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Abstract
Ceramics and metals are two of the oldest established classes of technologically useful
materials. While metals dominate engineering applications, ceramics have some
attractive properties compared to metals, which make them useful for specific
applications. The properties of individual ceramics and metals can vary widely;
however, the characteristics of most materials in the two classes differ significantly.
Joints between a metal and ceramic are becoming increasingly important in the
manufacturing of a wide variety of technological product. But joining ceramics to
metallic materials often remains an unresolved or unsatisfactorily resolved problem.
This chapter deals with problems of various studies in recent years on the joining
between two materials.
Keywords: ceramic, metal, joining, problems, reliability

1. Introduction
The successful application of ceramics in many devices and structures requires some type of
joining with metal [1]. Therefore, the ceramic-metal joints are used widely in the different
applications such as vacuum tubes, high voltage feed through, transistor packages, sapphiremetal windows, rocket igniter’s bodies and many others [2]. The new joining purposes for these
materials involve automobile engine components, such as the silicon carbide, silicon nitride and
yettria-stabilized zirconia. The ceramic rotor was joined to metal shaft by new method which
compensated problems in both shrink fitting and active brazing methods. The designing of
ceramic rotor was carried out in order to ensure the strength and durability of the component
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as well as to obtain the same aerodynamic characteristics as in the metal rotor. All applica‐
tions have depended upon improved mechanical and thermal properties, such as strength, and
resistance to fatigue, creep and oxidation.
Achieving high integrity joints between ceramics and metals, however, is a challenge. The
properties of ceramics that make them attractive may pose major handicaps for joint fabrica‐
tion. Due to the chemical inertness of ceramics, conventional joining methods for metals cannot
be used. To obtain adequate bond quality, high temperature and pressure are often required
[3] and bonding media with reactive elements have been used [4]. The chemical phenomena
occurring at interfaces determine the structure of the interface and hence, its properties. The
chemical reaction between the ceramic and the metal may easily initiate bond formation;
however, thick brittle reaction layers or intermetallics formed at the interface often cause
premature failure at very low stresses [5].
Even successful joint formation does not guarantee mechanical soundness of the joint. The
inherent differences in physical properties between the ceramic and the metal make it very
difficult to find an effective process to join that keeps detailed and comprehensive strength
and flexibility. There are two primary factors that cause the reliability issue of joint such as the
coefficient of thermal expansion (CTE) mismatch and the difference in the nature of the
interface bond. The thermal residual stresses are induced in a joint during cooling due to the
CTE mismatch and differing mechanical responses of ceramic and metal. This may lead to a
detrimental influence on joint strength [5, 6].
The aim of this chapter deals with problems of various studies in recent years on the joining
between two dissimilar materials. The focus is on the general problems, solutions and factors
influencing reliability with different ceramic-metal joining processes.

2. General problems in ceramic-metal joint
There exist many problems between ceramic and metal materials, such as the atom bond
configuration, chemical and physical properties, etc. These problems make the joining of
ceramics to metals difficult. The following main problems such as ionic bonds and covalent
bonds are characteristic atomic bond configurations of ceramic materials. The peripheral
electrons are extremely stable. Using the general joining method of fusion welding to join
ceramics with metals is almost impossible, and the molten metal does not generally wet on
ceramic surfaces [7].
When joining ceramics to metals with the brazing method, for example, metallization on the
ceramic surface is necessary with general inactive brazing filler metal or the use of active
brazing alloys in order to get a reliable joint. The thermal expansion coefficients of ceramics
are generally much lower than metals. Stress will be generated in the ceramic/metal joint due
to the thermal expansion mismatch and will degrade the mechanical properties of the joint
and can cause joint cracking immediate after the joining process. The thermal stress in the joint
due to the thermal expansion mismatch should be carefully considered when joining ceramic
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with metal. Many ceramics have low thermal conductivity and susceptibility to thermal shock.
Using the fusion welding method to join ceramics by concentration heating or with a high
energy density heat source, cracking in the ceramic easily occurs. It is necessary to reduce the
temperature gradient in and around the fusion zone as much as possible and to carefully
control the heating and cooling speed during the joining process.

3. Factors influencing reliability of ceramic-metal joint
Joining ceramics to metallic materials is not so easy to be carried out without considerations
of several problems originating from the differences in physical and chemical natures between
ceramics and metals to be joined [8, 9]. Figure 1 summarizes the several points, which may
cause large scatter in the strength directly. From the microscopic view, interface contact formed
by wetting, chemical and physical reaction at interfaces should be of concern in the first place
[10]. The cracking in the layer frequently reduces joint strength. Thermal or residual stress in
a joint becomes the other important factor. Large thermal stress both in joining process and in
services induces flaws into joints. These factors will reflect the distribution of unbonded or
weakly bonded is a land like defects on interfaces resulting in substantial reduction in joint
strength [11, 12].

Figure 1. Schematics of factors influencing on reliability of ceramic/metal joint [1, 12].
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The development of residual stresses is one of the major problems in the ceramic/metal joining
at the interface when the material is cooled down from the bonding temperature to room
temperature [13]. These residual stresses reduce the strength of the bonded material and in
some cases lead to catastrophic failure at or near an interface, during the joining process. The
mechanical analysis of a joint metal to ceramic is a very complex problem. There are many
different characteristics to look at ceramic/metal joints. Depending on the detailed application,
some characteristics are more important than others [14]. Therefore, in the following sections,
we will focus in the joining problems researches for factors influencing on reliability of ceramic/
metal joint.
3.1. Material reliability
The ceramic, because of its inherent brittleness, is the most critical material for obtaining
reliable joints [15]. The base properties of the bulk ceramic member are essential. When the
properties of the bulk ceramic are not sufficient, the thermal stress simply fractures the ceramic
member. Furthermore, the surface condition of the ceramic is also very important for the joint
reliability. The ceramics are produced by the different forming methods and a subsequent
densification during sintering at high temperatures. Due to high hardness and brittleness of
ceramic, any shaping complicated treatment often needs diamond cutting tools and abrasives.
Whereas it should avoid sharp edges and corners that may cause the concentration of tensile
stress [16]. Moreover, when the ceramic material is ground by a metal bonded diamond wheel,
microcracks are introduced at the surface of the ceramic. The size of the microcracks depends
on the diamond grit size of the wheel and also on the rate of material removal. The surface
damage can initiate major cracks in the ceramic by the thermal stress and, hence, result in an
unreliable joint. Therefore, the ceramic surface should be free of damage to obtain high
reliability joints. This condition can be met simply by using sintered ceramic materials.
However, nearly all sintered ceramic parts over about 2 cm in size should be grounded, because
distortion of the parts during the sintering requires grinding for dimensional control. Ground
ceramic materials should be treated further to obtain a defect free surface condition. This can
be performed by a resintering or lapping process. In the resintering process, the damaged layer
is healed through sintering. In the case of the lapping process, the damaged layer is physically
removed. It should be mentioned that the thickness removed by the lapping must completely
eliminate the surface damages [15].
3.2. Thermal expansion and residual stress
Residual stresses are stresses that remain in the materials joining after the original cause of the
stresses have been removed. Thermal residual stresses play the key role in the mechanical
behaviour of various joint materials. Thermal stresses may occur in a heated structure which
is rigidly constrained, and also in a structure with temperature gradients. Thermal residual
stresses in the ceramic/metal joints can be classified into three groups in accordance with the
mechanism that produces them. First, thermal stresses caused by a volumetric change, either
expansion or shrinkage, associated with phase transformation. For these stresses arise from a
phase change, the temperature must change to cause the phase change. Second, thermal

Current Issues and Problems in the Joining of Ceramic to Metal
http://dx.doi.org/10.5772/64524

stresses caused by a difference in CTE mismatch between two materials joined together. For
these stresses to arise from a difference in coefficients of thermal expansion, the temperature
may be changing or it may have stabilized. Third, thermal stresses caused by a thermal stresses
caused by a temperature gradient resulting in the thermal differential rates within the volume
of the material or within the structure and potentially lead to cracking. For these stresses to
arise from differential rates of expansion or contraction, the temperature must change and
produce a gradient, which may or may not persist. Whether the temperature gradient persists
or not, the thermally induced stresses from this source persist [17].
Ceramic-metal joints represent an important class of components because of their applications
in hostile environments. Examples can be found in different application such as automotive,
microelectronics, the aerospace industry or biomedical applications. Generally, a ceramicmetal joint develops a residual stress field, which has its origin in the thermomechanical
fabrication process and is due to the difference in CTE between the ceramic and metal
(Figure 2). Residual stresses have significant effects on the mechanical stability of the interface,
since they may cause plastic deformations on the metal side and cracking in the ceramic, thus
compromising the adhesion or even inducing failure of the joint.

Figure 2. Comparison of thermal expansion coefficients of metals and ceramics [18].

The residual stresses produced in the ceramic metal joint could be estimated for full elastic
conditions according to this equation [7]:
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sC =

Δa ´ ΔT ´ Em ´ EC
( Em + EC )

(1)

where σC is the residual stress after the joint cools to room temperature, Δα is the difference of
thermal expansion coefficient between materials, ΔT is the difference between joining tem‐
perature and room temperature, Em is a Young’s model of metal, EC is a Young’s model of
ceramic. If the thermal stresses in the metal exceed its yield strength, the residual stresses in
the joint could be determined by [7]:

s C = s my + Δa .ΔT .Emp

(2)

where Emp is the linear strain hardening coefficient and σmy is the yield strength of the metal
(linear elastic-linear plastic conditions are assumed).
The distribution of thermal residual stress is not uniform in the joint and even along the
interface between these different materials. The concentration of thermal stress becomes more
intense with the proximity of the interface [19]. The most harmful effect of thermal stress is
caused by the tensile stress at the interface or in the ceramic. The direction of the maximum
tensile stresses is mainly perpendicular to the interface and the free surface direction, causing
the crack opening and failure occurs. The breadth of thermal residual stress depends on the
shape and dimension of the ceramic/metal interface [20]. For example, the diameter depend‐
ence of the thermal stress of the Si3N4/invar alloy joint measured on the surface near the
interface as shown in Figure 3. The larger diameter leads to generate more thermal residual
stress. It is also noteworthy that stress concentration at the corner of the rectangular bond face
joint is more serious. The joint strength tends to decrease with increasing thermal expansion

Figure 3. Effect of size and shape of bond face of residual stress on Si3N4/invar alloy joints. The residual stress was
vertical to the interface on the Si3N4 surface [22].
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mismatch. However, it occasionally happens that some specimen will be strong but the other
will be weak even if they are the same kind [20]. This depends on the presence and distribution
of internal flaws induced by residual stress during joining. The strengths of the Si3N4/invar
(iron-nickel alloy) and Si3N4/kovar (iron-nickel-cobalt alloy) joints, which are differing in the
amplitude of thermal stress, were examined statistically [21].
The thermal stress may be relieved by two different methods according to Lemus-Ruiz’s thesis
[23]. One method inserts a metal with approximately the same thermal expansion coefficient
as that of the ceramic to decrease the magnitude of thermal stress generated, while the other
method involves thermal stress relief by using a ductile metal that easily develops plastic
deformation under thermal stress. These two methods may also be employed in combination.
Figure 4 shows a schematic illustration of thermal stress at a joint interface and the mode of
cracking due to difference of thermal expansion coefficient [24]. When the thermal expansion
coefficient, αC of the ceramic is smaller than that of the metal, αM, the ceramic is subjected to
tension stress and cracks at the edges, as schematically illustrated in Figure 4a, on the other
hand, when the thermal expansion coefficient, αM, of the metal is smaller than that of the
ceramic, αC; tensile stress acts on the core of the ceramic and cracks the ceramic, not at the
edges, but transversely at the core, as shown in Figure 4b.

Figure 4. Schematic illustration of thermal stress in joint interface and mode of cracking due to difference of thermal
expansion coefficient [23, 24].

To overcome for reducing the residual stress mentioned above, induced by the mismatch of
the thermal expansion coefficient between the materials to be joined, the following methods
can be used as reported by Zhou [7]: (1) Using soft filler metals, the soft filler metals have low
yield strength and could release the residual stress. (2) Using soft interlayer, the residual stress
could be reduced by the elastic and plastic deformation of an interlayer, e.g. when using Al or
Cu as interlayer, the residual stress is decreased. According to Eq. (1), the residual stress will
decrease with Young’s model Em decreasing. (3) Using hard metals of which the thermal
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expansion coefficient is close to ceramics as the interlayer. Using hard metals such as W, Mo
or invar as the interlayer, could reduce the residual stress. Their validity is not obvious when
hard metals with high yield strength are the interlayer. (4) Using composite interlayer where
the composite interlayers often constitute hard metals and soft metals, like Cu/Mo-Cu/Nb,
have a noticeable effect on reducing residual stress, with a combination of merits of those two
kinds of metals. (5) Joining under low temperature where the joining ceramic to metal at a low
temperature is good for reducing the joint deformation and effectively decreasing the residual
stresses. (6) Heat treatment after joining because the proper heat treatment post joining
sometimes releases the stress and the strength will vary based on the heat treatment. (7)
Appropriate configuration of the joint could decrease the stress concentration extent and
reduce the residual stress.
3.3. Interface reliability of the joints
Interfaces play critical roles in properties of many material systems such as composites,
coatings and joints. Particularly in ceramic to metal joints, the properties of interfaces have a
significant effect on the mechanical reliability of the joints. The mechanism of bond formation
at the interface determines the interface structure, which depends strongly on processing
conditions as well as materials. The bonding mechanisms can be categorized in terms of mass
transfer across the interface. When there is only charge transfer without mass transfer across
the interface, the bonding is called chemical bonding. In some literature, it is also called
physical bonding or adhesive bonding. When there is mass transfer across the interface such
as chemical reaction and diffusion, the bonding mechanism is called chemical reaction bonding
[5].
3.3.1. Chemical bonding
While atoms are the smallest units for solid-state physicists, interfaces are the smallest building
units for material scientists. Heterogeneous interfaces between two different types of materials
change the chemical bonding and new properties are formed [25]. Thus, the chemical bonding
holds a significant position as a joining technique in this case and includes a chemical bond
being created between both parts of the work through utilization of chemical reactions
occurring at the ceramic/metal interface. The chemical bonding problem in that joints can be
widely produced by chemical bonding at the interface between ceramics (ionic bonding,
covalent bonding) and metals (metal bonding), which basically have different bonding modes
[26].
The driving force for formation of ceramic-metal interfaces is the decrease in free energy (ΔG)
that occurs when intimate contact is established between the ceramic and metal surfaces [27].
The free energy change per unit area of interface formed is given by the Dupré equation [5]:
ΔG = g M + g C + g MC

(3)
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where γM and γC are the surface energies of the metal and ceramic, respectively, and γMC is the
metal/ceramic interfacial energy (Figure 5). When the bonding is chemical bonding and
interfacial separation occurs without plastic deformation of the metal and the ceramic, ΔG is
identical to the work of adhesion, Wad, which is the work required to separate a unit area of
interface into the two original surfaces. Combined with the Young’s equation [28], Eq. (3) can
be expressed as [26]:

Figure 5. Liquid metal drop shape depending on the contact time: (a) initial contact or rigid solid surface, (b) formation
of a ridge (vertical scale exaggerated) and (c) final equilibrium configuration on deformable solid [29].

Wad = g M + g C - g MC = g M (1 + cos q )

(4)

where θ is the measured contact angle between the liquid or the solid and in equilibrium with
a solid substrate. From Eq. (4), it is clear that the interfacial energy of the ceramic/metal, γMC,
decreases as Wad increases.
From Table 1 it can be seen that, in general, γMC for Al2O3-metal systems tends to increase with
the cohesive energy of the metal, which is directly related to its melting temperature (Tm). On
the other hand, if the ceramic-metal is a solid-solid system, Wad can be estimated by measuring
the dihedral angle, Ø, associated with residual voids on diffusion bonded interfaces [23].
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System

γMC (J/m2)

Tm of metal (°C)

Al2O3-Ag

1.57 at 700°C

960

Al2O3-Au

1.80 at 1000°C

1063

Al2O3-Cu

2.21 at 900°C

1083

Al2O3-Ni

2.20 at 1000°C

1453

Al2O3-Fe

2.73 at 1000°C

1536

Table 1. Interfacial energies of solid-solid Al2O3-metal systems [23].

If the interface ruptures in a brittle fashion, Ø can be measured using an atomic force micro‐
scope and Wad is then obtained from [23]:
Wad = g m (1 - cos Æ )

(5)

Another important consequence of Eq. (3) is that a stable interface requires a positive ΔG (or
Wad). For a number of ceramic-metal systems, Wad varies with the temperature, which provides
an explanation for the minimum temperature requirements to achieve bonding.
3.3.2. Chemical reaction bonding
When there is mass transfer across the interface, bonding is formed by diffusion or chemical
reactions. Chemical reactions at the interface lead to the formation of interfacial reaction layers
with properties that differ from both the ceramic and the metal [5]. This can have favourable
effects on joint quality by increasing the initial wettability of the metal on ceramic surfaces;
however, thick reaction layers increase volume mismatch stresses and thermal residual
stresses that detrimental to joint strength. Figure 6 shows a schematic illustration of the
chemical bonding methods and processes. Brazing for instance is a joining technique including
the anomalies and gaps which happen on the surfaces of the work being brought into a
condition of close cohesion by means of a liquid phase. It is also generally known that solidphase joining including good adherence which accomplished through heating, pressurization,
also distortion that occurs through the surfaces at work and also the interdependence of natural
temperature where it seemed direct contact for a period ranging between work surfaces
through the settlement and activation. It involves normal temperature tension threads that are
being made to produce a full-contact interface between these materials by an energy supply
from a source other than the thermal one and to create a joint in the interface in proximity to
its normal temperature.
The driving force for a chemical reaction is the chemical potential of the atomic species
involved. In many systems, chemical reaction is not expected if only the interaction of the metal
with non-metallic elements of the ceramic is considered. However, when all the possible
reaction potentials are considered, a net negative free energy can result, which indicates that
a chemical reaction is thermodynamically favourable. Equilibrium thermodynamics can use
to predict possible reactions at the interface. However, when there are more than three
elements in a ceramic-metal system, the prediction of all the possible reactions based on the
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phase diagram is nearly impossible. In addition, the extent and possibility of the reaction are
limited by kinetics for which data is not readily available for ceramic-metal interfaces [30].

Figure 6. Chemical bonding of ceramics and metals [26].

Reaction phases such as brittle intermetallics and solid solutions often cause interfacial failure
at very low stress [5]. An increase in bonding temperature and excessive time generally
enhance chemical reactions and lead to thick reaction layer formation, which may decrease the
joint strength. At interfaces where planar reaction layers form the thickness of the layer is often
optimized by controlling bonding conditions to prevent interfacial debonding or brittle
interfacial fracture along the reaction layer. In many ceramic-metal systems, it is observed that
the growth of the reaction layer follows a parabolic rate law. It is found that the reaction
product tends to be bonded to the ceramic with a coherent interface.
3.3.3. Pores and unbonded areas on interface
Unjoined area is frequently formed at the edge of a joint. This edge defect weakens the joint
extremely as it works as a notch induced on the interface and one must control the formation
of an edge unjoined band. The inhomogeneity in deformation of the metal layer will also reflect
the strength. In the case of the reaction gas releasing system, the reaction in the outer region
may be promoted by continuous evacuation. This will cause excess thinning of the ceramic at
the edge region.
If the interface reaction emission gas as the reaction product, the pores loaded with the gas
might be left on the interface bringing about the hindrance of contact. The Si3N4/Ni interface
is one of the cases. This interface is feeble because of the nearness of pores along the interface.
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At the point when nickel contains nitride forming elements, for example, chromium, no pore
is formed at an interface and the strength is improved.
In the actual joining sequences, a perfect interface connection over the whole interface is hardly
achieved within a certain joining period and temperature limited by the progress of interface
reaction. Whereas the base surface roughness and applied pressure with a couple of critical
features, which significantly affect the accomplishment of interfacial contact in the solid state
bonding as well as in welding [31]. In solid-state joining, and advanced interfacial contact that
plastic deformation in the next early stage that creep deformation and diffusion at a later stage.
Basic effects pressure to achieve contact by plastic deformation at the elementary stage.
Unjoined islands are formed inevitably on the interface joints under limited pressure. It will
depend on the breadth of pressure, time, temperature and different material factors such as
stress flow [32]. The relationship between the fracture stress and the unjoined area of the solidstate bonded Al2O3/Nb joint are shown in Figure 7. Apparently, the increase in unjoined area
decreases the strength of the specimen [33].

Figure 7. Bending strength of individual Al2O3/Nb joints as a function of unjoined area formed on interface [32].

3.4. Mechanical reliability of the joints
The important factor in mechanical reliability is a deviation in the mechanical strength.
Knowing the distribution mode of the strength of ceramic/metal joints is significant for the
evaluation of reliability. Ceramic materials have a strength distribution obeying the Weibull
theory in general. Several researchers suggested the possibility of adopting the Weibull theory
to the distribution of the strength of ceramic/metal joints [19].
In the Weibull theory, the cumulative distribution function of fracture, F(σ), is written as [19, 34]
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0

F (s ) = 1 - exp(- ò ((s - s u ) / s O ) m dV ))

(6)

g

where σu , σ0 and m are the zero probability strength (location parameter), the scale parameter
and the flaw density exponent (shape parameter). Below σu, the stress becomes zero; conven‐
tionally, σu is set to be zero.
Figure 8 illustrates the sample geometry and test configuration used in the mechanical
characterization of ceramic/metal joints. This characterization of the interfacial strength by
pull-off or shear-off tests has several limitations. The first one relates to the variety of techni‐
ques used by different research groups, making it difficult to establish a mutual comparison
of results. The shear test provides an alternative way to assess the mechanical strength of
interfaces. Samples are easily produced, but the results are generally lower than those obtained
for bend and tensile tests. The selection of an appropriate method for measuring the bond
strength is dictated by the purpose of testing, but the bonding process and parameters affecting
the mechanical quality of the bond can be monitored by both fracture mechanics and conven‐
tional testing methods. The bond strength values obtained also depend on the testing technique
chosen. Bend test values are generally higher than tensile test values for joints and for brittle
ceramic materials. The shear stress test is one of the simplest techniques. However, the shear
stress at the interface is not simple shear and it always contains a component of tensile stress
that originates from a bending moment, which cannot be neglected. The influence of a slight
change of the push position and the fixing condition on the stress distribution is very impor‐
tant. Therefore, the shear test is not recommended for the common evaluation method.
Bending and tensile test has almost the same stress distributions as those derived from

Figure 8. Sample geometry for mechanical tests of joining specimens: (a) tensile; (b) three-point bending, (c) four-point
bending, (d) plain shear and (e) shear on ring/cylinder [1, 30].
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analytical equations. However, the elastic constant mismatch between ceramics and metal
induces inhomogeneity in stress distribution [23].
In the case of three-point bending, the peak stress occurs only along a single line on the surface
of the test bar opposite the point of loading. The tensile stress decreases linearly along the
length of the bar into the thickness of the bar, reaching zero at each bottom support and at the
neutral axis, respectively. The probability of the largest flaw in the specimen being at the
surface along the line of peak tensile stress is very low. Therefore, the specimen will fracture
at either a flaw smaller than the largest flaw or a region of lower stress. Four-point bend testing
results in lower strength values for a given ceramic material than does three-point bending.
The peak of the stress distribution in a four-point bend specimen is present over the area of
the tensile face between the load points. The tensile stress decreases linearly from the surface
to zero at the neutral axis and from the load point to zero at the bottom supports. The area and
volume under peak tensile stress or near peak tensile stress is much greater for four-point
bending than for three-point bending, and thus the probability of a larger flaw being exposed
to high stress is increased. As a result, the modulus of rupture (MOR) or bend strength
measured in four-point is lower than that measured in three-point. Uniaxial tensile strength
results in lower strength values for a given ceramic than does bend testing. Figure 9 illustrates
that in the case of uniaxial tension the complete volume of the gauge section of a tensile test
specimen is exposed to the peak tensile stress. Therefore, the largest flaw in this volume will
be the critical flaw and will result in fracture.

Figure 9. Comparison of the tensile stress distributions for three-point, four-point and uniaxial tensile test specimens
[23].
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The strength of metal/ceramic joint materials is generally characterized by bending tests, also
referred to as flexure testing. The test specimen can have a circular, square or rectangular cross
section and is uniform along the complete length. As shown in Figure 10, the test specimen is
supported near the ends and the load is applied either at the centre, for three-point loading,
or at two positions for four-point loading.

Figure 10. Derivation of the modulus of rupture equation for three-point and four-point bending [23].

The bend strength is defined as the maximum tensile stress at failure and is often referred to
as the MOR. The bending strength of a rectangular test specimen can be calculated using the
general flexure stress formula:
S = M .C / I

(7)

where M is the moment, C is the distance from the neutral axis to the tensile surface and I is
the moment of inertia.
For a rectangular test specimen [23]:
I = a.b3 / 12

(8)

C =b/2

(9)

and
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where b is the thickness and a is the width of the specimen.
From Figure 10, it is possible to illustrate the derivation of the three-point and four-point
flexure formulas for rectangular bars. We can observe that: M = (L/2)⋅(F/2) in the case of threepoint and M = (F/2)⋅d for four-point test.
Therefore, for three-point bending:
S = s 3P =

3.F .L
2.a.b 2

(10)

S = s 4Pt =

3.F .d
a.b 2

(11)

And for four-point bending test:

For most ceramic materials, the apparent strength will decrease when going from three-point
to four-point to tensile testing and as specimen size increases.
Whatever joining processes are used, the successful formation of the joint depends on ach‐
ievement of intimate contact between the base materials, conversion of the intimate contact
into an atomic bonding/reaction, accommodation of residual stresses induced by different
thermal and mechanical properties between the base materials undergoing temperature
change. Each joining process is characterized by the methods and conditions employed to
achieve intimate contact and to promote bond formation between the work pieces.

4. Ceramic-metal brazing problems
Brazing is a process for joining similar or dissimilar materials using filler metal [35, 36]. The
filler metal is heated slightly above its melting point so it flows, but the temperature remains
lower than the melting point of the ceramic metal joints (Figure 11). Flux or an inert atmosphere
is utilized to keep two surfaces that have joined and brazing material from oxidation during
the heating process. The filler material flows over the base metal and ceramic, and the entire
assembly is then cooled to join the pieces together. Brazing forms very strong, permanent
joints. Brazing is considered to be well-established commercial processes for ceramic metal
joints also [37], where it is widely used in industry, in different parts, because almost every
metallic and ceramic material can be joined by this process. Generally, brazing can easily be
performed by manual techniques, but, in many cases, it can just as easily be automated if
necessary.
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Figure 11. Brazing schematic [38].

Brazing has numerous focal points over other metal-joining methods, for example, welding
[39]. Since brazing does not fuse the base metal of the joint, it permits much more tightly control
over resilience and produces a perfect join without the requirement for optional wrapping up.
Furthermore, dissimilar metals and ceramic can be brazed. When all is said in done, brazing
likewise creates less thermal deformation than welding because of the uniform heating of a
brazed piece [39]. Complex and multi-part assemblies can be brazed cost-effective. Another
feature is that the brazing can be covered or clad for defensive purposes. Finally, brazing is
effectively adjusted for large scale manufacturing and it is anything but difficult to mechanize
on the grounds that the individual procedure parameters are less delicate to variety [40].
One of the major disadvantages is the absence of joint strength when contrasted with a welded
joint because of the softer filler metals utilized. The strength of the brazed joint is liable to be
not as much as base metals but more than the filler metal [41]. Another disadvantage is that
brazed joints can be damaged under high temperatures. The brazed material joints require a
high purity when done in an industrial environment. Also some applications for brazing
require the utilization of satisfactory fluxing agents to control cleanliness. The colour of joint
is frequently not quite the same as that of the base metal, making a stylish disadvantage.
The two major problems when the joining these materials by brazing process are firstly the
differences in physical properties between ceramics and metals, and secondly the poor
wettability of ceramics by most metals and alloys [42, 43]. The first problem in joining ceramics
to metals for high-temperature results from the huge contrasts in thermal expansion behav‐
iour. At the point when the thermal expansion of these materials get together is modified, these
differences in the thermal expansion behaviour can prompt high stresses [42]. This condition
is regularly subsequently heightened by thermal inclinations that rise as a result of thermal

175

176

Joining Technologies

diffusivity contrasts between the metal and ceramic. Ceramic for the most part have high elastic
moduli and low-relaxation characteristics which prevent relief or redistribution of the stresses.
The low tensile strengths of most ceramics may then make them unable to resist fracture under
such stresses [44, 45]. Another problem of wettability is overcome with the use of an activated
braze alloy, where an active element, e.g. Al, Zr and Ti, alters the surface chemistry of the
ceramic by the formation of intermediate reaction layer and lowers the wetting angle of the
molten braze on the ceramic [46, 47]. The compounds that form are commonly spinels for the
oxide ceramics and complex nitrides for the ceramic nitrides [39]. For the purpose of address‐
ing this problem should be used high vacuum or high-purity reducing or inert-gas atmos‐
pheres are necessary for the successful brazing process.
Cazajus et al. [48] have studied the thermal stresses in the ceramic-metal joining after brazing
process. The framework of this study is the thermomechanical analysis and the simulation of
the brazing process of ceramic and metal joining. Figure 12 gives the physical phenomena
involved during brazing and their coupling relations. The brazing is a joining process which
produces the coalescence of materials by heating them to a suitable temperature or by using
a filler metal, having liquids under the solids of the base materials. The difference between
ceramic and metal thermal expansion coefficient (CTE) leads to the development of residual
thermal stresses during cooling from brazing process to room temperature which reduce the
join strength. The design of joints in material engineering and the optimization of the industrial
brazing process require to control and to examine such a phenomenon. The conclusions from
that paper can be drawn for different parameter effects on residual stresses during the brazing
process simulation. The mechanical behaviour and geometrical parameters have a significant
influence on the residual stress distribution and their maximum values. The difference
between ceramic and metallic material’s CTE and the metallic materials elastoplastic proper‐
ties are the most important parameters of the assembly mechanical behaviour. The ratio
between the alumina height and stainless steel (HA/HSS) represents the most important
geometrical factor (Figure 13). The cooling conditions and the filler metal yield stress evolution
depending on temperature have only a significant impact on the residual stresses evolution
during the brazing process and not on the final value [49, 50].

Figure 12. Physical phenomena during brazing process and their couplings [48].
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Figure 13. Geometrical parameters of the ceramic metal assembly [50].

Shirzadi et al. [51] developed the general method for brazing ceramics to metals using
compliant metallic foam as a buffer layer. Using stainless steel foams, bonds between alumina
and 316 Stainless Steel with shear strengths up to 33 MPa have been achieved. From this study,
it is found that the utilization of metallic foam as a buffer layer between ceramic and metal
could be an efficient method to avoid the mismatch that occurs in thermal expansion between
the two materials when bonded together by brazing. They have been exhibited that the joints
were tolerant to serious thermal cycling tests. The number of thermal cycles (200–800 °C in
normal condition) to disappointment of 67 ± 3 through the thermal cycling test. According to
shear test results, the fracture mode was ductile because of the flexibility in the region based
on the layer of foam. The fracture surfaces of the samples brazed without and with foam after

Figure 14. Fracture surfaces of joints without and with metallic foam following thermal cycling between 200 and 800
°C in air. Number of cycles to failure were <1 and 60 ± 4 for samples without and with a foam interlayer, respectively
[51].
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thermal cycling (200–800 °C in air) as shown in Figure 14. It showed the former ‘cup and cone’
break inside the ceramic after the first cycle, while the latter failed from the interface of the
ceramic foam after more than 60 cycles.
The article of Walker and Hodges [52] is intended to familiarize the designer with brazing
methods commonly used to join metals to ceramics, discussed the advantages and disadvan‐
tages of two methods, and show the relative tensile strengths obtained from samples fabricated
using these methods. In most article cases discussed, 94% alumina ceramic (6% glassy phase)
ASTM-F19 tensile button samples were joined to Fe-29Ni-17Co alloy using a gold-or silverbased braze filler metal (Figure 15). The article is limited to the two metallization methods
most commonly used for joining metals to ceramics: the molybdenum-manganese/nickel
plating method and physical-vapour deposition or thin-film method.

Figure 15. Commonly used ceramic metallization methods: (A) moly-manganese metallization process; (B) thin-film
metallization process [52].

At the point when ceramics production are to be brazed, especially in those conditions where
the coupling part is a metal, the individual differential thermal coefficient of thermal expansion
between the coupling parts is of foremost significance. When in doubt engineers have a
tendency to expect that the coefficient of thermal extension of a metal will be a few times that
of a ceramic. This is not generally genuine, be that as it may. For instance ceramic, for example,
silicon nitride and silicon carbide do, in fact, have low coefficient of thermal extension, and
issues emerging from stresses produced amid the cooling stage can be normal in conditions
where such materials are brazed to stainless steels or copper both of which being metals that
have a high coefficient of thermal expansion. However, titanium, titanium alloys and some
exceptional materials, for example, invar and kovar each have a coefficient of thermal expan‐
sion which is near that of alumina, while expansion coefficients of molybdenum and tungsten
are near those of both silicon carbide and silicon nitride. This implies while picking the ‘active’
filler material that will be utilized for a specific employment it is fundamental to decide the
differential coefficient of expansion that exists between the materials that are to be joined.
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5. Ceramic–metal solid-state joining
Solid state joining is a gathering of joining procedures which produces cohesion at tempera‐
tures basically underneath the melting point of the base materials being joined, without the
expansion of brazing filler metal. Pressure might possibly be utilized. These procedures are
infrequently mistakenly called solid state bonding forms: this gathering of joining procedures
incorporates friction welding, diffusion and laser welding. In all of these welding processes,
the parameters such as temperature, time and pressure separately or together to produce
ceramic metal joint without melting of the base metal. Solid-state bonding process contains
some of very oldest processes and some of them new. The bonding processes provide certain
advantages as the base metal do not melt and compose an interface. The materials that joined
keep their original properties without the heat-affected zone problems included when there
is no melting for base materials [53]. At the point when dissimilar metals are joined their
thermal expansion and conductivity is of substantially less significance with solid state
welding than with the arc welding processes. Time, temperature and pressure are included;
nonetheless, in some processes the time component is to a great degree short, in the microsec‐
ond run or up to a few moments. In different cases, the time is reached out to a few hours. As
temperature expands time is generally decreased. Since each of these processes is different
each will be qualified.
5.1. Ceramic-metal friction welding
Friction welding is a solid state joining that produces a bond under the compressive force of
one rotating workpiece to another stationary workpiece [54]. Heat is generated at the weld
interface during the friction between two materials because of the non-stop rubbing for
different contact surfaces, which is produced later in the softening of metal (Figure 16). Finally,
the metal side at the weld interface begins to flow elastically and forms an axial shortening [55].
When a certain amount of forging had occurred, the rotation stops and the compressive force
are maintained or slightly increased to consolidate the weld. Some of the important operational
parameters in friction welding are friction time, friction pressure and rotation speed [56].
Friction welding, like any welding process, has its specific advantages and disadvantages. The
following are some advantages of friction welding such as no filler metal is needed. Flux and
shielding gas are not required. The process is environmentally clean, no arcs, sparks, smoke
or fumes are generated by clean parts [58]. Surface cleanliness is not as significant, compared
with other welding processes, since friction welding tends to disrupt and displace surface
films. There are narrow heat affected zones. The process is suitable for welding most engi‐
neering materials and is well suited for joining many dissimilar material combinations. In some
cases of weld, the strength of the joint is equal to or greater than the strength of the weaker of
the two materials joined. The bond that is created by the mechanical intermixing and solidifi‐
cation of the two materials is strong and free from voids and porosity. It can be cost effective
and offers design engineers many more options than other methods.
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Figure 16. Basic steps of friction welding of ceramic and metal [57].

There are also some limitations of the process like; one workpiece must have an axis of
symmetry and be capable of being rotated about that axis. Preparation and alignment of the
workpieces may be critical for developing uniform rubbing and heating, particularly with
diameters greater than 50 mm. Capital equipment and tooling costs are high. Dry bearing and
non-forgeable materials cannot be welded. If both parts are longer than 1 m, special machines
are required. Free-machining alloys are difficult to weld [59].
For a particular application, heating time is determined during the setup or from previous
experience [57, 60]. Excessive heating limits productivity and increase wastes material.
Similarly, uneven heating as well as entrapped oxides causing unbonded areas at the interface
may be due to insufficient welding time. The ranges of effective pressure are not essentially
slight for forging and heating, although the selected pressures should be reproducible for any
specific process. Friction pressure has influence on the axial shortening distance and the
temperature gradient in the weld zone [61]. The friction pressure depends on the materials
being joined and the surface joint geometry [59]. Selected pressure must be high enough to
hold the faying surfaces in intimate contact to avoid oxidation. Joint quality is improved in
many metals, including steels, by applying a forging force at the end of the heating period.
On the other hand, the rotational speeds are related to the welding material and welding
diameter in the interface. They may have different effects on the mechanical properties of the
friction joint. Increase the rotational speed may lead to more frictional heat at the interface,
thus leading to a greater amount of softening materials, recrystallization, or even increased
intermetallic formation [62]. In addition, depending upon the type of materials joined or more
accurately, the physical and mechanical properties involved the rotational speed of the
production of the various effects on the quality of the joint Therefore, an appropriate rotation
speed must be used to minimize any harmful effects and produce good quality of joints is an
effective pressure range pressure.
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Weiss [63] studied the residual stresses and strength of friction welded ceramic/metal joints.
From this article, based on friction welding results of different ceramic materials to an
aluminium alloy, the effect of residual stresses on the strength of ceramic-metal joints was
calculated numerically. Heat conduction process calculations to evaluate the temperature
distribution have been conducted by the method of finite element (FEM), using hardware
experimental data for input. From this chapter, the theoretical analyses clearly show that edge
geometry of the joint in the area of the interface (flash) has a strong effect on the weld joint
strength. Improvement of weld joint strength seems to be possible by optimization of the
geometry in the area of the weld interface. The effect of joining parameters on ceramic metal
joint strength through residual stresses is comparatively low. However, the welding parame‐
ters may have more effect on the joint strength by means of the bonding process, resulting in
higher or lower bonding strength [64].
Rombaut et al. [65] summarized of the literature review performed during the master thesis
on friction welding on dissimilar materials. Of main interest in this work is the welding of steel
to a ceramic material such as alumina (Al2O3). Because of the difficulties involved in the
production of welding sound for this material combination, and not a lot of literature is
available on this topic. This work begins with a discussion about the basics of friction welding
and typical problems encountered in steel welding with ceramic. There are three major reasons
related to joining problems noted for these materials combination. First, there is an important
variance in the type of atomic bonds between metal like steel and ceramic. The joining in the
ceramic is mostly from the nature of the ionic or covalent (usually a hybrid of these), while
metals have a metallic bonding character. Second, there is often a very large difference in the
thermal expansion between these materials. Ceramic is usually lower coefficient of thermal
expansion. When two parts of materials cool down after joining, the thermal stresses will be
push in the weld interface, this may lead to cracking after that. Third, the brittle mode and
porous of ceramics makes it very hard to absorb fabrication defects. The strength of a ceramic
is highly dependent of its grain size and surface roughness [66, 67].
Seli et al. [68–70] presented the evaluation of mechanical and interfacial properties of friction
welded alumina-mild steel rods with use of A6061 sheet as an interlayer. A preliminary
simulation was made to predict the deformation, stress, strain and temperature distribution
during the joining operation using a fully coupled thermo-mechanical FE model. This paper
also starts with a discussion on the basics of friction welding and typical problems encountered
in welding the dissimilar materials. Problems related to friction welding of dissimilar materials
are not only related with specific characteristics such as melting point and hardness, but also
with the reactions that occur at the joint interface. Metals generally have a coefficient thermal
expansion higher than ceramics. Therefore, when joining ceramics to metals using friction
welding, it will be induced very large thermal stress and in many cases these large stresses
cause joint failure In order to overcome this problem, the development of solid-phase bonding
processes, which a metal or composite metal-ceramic layers are placed between the ceramic
and metal surfaces to be joined [62, 71, 72].
Uday et al. [20] investigated the effect of welding speeds (630–2500 rpm) on the mechanical
strength of friction welded joint of alumina-YSZ composite and 6061 aluminium alloy. From
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this study, alumina-0, 25 and 50 wt.% YSZ composite with 6061 aluminium alloy joints were
welded successfully by friction welding. The bending strength values of alumina-25 wt% YSZ
composite joint obtained were greater at a rotational speed of 630 rpm than at 2500 rpm. The
bending strength values at the joints were smaller in the pure alumina joint at a rotational
speed of 1250 rpm than at 2500 rpm. The joint with large thermal expansion mismatch
decreased the strength. However, it occasionally happens that some specimen is strong but
the other is weak even if they are of the same kind. This depends on the presence and distri‐
bution of internal flaws induced by thermal stress during the joining process. The ceramic
composite (Al2O3-25 wt.% YSZ) joints were welded productively at the low rotational speed
(630 rpm) compared with pure alumina when joining with aluminium alloy by friction
welding. The frictional heat at low rotational speeds (630 rpm) [73] produced lower tempera‐
ture gradients in the surface of friction, with temperature falling in the radial direction. Friction
at high speed 2500 rpm produced more heating along the whole of the interface. The lower
heating of the rod end-faces reduced stresses within the rod material [59, 74].
5.2. Ceramic-metal diffusion bonding
Diffusion bonding is a joining method where the principal mechanism for joint formation is
diffusion solid-state. Coalescence of the faying diffusion surfaces is accomplished through the
application of pressure at raised temperature. No melting and limited macroscopic deforma‐
tion or relative motion of different parts occurs during bonding. A filler metal (diffusion aid)
can or cannot be used between the faying surfaces [75]. It has involved interest as a means of
joining ceramic and successes have been realized by controlling the microstructure of the
interfaces formed. The first condition for diffusion bonding is to create an intimate linking
between two surfaces to be joined to the atomic species comes into intimate contact. Further‐
more, to a good connection, there must be enough diffused between the materials in a
reasonable period of time. Pressure can be applied by hot press or hot isostatic press on a
diffusion couple. Figure 17 shows illustrations of events during metal/ceramic diffusion
bonding in solid-state [76].
Diffusion bonding is primarily employed in the joining of dissimilar materials, i.e. dissimilar
metals, metal-glass, metal-ceramic and ceramic-glass, either directly or through the use of
interlayers [1, 30, 77, 78]. It offers numerous points of interest, mostly the strength of the
bonding line, which is equivalent to the base metals. The microstructure at the bonded area is
precisely the same as the origin materials. Otherwise, this point of interest joining process
requires a few entirely controlled conditions: spotless and smooth contacting surfaces which
are free from oxides, and so forth, high temperature condition to advance diffusion process
[79–81]. Then again, diffusion holding requires a considerably more joining time. Also, the
equipment expenses are high because of the mix of high temperature and pressure in vacuum
situations. This frequently constrains the part measurements, which might be unfavourable
from a financial viewpoint [79].
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Figure 17. Sequence of events during metal-ceramic diffusion bonding [1].

The main process parameters which control the diffusion bonding process are temperature,
time and pressure [82]. Process temperature parameter is the most important because of the
way in a thermally activated process, a slight change in temperature will lead to a significant
change in the kinetics of the process compared with other parameters, and almost all the
mechanisms, including plastic deformation and disseminate sensitive to temperature [83]. The
temperature chosen is typically in the region of 0.5–0.8 of the absolute melting temperature of
the component having the lower melting point [84]. Hence, melting and melting related defects
are avoided in diffusion bonding process [76, 79, 85].
Zhang et al. [86] have introduced the research and development of joining methods of ceramics
to metals, especially brazing, diffusion bonding and partial transition liquid phase bonding.
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From this article, the diffusion bonding is a technology to achieve compact joint by diffusion
of atoms, even chemical reactions between materials or interlayer and materials. The diffusion
of atoms in interface is carried out by several mechanisms, such as the replacement of near
atoms, movement of clearance atoms and movement of vacancies, etc. The surface of the
materials to be joined must be clean and flat (the roughness less than 0. 4 μm). Joining time
can be a few hours at a mild temperature (0. 6Tm , Tm is melting point of metal to be joined),
also can be several minutes at high temperature (0. 8Tm, ). Diffusion bonding can be achieved
with inserted interlayer [87–92] or without interlayer [93, 94]. The diffusion interlayer can
reduce the cracking, relax the thermal residual stress and improve the joining strength. The
diffusion interlayer is produce of different element active to ceramics, such as titanium,
niobium and zirconium etc.
Burger and Ruhle [95] studied the material transport mechanisms during the diffusion
bonding for niobium (Nb) to alumina (Al2O3). According to this chapter, the many different
material transport phenomena may occur during the diffusion bonding process of a metal to
a ceramic at high temperatures. The operating transport mechanisms depend on the selected
combination of materials as well as on the bonding conditions. So from this work, the results
were completed in which different faces in the niobium surface were bonded to a polished
alumina surface. The niobium metal had either a very flat polished surface, or well-defined
flaws of different shapes and dimensions and that were presented into the surface. The authors
were found that the chemical reactions control the transport of materials and according to the
conditions chosen for these experiments. As well as the interdependence of the diffusion
joining of ceramics and metals requires that two couples have a near contact over the entire
area of the joint interface. Even if all defects are detached, there may still be residual thermal
stresses due to reaction layers, dislocations, facets, chemical gradients, dislocation arrange‐
ments, and precipitates formed during bonding. On Nb/Al2O3 interfaces, thermal stresses are
expected to be rather small since the thermal expansion coefficients of both materials are very
near. No reaction layer was perceived.
5.3. Ceramic-metal laser welding
Laser welds bonding technique is a new kind of welding technology [96]. It has been developed
as an alternative to adhesive bonding and laser welding. Laser welding has a small heat effect
zone, which has little effect on the adhesive bonding area [97, 98]. The adhesive in the fusion
zone decomposes during the laser welding process, which produces little effect on the
properties of the joint. Thus, it can be assumed that laser welding and adhesive bonding hardly
affect each other (Figure 18). The advantages of laser welding and adhesive bonding are both
included in the laser weld bonding technique. The adhesive provides excellent stress distri‐
bution over large bonding areas and laser welding improves the peel resistance of adhesives.
Thus, a laser weld bonding joint has better mechanical properties than either a laser welded
or adhesive bonded joint alone. Laser welds bonding is a new hybrid technique that combines
metallurgical joining, mechanical joining and chemical bonding [96].
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Figure 18. Schematic of the principle of laser welding process [99].

The development of more effective joining techniques for structural ceramics could also have
a great impact on their use in mass-produced components. However, there are several
challenges on component manufacturing by ceramic processing techniques and by the material
themselves. Deformation densified ceramics to form complex shapes is practically impossible
because most ceramic materials are brittle even at elevated temperatures. Moreover, ceramics
are undesirable for mass production because of their high cost and machining difficulties.
Effective ceramic joining techniques can play an important role in improving the reliability of
ceramic structures as well [100]. Ceramics are very sensitive to flaws, due to the quality of raw
materials used in their production and to the characteristics of various processing techniques,
such as machining. Several techniques have been developed to join ceramics for structural
application: brazing with filler metals; diffusion bonding; microwave joining; and the use of
interface layers designed to form a thin transient liquid phase at a relatively low bonding
temperature [97].
Many studies have been previously conducted on laser interactions with various metals and
semiconductors, but few have been done in the processing of ceramics with lasers [101]. The
advanced ceramic composite technology has offered more opportunity to fabricate complex
structures of composite ceramic lasers, due to the availability of perfect inherent interface
characteristics. One of the main problems in fusion welding of ceramics is to control cracking
because of the residual thermal stresses. The result has been to give extra heating in a more
extensive region around the zone of weld so that the net thermal slope of the extra heating and
the joining source is presently adequately low so that no residual thermal stresses sufficiently
high to cause cracking when reached [102]. This extra heating also allows the part to be heated
and cooled very slowly enough to avoid thermal shock. In order to avoid weld cracking, and
heated ceramic samples with radiant energy formed by halogen lamps, which have been
collected by the indicators [103].
Exner and Nagel [104] have investigated about the laser welding of functional and construc‐
tional ceramics for microelectronics. They presented successful method of a laser welding
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technology developed in the Laser Institute of Mittelsachsen (Germany). The investigations of
alumina laser welding with a purity of 97% showed that in general the technology is suitable.
Furthermore, it enables them to carry out the procedure without furnaces and in a natural
atmosphere within only a few minutes. It was established, that the high quality of laser welding
joints are achievable. Homogeneous structure and lead to no loss of power also, loss of tangible
property is not known. The technology permits joining up to a thickness of 3.5 mm. Through
using particular preheating it is conceivable to settle the material by metals. The shortest
distance from the joining area is more than 25 mm. Implementation of the technology develops
the application of ceramic dramatically. All the outstanding advantages of the laser material
processing are useful: touchlessness, flexibility , precision and high velocity [104].

6. Conclusion
Advanced ceramics are key materials and are widely used in the electronics, fuel cell, sensor,
insulator and Bioengineering fields. The joining of ceramics to metal is necessary and un‐
avoidable in the miniature manufacturing field. Ceramic-metal joining processes and their
resulting interfaces have been extensively studied over the years. New developments in the
field have granted structural ceramics new horizons in applications involving adverse
conditions and reliable materials. However, there still remain several unknown problems.
Further experimental evidences could allow a more detailed understanding of the joining
mechanism. A small size component (up to approximately 15 mm in diameter) can be joined
by using a soft metal or a laminated interlayer for limited kinds of ceramics. How to join large
size one with a metal is, however, still one of serious problems because the size dependence
of residual stress is so severe. Since most of structural components will be used at elevated
temperatures, the examinations on high temperature properties such as strength, oxidation,
thermal expansion and thermal stress are required.
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