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Abstract 
Joining technologies of ceramic powder metallurgy products to metals have been 

advanced during recent years, especially in powder metallurgy industries. There are a 
lot of difficult problems to be overcome in developing joining techniques. To control 
the chemistry of interfaces is, of course, one of the major key points. The active metal 
brazing has been established for solving this problem and gives scientists high quality of 
joints. To construct an appropriate interlayer for reducing thermal stress originating 
from thermal expansion mismatch between a ceramic and a metal is another critical 
problem. The soft metal interlayer and the soft metal/hard and low expansion metal 
laminate interlayer are proved to be two of the effective interlayers. The other bonding 
parameters such as surface roughness of bond face and bonding pressure are also 
important in order to obtain a sound as well as strong ceramic/metal joints. Most 
ceramic/metal bonding is conducted at high temperatures, where chemical reaction is to 
be expected. In this article, recent developments in joining ceramics to metals 
considering the interfacial behavior of their bonds are discussed. Therefore, methods of 
joining were compromised and the most famous insert layers were introduced. In 
addition, recent developments in the joining of powder metallurgy products to metals in 
terms of case studies have been conducted in detail. 
Key words: ceramic-metal joining; powder metallurgy; structural ceramics; brazing; 
interlayer 
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Introduction 
With low density, high strength and excellent high temperature resistance, 

ceramics are widely used in areas of aerospace and powder metallurgy. Especially in 
high temperature techniques, ceramics and ceramic matrix composites possess more 
advantages than metals. However, ceramics have low toughness and are hard to 
manufacture in complex components. Therefore, to meet the requirements it is 
reasonable to manufacture composite parts of ceramics and metals by joining [1, 2]. In 
use of any kinds of ceramics, it is needed to overcome two of serious defects of 
ceramics, i.e., hard formability and brittleness, which are fatal as structural components. 
We should adopt simple process for production of ceramic components. For this 
purpose, it should be maintained reliabilities of productions with ceramic components. 
Recent trends in ceramic researches such as machinable ceramics and nano-composites 
in power amplifier packing and ceramic biomaterials like implantable microstimulators 
are typical solutions for these problems. On the other hand, ceramics may always be 
used combining with other kinds of materials. Ceramic knives have been established in 
this way, i.e., zirconia blades are joined to metal substrates. Over the past years, several 
authors using physical tests [2] have emphasized the importance of evaluating different 
alloys and ceramics, which have been designed [3] to reproduce the complex set of 
forces that act on the metal-ceramic interface [4].  In view of this, there has been an 
increased interest on the assessment of metal-ceramic bond strength, seeking the test 
that is closest to the ideal and can simulate real conditions as reliable as possible. 
Several tests have been used to evaluate properties such as color stability, tensile, shear, 
flexural and torsional strength [3,4]. In addition, despite the obvious advantage of 
ceramic powder metallurgy components the joining of sintered powder materials has 
been associated with difficulties related to their inherent characteristics, such as 
porosity, contamination and inclusions, at levels which tend to influence the properties 
of a welded joint.  

In view of the above, a review of the current state of the art of welding ceramic 
powder metallurgy components to metal is presented. The intention is to identify 
preferred joining processes and identify technology gaps in joining of ceramic powder 
metallurgy components to different base metal alloys. 

 

Comparison of joining methods 
A summary of recent improvements on alternative approaches to ceramic-metal 

joining are presented herein. The present review also focuses on recent advances 
towards brazing ceramic powder metallurgy products and the selection of filler alloys, 
since in a scenario that includes joining by laser and direct bonding with transient liquid 
phases, brazing continues to be by far the most widely used approach to joining as a 
result of its low-cost and possibility to join intricate geometries for large-scale 
production. Examples of joined ceramic parts are illustrated in Fig. 1 [4, 5, and 6].  
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Fig.1. Ceramic-metal joint components [4, 5]. 

 
For the former approach, different routes from improving composites to 

modifying microstructures have been employed. The latter methodology basically 
involves the use of small parts made of monolithic ceramics joined together to structural 
metals. The development of residual stresses in joining dissimilar materials has been 
investigated (Fig. 2a, b). Ceramics with limited fracture toughness interface often 
rupture under the effect of such stresses. The key to a successful joint with dissimilar 
counterparts is the design of buffer interfaces capable of accommodating materials 
dissimilarities [3, 5]. 

  
a)                                                              b) 

Fig.2. (a) Properties of ceramics and metals [5, 8] and (b) schematics of residual 
stresses developed during joining process. 

 
Ceramics and metals can be joined together by mechanical, direct, or indirect 

processes [3, 7]. Table 1 presents a brief comparison of joining methods for 
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ceramics/metals [9]. Among the different methods of joining the ceramic powder 
metallurgy products, brazing and solid-state joining have excellent potentials for 
structural purposes because they can supply both good strength and heat resistance. 
Researchers, however, have been concentrated on oxide ceramics especially for 
application in electronic components for many years. Metallization such as so-called the 
Mo-Mn method, which is limited for oxide ceramics, is one of the most common 
processes for those applications and is widely used in the actual productions. Recent 
structural applications of ceramics require different type of joining techniques not only 
for oxide ceramics but also for non-oxide ceramics in order to produce the stronger and 
more reliable ceramic/metal joints, which are sometimes expected to have heat 
resistance superior than those obtained by the conventional metallization processes. 
From this requirement, a considerable number of joining techniques have been 
developed and reported for structural ceramics such as silicon nitride, silicon carbide, 
alumina and zirconia. Solid-state diffusion is a well-known example of a direct ceramic-
to-metal joining process. Temperatures in excess of 1024°C are often possible for SiC-, 
Si3N4- and Al2O3-metal joints. Stresses are reduced by optimizing joint geometry and 
using a variety of interlayers such as refractory metals or functionally graded materials 
(FGM) [3, 8]. Friction welding is another example of solid state joining which is used 
extensively for this purpose [10]. 

 
Table 1 .Comparison of joining methods for ceramics/metals. 

Recent Joining Requirement Unit Adhesive Cement Mechan.
Brazing Eutectic Diffusion Fusion Friction 

Strength MPa 20-80 <10 10-50* 100-500 200-400 100-1000 50-200 50-200 
Heat 

Resistance 
 Poor Medium Medium 

good 
Medium 

good 
Good Good Good Poor-

Medium 
Highest 

Temp.(°C) 
 177 ---- 427 527 927 >1027 >1027 227 

Vacuum 
tight 

 Poor** No Good Good Good Good Good ---- 

Cost  Low Low Low- 
medium 

Low- 
medium 

Mediu
m 

Medium-
high 

Low- high Low-
medium 

Problems  --- --- Stress 
Conce-
ntration 

Oxidation 
resistance

--- --- Grain 
growth, 
Thermal 

Stress/shock 

Only for 
Al 

*This is not the interfacial strength of a butt- joint 
**e.g., due to outgassing of organic constituents. 

 
Application in ceramic powder metallurgy products/metal joining is still in its 

early stages of development. Successful ZrO2/aluminum alloys joints have been 
reported [10]. Adhesive joining using organic interlayers offers suitable mechanical 
strength below 250ºC. Glassy interlayers can also be used to improve high temperature 
resistance. In the latter case, ceramic powder metallurgy products are used as a 
protective barrier against corrosion of wear. Glassy interlayers have been long used to 
join Al2O3 to Nb in sodium vapor light bulbs [3, 8 and 11]. Brazed joints can be used in 
devices subjected to temperatures as high as 500°C with moderate mechanical strength 
(~100 MPa) [5, 8, and 11]. Structural ceramics such as Si3N4, SiC, Al2O3, AlN and ZrO2 
have been brazed to a number of structural metals and alloys [6, 12]. New and improved 
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filler alloys have been extensively studied aiming at lowering joining costs and 
producing refractory joints [12, 13]. The availability of reliable ceramic/ceramic and 
ceramic/metal joining processes and its effect on the expansion of the structural 
ceramics market to large scale use is a quite established concept by now [14,15]. 
Broadening the use of joining technology to new devices as well as improving joining 
to specific applications have always been the major goals [5, 13, and 16]. Recent 
improvements on ceramic rotor technology and their systematic use to reduce 
consumption and pollutant emission of Japanese automobiles have driven forward 
metal/ceramic joining and resulted in significant technological and scientific advances. 
Traditionally, shrink fitting and brazing have been used to join Si3N4 rotors to metallic 
shafts [12, 16]. On a more recent joint design, the ceramic rotor was shrink fitted to a 
metallic sleeve which was then friction welded to the shaft, resulting in improved 
bearing cooling and reduced residual stresses [16, 17]. Diffusion bonding with the 
formation of transient liquid phase and direct joining of metals to ceramics using laser 
are some of the most recent advances [9, 18 and 19]. Nevertheless, brazing is by far the 
most widely used joining process when mechanically reliable vacuum tight joints are 
required to operate at relatively high temperatures. Diffusion bonding has been 
developed specifically within the aerospace industry, and its industrial importance is 
such that it should be considered separately here. The process is used commercially for 
ceramic to metal joining, this material being one that exhibits superplastic properties at 
elevated temperatures within defined strain rate conditions. These conditions of 
temperature and pressure coincide with the conditions required for bonding, and 
therefore the two processes have been combined into one manufacturing operation 
either in sequence or together. The main advanced structural ceramics, i.e., SiC, Si3N4, 
and Al2O3 have been brazed to a variety of metals and steels of engineering interest [5, 
11, 16, 20, 21, and 22]. Some examples are shown in Table 3[8, 20 and 23]. In another 
research, Fe72Al28 alloy was diffusion-bonded using a copper interlayer under vacuum 
at 1075 °C for 6 h durations at 3.2 MPa applied pressure [24] which results a sound 
joint because of the copper role in preventing the formation of stable aluminum oxides 
at the bond region. Moreover, Barrena et al. [25] successfully joined WC–Co cermet to 
90MnCrV8 steel using 70Ni–30Cu with diffusion bonding in air. 

 

Recent experimental details 
Researchers such as Eager [11] have been trying to join a pair of SiC and 

molybdenum with vanadium foil as an insert material. The optimum fabricating 
conditions were a bonding temperature of 925°C, a bonding pressure of 30 MPa, and a 
bonding time of 10.8 ks. The joint had high shear-strength levels of 150MPa at room 
temperature and 52 MPa at 700°C. At the interface of SiC and vanadium, a layer of 
vanadium silicide, V3Si was formed.  In other research he also tried to join Si3N4 to 
nickel base super alloy (Inconel 718) with Ni interlayers attached to Ti and Cu 
microfoils at the side of Si3N4 by partial transient liquid phase bonding. It was 
demonstrated that this joining process can produce a more heat resistant Si3N4-to-
Inconel 718 joint than active brazing using Ag-Cu-Ti alloys. In addition no interfacial 
fracture between Si3N4 and filler metal occurred after cooling from bonding temperature 
of 900°C. It is also showed that the interfacial microstructure of the joint is unique in 
terms of interest combination of eutectic phases like Si3N4/TiN and Ti5Si3 (~nm 
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thickness)/Ti2Ni (~2μm thickness)/α-Cu (~1 μm thickness)/ CuTi5Ni14 and α-Cu and 
TiNi3 (~8μm thickness)/ Ni (~498 μm thickness)/Inconel 718.  

An investigation was conducted [8] to gain information about the capabilities of 
some filler metals for direct brazing of cubic boron steel during vacuum brazing with 
Ag-Cu-Ti active filler metal. Pressurization started at various temperatures (600, 700, 
and 800°C) and ended at room temperature during cooling. Results showed that there is 
an optimal starting pressurization temperature at which the maximum room temperature 
shear strength of joint is obtained. Scientists [26] successfully fabricated joints of Si3N4 
and molybdenum with a vanadium interlayer using a vacuum hot pressing facility. The 
optimal joining conditions for producing a joint with the highest shear strength were 
found at 1055°C, a mechanical pressure of 20MPa and a bonding time of 5.4ks. In new 
approach a general method for brazing ceramics to metals using compliant metallic 
foam as a buffer layer has been developed [27]. Using stainless steel foams, bonds 
between alumina and stainless steel 316 with shear strengths up to 33MPa have been 
achieved. The resultant ductility enhances the resistance of the joint to thermal cycling; 
AlN-Inconel 600 bonds exhibited good thermal shock resistance [27]. As mentioned in 
this investigation, the thermal expansion of alumina and aluminum nitride is normally 
much smaller than those of most alloys. When forced to cool together, residual stresses 
resulting from the differences in thermal expansion can compromise the integrity of the 
joint. Thus, joints between alumina and a metal are less likely to fail due to thermal 
expansion mismatch than the joints between AlN and same metal. The problems can be 
minimized by optimizing the brazing conditions but the expansion mismatch is an 
intrinsic feature of the joint and cannot be avoided. As a result, buffer layers are 
sometimes used to make a gradual transition between the metal and ceramic. The 
compensation interlayer approach relies on inserting one or more interlayers with an 
expansion which is between that of the metal and ceramic being joined (Table 2). 

 
Table 2. Examples of ceramic powder metallurgy product/metal joints and 

corresponding brazing approach. 

Ceramic/Metal Interelayer Application Environment 
Condition 

Strength, 
MPa 

Al2O3/ Type 321 
steel 

Al 
Vacuum devices, 

Electronic 
packaging 

Vacuum/Argon 70 

Tetragonal 
Zirconia 

Polycrystal/ Type 
316 steel 

Cu Vacuum devices, 
automotive parts Vacuum/Argon 52 

MgO/Steel Cu/Metal 
foam 

Shuttle, aerospace, 
steel making(EAF) Vacuum 33 

Al2O3/Steel BA03 Electronic 
packaging Vacuum 50-150 

SiC/Al Cu-C fiber Composite 
Component 

770°C (Al was 
joined at 550°C) --- 

TiN/ Mo TiN/ Mo CNC devices 1573,3 GPa, 30 min 80 
Al2O3/Fe FeO-Fe --- 1200°C, 29 MPa, 1h --- 

Al2O3/Type 405 
steel 

Nb/Mo Aerospace 1400°C, 100 MPa, 
30 min 500 
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Ceramic/Metal Interelayer Application Environment 
Condition 

Strength, 
MPa 

Si3N4/Steel BA03/WC --- 610°C, 2Mpa, 
30min 200 

SiC/Steel BA03/WC --- 610°C, 2Mpa, 
30min 150 

SiC/ Corrosion 
resistant iron–

chromium–
aluminium alloy 

(Fecralloy) 

Thin pure 
Cu(12.5μm) 

Spark plugs, piston 
heads and rocker 

arms in automobile 
engines 

1100 °C, 30 min, 
9.5 MPa 67.5(±5) 

Sialon BA03/WC --- 610°C, 2Mpa, 
30min 300 

Si3N4/Type 405 
steel Fe/W --- 1200°C, 10 MPa, 30 

min 60 

SiC/ Super alloy Ni/Kovar/C
u 

Gas and airplane 
Turbine 1050°C, 54 MPa, 2h 100 

Si3N4/ Super alloy Ni/Kovar/C
u 

Gas and airplane 
Turbine 1050°C, 54 MPa, 2h --- 

SiC/ Type 316 steel Ti/Mo New generation of 
tank engine 810°C,0 min 50 

Si3N4/Type 405 

Al/Invar(Cr
acking in 

intermetalic 
compound) 

--- 800°C, 0.15MPa,7 
min 60 

ZrO4/Steel 
 

Active 
Metal 

Brazing 
(Ag-Cu-Ti) 

Nuclear power 
plants --- 109-144 

Al2O3/Type 304 
stainless steel 

97(Ag28Cu)3
Ti: AFA --- 1000°C,5 min 70 

Alumina/Copper Sn3.5Ag4Ti(
Ce,Ga) Electrical devices >727°C 23.7 

Si3N4/Inconel 600 Ag71Cu27Ti2 --- 927-1467°C 30-100 

Si3N4/nickel/Incolo
y909, Inconel718 

Au-5Pd-2Ni 
Ag-Cu-Ti 

Ni-B 

Aerospace, military 
aims 827-1197°C --- 

 
The use of more than one interlayer gives a smoother transition in thermal 

properties. A generalization of the multiple interlayer approaches involves the use of a 
functionally graded interlayer in which the material properties vary continuously across 
the thickness of the interlayer. Most of early work on metal foams was predominantly 
on the processing and manufacturing of aluminum foams [21, 28]. Foams of various 
steels and nickel-based supperalloys have been also developed [29]. In this view the 
scientists used open-cell 316 stainless steel foam with 75% porosity as a flexible 
interlayer. In that study, a vacuum chamber was used and evacuated down to a pressure 
10-4 to 10-5 mbar (Fig.3). Fracture surfaces of the brazed samples showed a cup and 
cone fracture within the ceramic after the first cycle whereas the latter failed from the 
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ceramic-foam interface after more than 60 cycles (see Fig.4). To summaries, mechanical 
and thermal tests indicated that the acceptable thickness of the foam is 0.2- 0.4 mm for 
the specific materials and joint configurations. 

 
Fig.3. Bonding set-up used for joining ceramics to metals with intervening brazing foils 

and foam. 
 

 
Fig.4. Fracture surfaces of joints without and with metallic foam following thermal 

cycling between 300 and 800°C in air [27]. 
 
It is worth noting that Ni-Ti composite was manufactured with a chemical 

composition of 51 % Ni – 49 % Ti (wt.%) as a mixture with an average dimension of 
45μm diffusion layer, bonding was performed under argon atmosphere, with a constant 
load of 5 MPa, under the temperature of 850, 875, 900 and 925°C and, for 20, 40 and 60 
minutes experimental time. In this case, at elevated temperatures diffusion mechanism 
was accelerated and diffusion period was decreased to achieve the same coalescence. In 
practical works diffusion bonding technology was applied to rotor core in hybrid cars, 
which requires both magnetic properties and mechanical properties at a time. Diffusion 
bonding of sintered materials and the bonding area as a factor affecting it were also 
analyzed. The satisfactory bond strength was accomplished by increasing the bonding 
area through the pressure by press fitting of the inner and outer components in addition 
to the difference in thermal expansion of the sintered material. On the other hand, 
diffusion bonding of Fe–5%Cu powder compact to wrought carbon steels was studied 
by Fillabi et al. [30]. The results of this study showed that a profound effect of carbon 
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content of the solid steel on the diffusion bonding process. It was suggested that the 
diffusion of carbon through the interface during sintering influences the swelling of the 
powder compact, thereby affecting strength of the bonding zone. A direct relationship 
between the depth of carbon diffusion and the maximum stress required to separate the 
bond interface was noticed. It was also found that there was an optimum iron particle 
size for maximum swelling with narrow carbon diffusion layer. 

 

Alumina/Metal matrix composite (MMC) 
Metallurgical behavior of alumina/alumina (Al2O3/Al2O3) joints and 

alumina/aluminum metal–matrix composite (Al2O3 /Al–MMC) using an Al2O3/Al2O3–
Al composite as an interlayer was studied [20]. The Al2O3/Al2O3 joining procedures 
involved the sintering of silica or silicate glass on the surface of the Al2O3, followed by 
the reactive penetration of liquid aluminum into the sintered glass to form an Al2O3– Al 
composite interlayer between the two Al2O3 pieces. To join Al2O3 to Al–MMC, after the 
fabrication of the Al2O3–Al composite layer on the surface of Al2O3 using the 
combination of sintering and reactive penetration, Al2O3/composite/MMC joints were 
fabricated by using diffusion bonding between the Al2O3–Al composite layer and the 
MMC. Experimental results showed that high porosity in the sintered glass layer led to 
the formation of a porous Al2O3–Al composite layer between two Al2O3 pieces. The 
addition of cordierite (2MgO.2Al2O3.5SiO2) to the pure silica lowered the melting point 
of the glass and led to the formation of a dense glass layer at the surface of the Al2O3. 
Stronger joints were fabricated with shear strengths of the Al2O3/ Al2O3 and Al-MMC/ 
Al2O3 joints of 105.2 and 47.6 MPa, respectively. 

 

Al2O3/Cusil–ABA/Ti and Al2O3/Cusil–ABA/Hastealloy X joints 
According to reference 31, the joining behavior of polycrystalline alumina 

sintered at different temperatures (1200–1500°C) and times (0.5-4 hr) to Ti, Hastealloy 
using two Ag–Cu active metal brazes (CuSil–ABA and TiCusil) containing Ti has been 
evaluated. Partial densification and the resulting high porosity content of Al2O3 
substrates sintered at low temperatures led to braze infiltration of Al2O3 pores in 20 min 
contact but no penetration occurred in dense Al2O3 substrates sintered at high 
temperatures. The scanning electron microscopy (SEM) and energy dispersive 
spectroscopy examination of the joints showed that chemical reactions between Al2O3 
and braze constituents formed a Ti-rich reaction layer at braze/ Al2O3 interface 
regardless of the sintering conditions and degree of densification of the Al2O3 [13, 31]. 
Interestingly, in this article authors tried to use numerical calculation for achieving good 
capillarity. The SEM views of the Al2O3/Cusil–ABA/Hastealloy and Al2O3/Cusil–
ABA/Ti joints are shown in Fig. 5(a, b), respectively. Unlike the well-distinguished 
Al2O3/Cusil–ABA boundary in these samples, the Cusil–ABA/Hastealloy and Cusil–
ABA/Ti boundaries are rather diffused because of extensive dissolution and 
interdiffusion of the metal substrate in the molten braze at these boundaries. This has 
led to a rather gradual transition in the metallurgical structure of the joints at the Cusil–
ABA/Hastealloy and Cusil–ABA/Ti interfaces. Nickel and titanium have very strong 
chemical affinity for each other. In addition, Ni extensively dissolves in Cu–Ag alloy 
melts. These factors will favor a gradual transition in the interface structure [31, 32]. 
The reaction layers in all the samples had particularly high concentration of Ti which 
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suggests the possible formation of titanium oxides at braze/alumina interface. These 
titanium oxides can be formed from the reduction of alumina by Ti according to the 
reactions given below: 

232 2
32

3
2 TiOAlTiOAl +→+  

TiOAlTiOAl 32332 +→+   3232 22 OTiAlTiOAl +→+  

5332 5
32

5
9 OTiAlTiOAl +→+  and 

7432 7
32

7
12 OTiAlTiOAl +→+  

 
Most of oxides of titanium are very stable as shown by the large negative change 

in Gibb’s free energy, ∆G, for their formation at 850°C. In this work the values of ∆G, 
were calculated by the software HSC chemistry version 4.1 for the different oxides of Ti 
at 850°C. The relationship between infiltration depths, h of brazing infiltration time, t 
was written by the following formula [31]: 

⎥⎦
⎤

⎢⎣
⎡ −= 5.1

0 3
2cos2 tHtRh θ

σ
μ

 

where H is a parabolic reaction rate constant and R0 is initial capillary radius at 
t=0 and μ is the viscosity, σ the surface tension and h is the penetration distance and the 
other term that is contact angle, θ, is well known in a number of ceramic/metal systems 
is decreased exponentially with time. 

 
Fig.5. (a) A Hastealloy/ Al2O3 joint made using Cusil–ABA and (b) a titanium/ Al2O3 

joint made using Cusil–ABA. The Al2O3 substrates were sintered at 1400°C for 2 h [31]. 
 

Zirconia/Stainless Steel 
In other experimental work, ZrO2 ceramic/stainless steel joints were produced by 

pressureless brazing with Ag-Cu filler metals and TiH2 powders. The results showed 
that there existed three zones with a distinguished difference in microstructure crossing 
the brazing interlayer. A double-layer structure including a reaction layer and a sublayer 
was formed at the ZrO2/filler interface, where Ti4+, Ti2+ and Zr2+ were located based on 
the X-ray Photoelectron Spectra (XPS) [33]. It was further found that Ti originated from 
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TiH2 coating diffused into the whole interlayer. The high activity of neonatal Ti caused 
the reactions of Ti/ZrO2 and Ti/Cu, resulting in the interfacial phases such as Ti3Cu3O, 
CuTi3 and Zr [34]. 

 

Al2O3/Ti-base filler metal/Ni system 
The observation of the microstructure of Al2O3/Ti/filler metal/Ni system revealed 

that Ni-Cu solid solution has formed near the Ni/ filler metal interface. The composition 
of 75.72 at.% Ni, 17.91 at.% Cu, 2.92 at.% Ag and 3.3 at.% Ti with small amount of Al 
has been detected. This composition is feasible because Cu and Ni are soluble in each 
other in the solid as well as in the liquid state in the whole range of composition [35]. A 
number of intermetallics of the Ti–Cu system (TiCu, Ti2Cu and Ti2Cu3) were observed. 
In most cases, the intermetallics showed some solubility for Ag, which replaces Cu in 
the superlattices of the Ti–Cu binary system. Two intermetallics, namely, Fe2Ti and 
FeTi of the Fe–Ti binary system were also observed. Cu has been observed to replace 
Fe in the binary intermetallics of the Fe–Ti. Two intermetallics of the Ti–Ni system, 
namely, Ni3Ti and Ti2Ni were observed when more concentration was made on the 
faying surface. The formation of Ni-Cu solid solution has depleted the filler metal with 
Cu. A two-phase layer consisting of Ni3Ti and (Ag) has formed just below the Ni solid 
solution layer. A dark layer of Ti2Cu3 (Ni) has been seen in this study. This layer was 
associated with large dispersed islands of silver below the Ti3Sn+ (Ag) layer, consistent 
with the (Ag+ Ti2Cu3) phase field reported by Kubaschewski [36] in the Ag–Cu–Ti 
ternary system. The observed composition of this intermetallic is 39.23 at.% Ti, 44.86 
at.% Cu, 15.7 at.% Ni and small amounts of Ag, Al and Sn were also present [18, 27]. 
The (Ag) solid solution has shown a composition of 86.94 at.% Ag, 10.65 at.% Cu and 
1.48 at.% Ni with small amounts of Al, Sn and Ti [35, 38 and 39]. The Ti2Cu phase 
shows a composition of 3.47 at.% Ag, 18.87 at.% Cu, 10.26 at.% Ni and 66.87 at.% Ti. 
Ni and Ag appear to substitute for Cu in the Ti2Cu intermetallic [40]. Recently, D.Y. 
Chung et al. [41] used induction brazing process to join anode-supported tubular solid 
oxide fuel cells (SOFCs) to ferritic stainless steel using nickel based brazing alloys 
(BNi2, BNi4) modified by reactive TiH2. The brazing alloy with TiH2 showed good 
wettability with Y2O3 stabilized ZrO2 (YSZ) electrolytes due to a formation of TiOx 
layer.  Pure alumina (99.99% grade compositions) also was brazed to 4J33-Kovar alloy 
using partial transient liquid phase bonding technique with nickel and titanium 
interlayers [42]. In the bond area, α-Ti solid solution, Ni2Ti4O and Ti2Ni intermetallics 
were formed at two sides of the bond. The joint shear strength showed the highest value 
of about 65MPa.   

In the end, it should be noted that the uses for the ceramic powder metallurgy 
products are changing quickly, with a major emphasis on structural applications. These 
materials are becoming more complex, in terms of being strengthened and toughened by 
transformation processes, the addition of other ceramic or metallic materials. The 
successful use of the materials requires the development of equally advanced joining 
technologies. Advanced ceramic powder metallurgy products include the electronic 
ceramics, such as those used as substrates and encapsulants, ionic conductors, 
piezoelectric devices, and high-critical-temperature superconductors needing to be 
joined to metals with new joining technologies. 
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Conclusions 
Ceramic powder metallurgy products/metal interfaces are used in a variety of 

applications. This has prompted a concerted effort to develop fundamental structure and 
property relationships for these structures. This study aimed at revealing the recent 
development of joining methods of ceramics to metals. Brazing, ultrasonic welding, 
diffusion bonding, laser welding and partial transition liquid phase bonding were the 
most common techniques used for this purpose. Characterization and successful 
developments were briefly discussed.   

In summary, however, in spite of extensive research on joining of powder 
metallurgy products to metals, there still should be more attention on the mechanism 
involved during the bonding of the substrates. Importantly, as multiple examples 
discussed earlier illustrate, the combined application of several experimental and 
theoretical approaches to a particular interface system has led to significant 
breakthroughs in the understanding of the structure and chemistry of ceramic powder 
metallurgy products/metal interfaces. Nonetheless, experimentally, the use of metallic 
foam as a buffer layer between ceramic and metal could be an effective way of avoiding 
thermal expansion mismatch between the two materials when bonded together by 
brazing. 

Reactive penetration technique used to produce an Al2O3-Al composite interlayer 
between Al2O3 and Al2O3, and between Al2O3 and Al-Al2O3 metal matrix composite, 
where Al2O3/Al-Al2O3/Al2O3 joints and Al-MMC/Al-Al2O3/Al2O3 joints were produced 
are still needing more development to predict the diffusion barrier and joining 
mechanisms. 

ZrO2 ceramic/stainless steel joints can be produced by the pressureless brazing 
with Ag-Cu filler metal and TiH2 powder. A double-layer structure including a reaction 
layer and a sublayer can be introduced at the ZrO2/filler interface, where Zr2+, Ti4+ and 
Ti2+ were detected.     

In the Al2O3/Ti/filler metal/Ni system a number of intermetallics (TiCu, Ti2Cu 
and Ti2Cu3) of the Ti-Cu system were observed. In most cases, the intermetallics had 
shown some solubility for Ag, which replaces Cu in the superlattices of the Ti-Cu 
binary system.  

Finally, it should be pointed out that an atomic-scale understanding of the role of 
impurities on adhesion needs to be found and a strategy developed to effectively 
describe the mechanism of bonding in different techniques. 
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