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Joining of Advanced Materials: An 
Overview 
The revolution which has occurred in materials science 
and engineering has not been matched by improve- 
ments in joining science and technology. It is becoming 
increasingly apparent that the usefulness of many new 
materials is limited by our ability to manufacture 
products made from these materials economically, 
rapidly, and reliably. As designs utilizing newmaterials 

. require ever higher performance, the number of 
acceptable joining technologies becomes more re- 
stricted. As the functionality of materials becomes more 
specific, the number of joints and the number of 
dissimilar material combinations increases. This creates 
increases in cost and decreases in reliability. Many of 
the advanced materials being currently developed will 
never be used in large volumes because of inattention 
to component fabrication and manufacturing science. 
Without geometry or shape, which produces function, 
the properties of the material are useless. Unless the 
shape and properties can be obtained economically, the 
product has limited utility. 

As designers specify an increasing diversity of 
materials in their product, the number of joints 
increases. As the materials become more specialized, 
they are used closer to their performance limits and 
hence greater requirements are placed upon the joints. 
There is an increasing number of joint failures in spite 
of the improved joining technologies and quality 
control processes which have been developed. The 
requirements of emerging materials are increasing 
faster than is joining technology. Productivity is not 
the major challenge in joining of new materials; rather 
the question is whether some of these materials can be 
joined at any cost. Nonetheless, the cost of many of 
these new materials is so high and their properties are 
so specialized that they will only be used where they 
are essential. As a result, products will contain more 
joints and a greater fraction of these will be between 
dissimilar materials. This will only compound problems 
of quality and reliability in the final product. The 
common design rule of eliminating all possible joints is 
being violated at an increasing rate. Due to a desire to 
use the minimum amount of these costly, high-function 
materials, the joints are being placed in more aggressive 
environments, and the properties of the joint are being 
pushed to the limit. 

In many cases designers expect the joint to match 
the properties on either side of the dissimilar joint. If 
this were an easy task, one would not need to produce 
a dissimilar material joint. One could merely make the 
entire part from the joint material, if such a material 

with maximal values of all properties were available. 
Clearly, some designs assume too much of joining 
technology. Rather, the solution to the use of many new 
materials lies in improved designs which limit stresses 
placed on the joints. One challenge for joining engineers 
is development of new design rules which reduce the 
risk of failure at the joints. It is no longer possible to 
select the joint configuration or joining process as an 
afterthought of the design. Joining technology must 
become an integral part of the product design. It is a 
general, but not universal, rule that rapidly solidifed or 
composite materials cannot maintain their improved 
microstructures when subjected to fusion processes. 
Thus, solid-state processes are preferable for many new 
materials. Unfortunately, most solid-state joining 
processes are either costly, slow, or limited in 
geometery. Nonetheless, advances are being made. 
Linear friction welding is being developed for 
fabrication of jet engine components. Since the 
mid-1980s microwave sintering of ceramics has 
provided one of the few new joining technologies. 

There are two fundamental limitations to the joining 
of materials. These are surface roughness and surface 
contamination. If two materials are placed in contact, 
the true area of contact is much less than the apparent 
area of contact due to the inherent roughness and 
nonplanarity of any surface on an atomic scale. The 
only methods of overcoming this roughness involve 
deformation, diffusion, or infiltration of a liquid 
between the two solids. The solid-state processes rely 
on deformation or diffusion, while soldering, brazing, 
adhesive bonding, and fusion welding achieve intimate 
interfacial contact through interposition of a liquid. 
Since diffusion requires the application of heat, 
generally over a prolonged period, and deformation 
requires relative sliding of the two parts with 
substantial applied stresses, these solid-state methods 
of achieving full contact between parts cannot be used 
in all applications. Thus, the liquid processes which do 
not involve fusion of the base material must also be 
considered. 

The second fundamental barrier to joining is surface 
contamination. The time-pressure relationship for one 
monolayer of gas to strike a surface is 1 0 '  
atmosphere-seconds. This is clearly too small to permit 
cleaning of surfaces before joining in anything other 
than an ultrahigh vacuum. Instead, the methods of 
removing or displacing contamination and protecting 
against further contamination include material flow 
(i.e., local deformation), fluxes, reducing atmospheres or 
diffusion which creates displacement, reduction, ab- 
sorption or incorporation of the contaminant into the 
base material, the flux or the atmosphere. Adhesive 

Eagar
Conference
"Joining of Advanced Materials," T.W. Eagar, W.A. Baeslack, R. Kapoor, Encyclopedia of Advanced Materials, D.Bloor, M. Flemings, R. Brook, S. Mahajan, eds., Pergamon Press, Oxford, 1207, 1994.



Joining of Advanced Materials : An Overview 

bonding represents a special case wherein contamina- 
tion is not removed, but is merely buried under the 
adhesive. For this reason, adhesive joints are inherently 
weaker per unit area than are the true bonding 
processes of soldering, brazing or welding. 

Some variations of soldering or brazing have 
tremendous potential for the joining of new materials. 
Reactive brazing can join ceramics and metal matrix 
composites, although more needs to be understood 
about the interfacial reactions and wetting behavior. 
Transient liquid phase (TLP) diffusion bonding which 
starts as a braze and ends as a true diffusion bond, has 
proved to be a much more general process than was 
once believed. It can be used to fabricate dissimilar 
materials joints in many materials. 

1. Advanced Metals 
Since the mid-1980s, the development of a plethora of 
cast, wrought, and rapidly solidified-powder metal- 
lurgy (RS-PM) alloys in virtually every structural alloy 
family has progressed at a rapid pace. This work has 
involved both the "low risk" development of alloys 
which offer incremental property improvements over 
conventional alloys and the "high risk" development 
of alloys which offer the potential for substantial 
increases in singular properties or property combina- 
tions, and thereby permit significant advances in 
structural designs. In most alloy development pro- 
grams, improvements in physical, mechanical, and 
corrosion properties are achieved with minimal 
consideration for joinability. This oversight has been 
most significant in the development of highly 
unconventional "engineered'" alloys, which are those 
materials for which joining would be anticipated to be 
the most difficult. Clearly, numerous challenges must 
be met to effectively join structures comprised of these 
alloys. 

For some new alloys, such as super-duplex stainless 
steels, and advanced elevated-temperature and high- 
strength titantium alloys, weldability is dependent 
principally on obtaining a weld zone microstructure 
which exhibits acceptable mechanical properties, in 
particular toughness. The optimization of both 
toughness and corrosion resistance in super-duplex 
stainless steels is strongly dependent on achieving a 
suitable balance (ideally 50:50) of austenite and ferrite 
phases in the weld zone, thereby requiring the 
optimization of both filler metal composition and 
welding process energy input. Likewise, the optimiza- 
tion of weld zone strength, ductility, and toughness in 
advanced near a and a-fi titanium alloys, such as 
Ti-1 100, IMI-834, and Corona-5, is dependent on the 
control of weld energy input (and correspondingly weld 
cooling rate) and postweld heat treatment conditions. 

Assuring high weld quality in alternate advanced 
metals is dependent not only on obtaining acceptable 
weld zone mechanical properties, but more importantly 

on a capability to minimize weld defect formation. 
Challenges in the welding of several new alumi- 
nium-lithium alloys, including alloys such as 2095 
(which was designed specifically for weldability), 
include the optimization of filler metal composition to 
prevent solidification cracking and the development of 
suitable preweld cleaning techniques to minimize 
hydrogen-induced porosity. The utilization of new, cast 
nickel-based superalloys which are particularly suscept- 
ible to heat affected zone (HAZ) liquation cracking 
(due to a coarse cast grain size, appreciable 
residual microsegregation, and the presence of coarse 
second phases) also requires alloy composition 
modification, the optimization of preweld micro- 
structure via heat treatment, and improved weld joint 
design and process selection and application to reduce 
weld stresses which are a prerequisite for the occurrence 
of this cracking mechanism. 

Significant challenges also exist in the joining of 
alloys produced by RS-PM techniques. In the joining 
of RS-PM Al-Fe-V-Si alloys, which exhibit excellent 
elevated temperature properties comparable on a 
specific strength basis with those of titanium, 
optimization of the weld zone mechanical properties 
requires that the extremely fine dispersoid and alpha 
grain structures "engineered" into the base metal be 
either retained or recreated during the welding process. 
This can be accomplished through the application of 
specialized welding processes, such as laser and friction 
welding (Fig. 1). The high inherent hydrogen content 
resultant from the processing of these alloys presents 
further potential difficulties with regard to hydrogen- 
induced porosity formation during fusion welding. 
Although the joining of US-PM titanium alloys can be 
readily accomplished without porosity problems, 

Fiaure I 
Light micrograph of linear friction weld in A1 Fe V Si alloy. 
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similar requirements exist regarding weld zone 
microstructure development and must be achieved via 
the application of a suitable joining process. 

Ordered intermetallics represent an important class of 
materials for potential application a t  elevated tempera- 
tures. Although the binary stoichiometric conlpounds 
exhibit high room and elevated temperature strength, 
low density and a high elastic modulus, inherent 
brittleness limits their application in engineering 
structures. Through alloying and optimization of 
thermomechanical processing, a wide variety of 
principally multiphase alloys based on  ordered 
intermetallics, including Ti3Al, TiAl, Ni,Al, NiAl, and 
Fe3Al, have been developed in recent years and are 
currently being considered for structural applications 
where fabrication by welding is a requirement. 
Principal challenges associated with the joining of these 
intermetallics include the prevention of solid-state 
cracking during the welding process, which results from 
a combination of a brittle microstructure and high 
stresses developed during welding, and obtaining 
acceptable mechanical properties in the weld zone. 
Research on the joining of Ti3Al (a2) type alloys, such 
as Ti-14Al-21Nb (wt.%), has shown that transgranular 
cracking can be minimized by utilizing either a n  
extremely rapid weld cooling rate to retain the soft, 
high-temperature f l  phase (which orders to on 
cooling) (Fig. 2), or an extremely slow cooling rate 
which forms a coarse a2-p microstructure. The latter 
cooling rate also maximizes weld zone toughness while 
maintaining adequate strength, and reduces the 
requirement for a postweld stabilization heat treatment. 
Current titanium-aluminum (y) based alloys, which are 
actually comprised of two phase (a2 + y) micro- 
structures, exhibit an even greater cracking suscept- 
ibility (Fig. 3), with the generation of crack-free welds 
commonly requiring preheat to  reduce weld stresses. 
The complex and to date largely undetermined nature 
of solidification and solid-state phase transformations 
in complex y titanium aluminides will further 
complicate weldment microstructure optimization via 
traditional process control and postweld heat treat- 
ment approaches. 

Ni3Al and Fe3Al aluminides also exhibit potential 
cracking problems in the weld fusion and heat-affected 
zones due to  low ductility, grain growth, and en- 
vironmental embrittlement, in combination with 
high stresses developed during weld cooling. In  contrast 
to titanium aluminides, solid-state weld cracking in 
these materials occurs principally intergranularly in the 
HAZ due to intrinsically weak grain boundaries. 
Electron beam and GTA welding studies have shown 
that the alloying of boron-containing Ni3AI with iron. 
hafnium, zirconium, and chromium, and Fe3Ni with 
chromium, niobium, and manganese, can markedly 

Figure 2 
Pulsed Nd YAG laser weld in Ti-24Al-llNb (at.%) 
a2 titanium aluminide: (a) light micrograph of weld 
cross-section; (b) transverse-electromagnetic bright-field 
micrograph and selected-area diffraction pattern from weld 
fusion zone indicating ordered p microstructure. 

Figure 3 
Transgranular cracking in fusion zone of electron beam 
weld in Ti-48Al-2Nb 2Cr. 
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improve cracking resistance. Weld cracking in iron 
aluminides has been shown to be a function of preweld 
heat treatment and microstruture, and welding 
conditions. The generation of quality welds in NiAl 
single crystals for gas turbine-engine applications 
represents an additional important challenge which 
may only be met through the effective application and 
optimization of the transient liquid-phase welding 
process. 

3. Composites 
Metal matrix con~posites (MMCs) consist of a metallic 
matrix which is strong, tough, and ductile, and 
low-density, nonmetallic fibers, whiskers, or particu- 
late which are extremely strong and stiff. When 
properly consolidated, MMCs can provide significant 
improvements in specific strength and stiffness over 
conventional monolithic alloys. Aside from their high 
cost, a principal factor influencing the application of 
MMCs is their capability to be fabricated into 
structural components. The principal difficulty in the 
joining of MMCs is damage and dissolution of the 
fibers (via interactions with the surrounding metal 
matrix) and the formation of undesirable phases in the 
weld zone. Achieving high joint strengths in S ic  fiber 
reinforced aluminum and titanium MMCs can best be 
accon~plished via the application of low-deformation, 
solid-phase joining processes, such as diffusion 
welding, transient liquid phase welding, and brazing. 
Figure 4 shows a solid-state weld produced between 
Sic-fiber reinforced Ti-6Al-4V using the capacitor- 
discharge resistance welding process. Although fusion 
welding has been utilized to joining aluminum MMCs 

Figure 4 
Solid-weld produced between sheets of Sic-reinforced 
Ti-6Al4V composite using capacitor-discharge resistance 
welding process. 

which contain S ic  particulate or whiskers, significant 
difficulties are commonly encountered due to the 
formation of porosity originating from the powder 
metallurgy processing of these materials. In addition, 
significant chemical interactions between the molten 
aluminum and S ic  particulate results. The formation 
of a lun~inun~ carbide (A14Ci) promotes embrittlement 
and poor corrosion resistance in aqueous environ- 
ments. Although high-temperature degassing has been 
shown to reduce porosity to acceptable levels, 
even the application of high-energy density processes 
such as laser and electron beam welding which promote 
extremely short reaction times, have been unable to 
completely preclude deleterious fiber-matrix interac- 
tions. The fusion welding of A l A  strengthened 
aluminum alloys produced by chill casting has been 
accomplished without either of the aforementioned 
difficulties, however, assuring particulate uniformity 
within the fusion zone does represent a potential 
difficulty. Although geometry limited, friction welding 
has been shown to be extremely effective in the joining 
of particulate-reinforced aluminum. Perhaps the 
greatest potential for joining MMCs with minimal 
fiber-matrix degradation is through the development 
of effective brazing or transient-liquid phase bonding 
techniques. 

4. Ceramics 
In 1990 ceramic materials for electronic packaging 
accounted for 80% of the total advanced ceramics 
market which was estimated to be USS3.6 x lo9. In 
1990, the structural ceramics and ceramic coatings each 
accounted for 10%. By the year 2000, the market will 
have grown to US$9.2 x lo9 with structural ceramics 
accounting for 20%. 

Although over a dozen processes have been used for 
ceramic joining, the most promising processes appear 
to be brazing, diffusion bonding, and plasma spraying. 
Functionally graded materials (FGM) and interlayers 
are expected to be used extensively in the future. Of the 
joining processes, brazing appears to be the most 
mature process with the ability to handle varied 
geometries while offering a large degree of robustness. 

Critical issues in ceramic joining include the 
development of guidelines for interlayer design to 
provide adherence, reduce residual stresses and provide 
the necessary oxidation and corrosion resistance. A 
clearer understanding of the critical role of joint design 
in minimizing residual stress and thereby improving 
joint properties and longevity is needed both at the 
theoretical and applied levels. The interfacial chemical 
reactions between ceramics and the interlayer materials 
need to be better understood and their influence on 
joint properties needs to be quantified. On a practical 
level, for structural applications, there is a lack of 
production experience and staff with knowledge of 
implementation of ceramic joining. In the applied area, 
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there is a need to transition the concepts from research 
on joining structural ceramics to the joining of 
electronic ceramics. An example is the field of reactive 
brazing and soldering. Another emerging but critical 
area is the joining of superconducting ceramics to 
themselves and to metals for electrical interconnection 
without loss of superconducting properties at the 
interface. 

5. Dissimilar Materials 
Although the joining of dissimilar alloys within the 
same alloy family can be readily accomplished using 
fusion welding techniques (e.g., carbon steel to stainless 
steel), the effective joining of materials from different 
alloy families represents perhaps the greatest challenge 
to the materials engineer. Differences in physical 
properties, such as melting point and thermal 
coefficient of expansion, and undesirable metallurgical 
interactions such as brittle intermetallic formation, can 
essentially preclude the joining of many dissimilar 
materials. Solid phase welding, transient liquid phase 
welding, and brazing offer the greatest potential for the 
joining of dissimilar materials. For example, friction 
welding and diffusion welding utilizing various 
interlayer "diffusion barriers" has been effectively 
utilized to join different materials, including nickel-base 
superalloys to titanium alloys. 

See also: Adhesives; Joining of Ceramics; Joining of Polymers 
and Composites; Joining Processes, Advanced 
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Joining of Ceramics 
In order to use ceramics in engineering components 
adequate joining technologies must be developed. 
Traditional ceramic applications have tended to exploit 
the good resistance to wear and chemical attack of 
ceramics. Other uses exploit the relatively low thermal 
conductivity of many ceramics and their use as 
electrical insulators. Increasingly engineers are at- 
tracted to ceramics for their good high-temperature 

properties. However, many new uses for these materials 
are limited by the much lower level of development of 
manufacturing technology for ceramics when compared 
with metals and polymers. Joining is one of these areas 
which needs much further development. In many 
applications ceramics will be used in conjunction with 
metals, exploiting a behavior such as a wear resisting 
face on a metal component. Examples of metal-ceramic 
combinations include current lead-throughs, zirconia 
thermal barrier coatings on nickel superalloy turbine 
blades, and silicon nitride turbocharger rotors joined 
to metal shafts. Thus, joining ceramics includes joining 
ceramics to metals. Many ceramic joining technologies 
involve metal intermediaries and so we must group 
both ceramic-ceramic and metal-ceramic joining 
together. 

Table 1 shows a range of metallic and ceramic 
materials with their physical properties. Ceramics tend 
to have high melting points, elastic moduli, and 
strength but low coefficients of thermal expansion. 
Their failure mode is brittle and flaw sensitive. These 
properties make it difficult to eliminate residual stresses 
present at metal-ceramic interfaces which form on 
cooling from joining temperature. Complex design of 
joints is often necessary to minimize these residual 
stresses and their presence can severely limit joint 
performance. Typical solutions to this problem have 
been the incorporation of ductile interlayers which 
relieve residual strains by plastic flow, the design of 
hollow or honeycomb interlayers of high elastic 
compliance, or the use of multilayer or graded 
composition joints which spread the change in physical 
properties over a larger volume than an abrupt 
interface. 

In principle many different techniques of joining and 
attachment are available for joining ceramics to 
themselves or to metals. Not all are truly practical for 
engineering components. Mechanical attachment is the 
easiest technique and has long practice in the 
refractories industry where hooks and dog-bone inserts 
or mortises have been used in furnace design. Bolted 
fixing has been used for ceramic piston heads, and 
clamps are used to secure heat resisting tiles to the 
leading edges of spacecraft reentry bodies. However, 
these are unsatisfactory solutions because of the need 
for holes, and significant clamping pressures can lead 
to failure. Shrink fits are commonly used exploiting the 
different coefficient of thermal expansion (CTE) found 
with metals and ceramics. Ceramic-metal joints in'the 
wider sense have been fabricated for some time, for 
example, enameling of metals is the joining of a thin 
glass layer to a metal substrate and this technique has 
been practised for over 2000 years. Quite large ceramic 
components are routinely joined in industry. Vacuum 
interrupters used in high-voltage switchgear consist of 
A l n 3  envelopes separating electrodes with dimensions 
of the order of 10 cm. Brazing or glass bonding is used 
in combination with ductile interlayers to reduce 
stresses. 




