ability to bond them to metals, as 
well as to other ceramics. 

Bonding ceramics to metals is inherently difficult because of their non-metallic 
characteristics, and this can be aggravated for nitride ceramics by their tendency 
to dissociate in vacua. The successful production of reliably strong joints by dif- 
fusion bonding and brazing with reactive filler metals is discussed. Reference will 
be made to the joining of AIN, BN and particularly Si3N4 using alloys containing 
reactive elements, and comments will be made on the influence of process and 
parameters such as temperature, environment and ceramic surface preparation 
on the microstructure, mechanical properties and high temperature stability of 
interfaces. 0 1996 Elsevier Science Limited and Techna S.r.1. 

1 INTRODUCTION 

There exists a large number of inorganic nitrides, 
but only those of a few of transition metals (Ti, Ta 
and Zr) and in particular those of B, Al and Si, are 
currently of technological importance for applica- 
tions as varied as their physical and mechanical 
properties.] Thus, S&N4 (SN) and its derivative 
SiAlON ceramics have excellent high temperature 
mechanical properties, wear, corrosion and ther- 
mal shock resistance, that make them suitable for 
components in near adiabatic engines, heat 
exchangers and wear resistant parts. AlN has 
received much interest in the electronics industry in 
recent years for applications where A1203 and Be0 
were once the choice, because of its high thermal 
conductivity and an expansion coefficient close to 
that of Si. Its potential applications range from 
substrates for hybrid circuits, heat spreaders to 
electronic ignition modules. It is also a viable 
material candidate in structural applications where 
electrical insulation, thermal conductivity and/or 
specialized thermochemical resistance is of con- 

*Research carried out within the Commission research and 
development programme. 

sideration. Cubic BN, CBN, with a hardness sec- 
ond only to that of diamond and chemically inert is 
used for high-performance tool bits and in special 
grinding applications. 

Many of the potential engineering applications 
of nitride ceramics require them to be fabricated as 
large and complex shaped components or more 
often to be functionally or structurally interfaced 
with otherwise metallic structures. Hence, the 
obvious alternative to fabrication techniques and 
the required development is that of reliable joining 
technologies, if the full potential of these ceramics 
is to be realised. Considerable effort has been 
devoted to the development of joining technologies 
in recent years and this article focuses on the 
materials science aspects that have proved of 
importance by referring to the bonding behaviour 
of AlN, BN and particularly to that of Si3N4. 

2 JOINING PROCESSES 

Many techniques can be used in principle to join 
ceramics to metals and those that have been 
employed in practice range from mechanical 
attachment to welding. 2 For nitrides, however, the 
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range is more restricted; the most favoured techni- 
que is brazing, but diffusion bonding is advocated 
for joints that must withstand high service tempera- 
tures. For brazing it is essential that the molten filler 
metal wets the workpiece, but nitrides are generally 
not wetted by braze metals such as Ag or Cu and 
specialized procedures have to be used to ensure 
success. Conventional brazes such as the Ag-28Cu* 
eutectic can be used provided the ceramic surfaces 
have been metallized. Recent developments have led 
to new brazes that contain chemically reactive com- 
ponents such as Ti and do not require modification 
of the ceramic surface.3 These active metal brazes 
wet in vacuum or inert atmospheres because the Ti 
reacts with the nitrides to form wettable reaction 
product layers. Ti activated Ag-28Cu eutectic 
brazes have been commercialized, but laboratory 
studies show that Ni brazes containing Cr and also 
Al and Al alloys can wet and bond with nitrides.4,5 

Ceramic/metal (C/M) interfaces are created dur- 
ing diffusion bonding by the application of pres- 
sure at high temperatures. For nitride ceramics this 
must be done in vacuum or inert gas environments. 
Ceramics can be diffusion bonded directly to 
metals6 but it is often advantageous, if not neces- 
sary, to use foils of ductile metals as interlayers to 
promote bonding and accommodate some of the 
thermal and elastic mismatch between the work- 
pieces. Such joints are produced by applying pres- 
sures of typically lo-100 MPa for up to a few 
hours at temperatures of 0.7-0.95 T, of the foil. 

Brazing, diffusion bonding and other joining 
techniques have been used in many laboratory 
studies, and some of the processes have progressed 
to production. At present the application of the 
techniques tends to be material and application 
specific, so each of the three nitrides of interest will 
be considered separately. 

3 JOINING AND BONDING MECHANISMS 

3.1 AIN 

Since AIN has received primary interest in electro- 
nics applications as a substrate, its joining require- 
ments are concerned with metallization and 
hermetic packaging. ’ Much of today’s technical 
work on AlN addresses the metallization chal- 
lenge.* The investigations range from studies on 
suitable glass compositions for glass-frit bonding of 
AlN to the suitability of the MoMn process.9-13 
Another process which looks promising is DBC 
(direct bond Cu). Although the method and its 

*Unless otherwise specified, nominal compositions (wt%) are 
given. 
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acronym imply that Cu is bonded to AlN without 
any intermediary bonding layer, it is apparent that 
stronger bonding is achieved by preoxidizing the 
ceramic surface.14,15 Obviously, joining takes place 
then via the gas-eutectic bonding route in a con- 
trolled partial pressure of 02 environment. 

Techniques for hermetic sealing of AlN using 
conventional and active metal braze alloys are also 
developed. Using in situ decomposition of TiH2 or 
ZrHz I6 during the braze cycle to metallize the AlN 
surface, good quality AlN/AlN joints were 
obtained using Ag-22Cu-22Zn braze, with Ti2N, 
Ti3Al or ZrN and Zr3Al identified as the reaction 
products. A sound bond was obtained when AlN 
was brazed to a low expansion Fe-Ni alloy 
(Aolz 2x 1O-6/“C), but severe cracking occurred 
when the ceramic was brazed to Cu 
(Aa x 12.4x 1O-6/“C). 

Al does not wet at temperatures below lOOO”C, 
but brazes based on the Ag-28Cu eutectic with l- 
5% Ti or Zr additions “-*O were found to wet AlN 
and react with it at temperatures as low as 8OO”C, as 
shown in Fig. 1. Detailed microstructural studies of 
the braze/AlN joint, which found TIN at the inter- 
face and a complex q-phase (Ti, Cu, Al)6N adjacent 
to it,*’ have clarified the role of the TIN formation in 
bonding, although the bond strength has not yet 
been evaluated. The only aspect that is sketchy at 
present is the formation of aluminides (e.g Ti3A1) at 
the interface, reported by some but not all studies, 
and its role on the bond quality.5~‘0~17 Using an Ag- 
Cu-Ti braze, AlN could also be bonded to Cu when 
a W intermediate layer was employed.** Bonding of 
Pt to AlN at high temperatures and in low PN2 
environments, when the ceramic will dissociate as 
given in Fig. 2, has been studied also.26 

3.2 BN 

There are few studies on the joining of CBN as 
compared to its hexagonal allotrope. However, the 
available information suggests that the two allo- 
tropes of BN generally interact similarly with 
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Fig. 1. Wetting behaviour of Si3N4, SiAION, AIN and BN by 
Al and Ag-28Cu with l-2% Ti additions. (After Refs 18, 19 

and 20). 
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Temperature, K 

Fig. 2. Calculated partial pressures of Nz as a function of 
temperature for the dissociation of Si3N4,23 A1N,24 BNzs and 
TiN.24 The PN2 values for typical joining environments are 

shown as dashed lines. 

metals.27 CBN was found to be non-wetted by Cu, 
Ag, In, Sn and Au,27 none of which forms a stable 
nitride, but it can be wetted by strong nitride 
formers such as Al and Ti, Fig. 2. Al wets 
well (El < 45”),19 albeit as shown in Fig. 1 at the 
high superheat of 1000°C with AlN, or AlN and 
AlB1228,29 being formed as reaction products. Based 
on the Al-B-N phase diagram,“’ equilibrium 
between AlN-BN and BN-AlB12 exists at 900°C. 

Cu alloyed with 7.5 and 10% Ti wets BN we11,19 
as does the Ag-28Cu-2Ti alloy, although again at 
a relatively high superheat, Fig. 1. Ti-rich pro- 
ducts, presumably TIN and TiB*, were observed at 
the BN/Ti-active braze interfaces in accord with 
phase equilibria studies in the Ti-B-N system.30 
CBN grits were successfully brazed to a steel sub- 
strate using Ag-Cu-Ti alloy and survived pre- 
liminary grinding tests. 3’ In contrast, Ni-Cr-P 
brazes failed to wet and bond CBN at 1 100”C.31 

3.3 Si3N4 and SiAION 

Research on SN ceramic joining has been sig- 
nificant and brazed SN components are in use, for 

example, in automobile engines.32p34 Similarly, 
SiAlON brazed components are currently being 
evaluated for use in gas burners in industrial 
plants.35 

Conventional and novel techniques, have been 
used for joining SN, SiAlON to itself or to metallic 
alloys. The range of approaches used reflects the 
severity of the problems encountered in joining 
ceramics for high temperature structural applica- 
tions rather than the anticipated multiplicity of 
uses. A number of these approaches have produced 
strong joints, as summarized in Table 1. Active 
metal brazing is the more flexible and cost effective 
but, at present, lacks the ability to produce refrac- 
tory SN joints. This has led to the development of 
non-conventional methods exploring either non- 
metallic bonding agents, such as oxides or oxyni- 
tride glasses, combined sintering with bonding, 
microwave heating and, very recently, by partial 
transient liquid phase bonding (PTLPB). 

Active metal brazing has focused mainly on Al 
and Ti-containing alloys. Al wets and will react 
with SN ceramics to form AlN, as shown in Figs 1 
and 2, provided a direct interfacial contact is 
established by disrupting or destabilizing the Al203 
surface film. If the PO2 in the joining environment 
is not very low, the A1203/Si02 films enter into the 
bonding mechanism and form SiA10N.5*69,70 
Additions of l-5wt% Ti to Ag-28Cu, Cu and Ag- 
Cu-In alloys promote joining due to the strong 
reactivity of Ti with both Si and N2. Ti-nitrides 
and Ti-silicides form at the interface, but micro- 
structural studies have failed to offer a coherent 
picture as to whether hypo- or stoichiometric TIN 
is the bridging compound.5,‘9,43,7’ Although this 
question may sound academic it is fundamental in 
understanding wetting and spreading of reactive 
brazes on nitride ceramics and in designing new 

Table 1. Silicon nitride joining* 

Materials combination Interlayer Bonding route Joint strength (MPa) Reference 
Liquid (L)/Solid (S) 

Sialon/Sialon Cu-Ti L SO-300 36 
Glass-S&N, L 70-690 37.38 

Si3N4/Si3N4 Al, AICu, AISi,AIMg L 20-600 39-42 
Ag-Cu-Ti L 50420 43-46 

Ti/Au-Ni-Pd. Pd-Ni-Ti, Ag-Cu-Hf, L o-51 0 47-52 
Cu-Si-Al-Ti, Ni-Cr-Si 

Ni, NiCr S 100-550 53-57 
Fe,FeCr S 20&780 58.59 

MO, Nb, Ta S 100-680 60,61 
Glass, Oxides, Oxynitrides LS 35-700 62-64 

None or SN “Microwave” 105-390 65 
None or YPOs/SN “Sintering” 70&l 000 66 

TiNi, Au-Cu-Ni,Au-Ni-Cr “PTLPB” 100-I 000 54,67,68 

*Bending strengths are quoted unless specified otherwise. The indicated ranges, either of average strength or minimum and 
maximum values when a Weibull plot was reported, reflect differences between joining procedures and referenced studies. 
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brazes with minimum required active elements 
additions. Regardless of the interfacial details, both 
Al and, in particular, Ag-Cu-Ti brazes can form 
SN/SN joints with a strength distribution similar to 
that of the parent ceramic, as shown in Fig. 3. 

Not surprisingly, direct brazing of the ceramic to 
high thermal expansion materials such as Ni- 
superalloys or steels is difficult because of residual 
stresses caused during cooling. Coping with resi- 
dual stresses is a major problem, but insight can be 
gained from analytical and FEA calculations.72p74 
A large number of variables that control the level 
of residual stresses have been identified, but most of 
these can not be modified because of fixed joining 
practices and workpiece geometries. Instead, the 
use of intermediate or ‘buffer’ metal inserts of 
appropriate elastic/thermal properties and thick- 
ness that decrease the critical stresses in the cera- 
mic has been proposed. This approach has been 
proven as indispensable in SN to metal joints, see 
Fig. 3, and it will remain so despite the search for 
more ductile braze alloys. 

cated by using an interlayer coated with a low 
melting temperature metal that is soluble in the 
substrate. The interlayer is heated to melt the 
coating and form a joint with the ceramic, and is 
then held at a temperature to permit the coating to 
form a refractory solid solution with its substrate. 
Thus the process is similar to brazing but the 
resultant structure is like that of a diffusion bonded 
joint. 

Although Al and Ag-Cu-Ti brazed SN joints are 
usefully strong, the service temperatures which 
these joints can withstand in oxidizing environ- 
ments are well below those required in a heat 
engine (e.g. 9OOC). 34,35,75 This has led to labora- 
tory studies of new braze alloys containing Au, 
Pd, Ni, Hf, etc., with higher solidus temperatures 
and better oxidation resistances and to the evalua- 
tion of Ni brazes originally developed for the join- 
ing of high temperature superalloys.47-52 However, 
the use of more refractory brazes is limited by the 
dissociation of Si3N4 that can occur at T> 1000°C 
in low PNz environments, Fig. 2. Further, none of 
the new braze alloys can yet match the ease of 
handling and joint integrity achieved with the Ag- 
Cu-Ti filler metals. 

Diffusion bonding itself has been used by several 
workers to bond SN and successes have been 
achieved by controlling the microchemistry and 
microstructure of the interfaces formed by using 
thin metal foils as indicated in Table 1. Ni-Cr foils 
(1400 urn thick) can be used to produce Si3N4 
joints that are strong, as shown in Fig. 4, and more 
oxidation resistant than those brazed with Ag-Cu- 
Ti.77 Bonding was associated with the formation of 
solid solutions of Si by low Cr alloys or, for the 
strongest joints, of a reaction product layer of CrN 
that bridged the interfaces between the Si3N4 and 
high Cr alloys. The microstructural evolution and 
reaction kinetics of these systems are complicated 
because of their dependence on the activities of Si 
and N2 at the interface, which in turn are affected 
by the chemistry of the bonding environment and 
the gas tightness of the Si3N4-interlayer inter- 
face.78 Weak interfaces result if the reaction pro- 
duct layers are thick, as shown in Fig. 4, and the 
joint itself is degraded by the associated excessive 
ingress of Si to form brittle silicides. However, 
joints with strengths equal to that of the monolithic 
ceramic have been produced by using Fe and Fe- 
Cr alloys as bonding interlayers that remained 
strong at high temperatures, as shown in Fig. 5. 

While strong joints can be produced by diffusion 
bonding, a perennial problem is the variation in 
strength from place to place within a bonded 

These difficulties with brazing have led to interest 
in the PTLPB technique76 in which a joint is fabri- 1 
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Cusil-ABA Brazed Si3N4 ,’ 

Fig. 3. Strength distribution of Si3N4 to Si3N4 and to AISI 
3 16 brazed joints using commercial Cusil-ABA (Ag-34.7Cu- 

1.65Ti) filler metal. 
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Fig. 4. (a) Joint strength (normalized to the monolithic cera- 
mic strength, 904 MPa) of diffusion bonded S&N4 with NiCr 
interlayers; (b) effect of the “CrN” interphase thickness on 

the strength of Ni2OCr bonded Si3N4 joints. 
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Fig. 5. (a) Strength of S&N4 diffusion bonded at different 
temperatures with FeCr interlayers; (b) the normalized (to 
room temperature) high temperature strength of S&N4 diffu- 
sion bonded with FelSCr or brazed Si3N4 with Ti/Au-Ni- 
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assembly. The causes of this variability have been 
identified as the difference in reaction kinetics, and 
hence interphase formation, between the centres 
and peripheries of assemblies as in the SN/NiCr 
system, variations in the degree of contact between 
the mating ceramic/metal surfaces and, finally, 
variations in the severity of the tensile residual 
stresses in the ceramic edges.79 

4 CONCLUDING REMARKS 

It is clear that high integrity joints can be formed 
between nitride ceramics and metal workpieces and 
that successful joining depends on control of the 
chemical reaction that can promote wetting and 
the formation of bridging compounds. Nitrides are 
a well defined chemical family and there are many 
similarities in the reactions that benefit the joining 
of the three individual ceramics on which attention 
has been focused. Thus, bonding to and by Al, and 
by alloys containing Ti is associated with the for- 
mation of reaction product layers of mononitrides, 
AlN, TIN and, usually, also intermetallic com- 
pounds. The reaction path followed is ceramic- 
nitride product --+intermetallic+metal and the logic 
of this can be seen for at least some systems by 
considering the chemical activities of the ceramic 
components in the metals along with thermo- 
dynamic predictions. 

There are, however, differences as well. Thus, 
when analysing bonding to Cr containing alloys, 
thermodynamic models will fail unless they consider 
the N2 pressure at the interface and its surroundings 
and also the diffusion of N2 in the meta1.78 Again the 
wetting of BN by Al, Cu-Ti and Ag-Cu-Ti alloys 
required higher superheats than did AlN or Si3N4. 
The cause of this difficulty has not been established 
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but it is plausible to relate it to the formation of a 
semi-metallic boride reaction product rather than a 
metallic aluminide or silicide. To understand such 
differences in the behaviour, and the similarities 
referred to above, requires more information and in 
particular detailed characterisation of the micro- 
chemistries of the nitride-metal interfaces supple- 
mented by rigorous thermodynamic interpretation 
and kinetic considerations.80 

Understanding the formation processes of 
nitride/metal interfaces is essential for reliable 
control of their fabrication, and thus for designing 
their fracture characteristics. Joints have been pro- 
duced that are very strong when tested at room 
temperature, but Si3N4 in particular is receiving 
consideration as a high temperature structural 
material. Diffusion bonding can produce joints 
with good high temperature strengths but at tem- 
peratures which could degrade metallic workpieces, 
while none of the currently available braze families 
seem capable of satisfying the requirement for 
refractoriness. An ideal solution does not exist, but 
the wish for a simple low temperature process that 
produces refractory joints suggests that the applic- 
ability of partial transient liquid phase bonding 
techniques for the joining of Si3N4 in particular, 
may deserve serious study. 
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