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is possible to obtain specific properties in the bimetal. A good
example of it is the bimetallic materials, which deflect in pro-
portion to temperature and are used in thermostats and other
temperature sensing devices that can be used at high temper-
atures by appropriately combining high strength and thermal
expansion properties (1–3).

If two metals with very different expansion coefficients are
bonded together, the obtained assembly will bend in response
to temperature. If a bimetal of this type with a length, L, and
a total thickness, d, is supported at one end, it can be demon-
strated that the curvature will be maximum if:
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where Ei is the Young’s modulus of each material and ai is its
thickness. For many metals E1 � E2 and, in most of the cases,
the volume fraction of the two metals is around 50/50. Under
these conditions, the following equation can be deduced to ex-
press deflection, D, as a function of the change in tempera-
ture �t:

D = K
(�t)L2

d
(2)

and K is a deflection constant including thermal expansion
differences and Young’s moduli. For a large deflection, K and
L have to be maximized and d minimized. Given that the
Young’s moduli of metals differ slightly, modifications in K
have to be carried out through the proper selection of the
thermal expansion coefficients. Most bimetallic strips use a
very low thermal expansion coefficient material, in most of
the cases Invar (Fe–36Ni), bonded (corolled) to a high ther-
mal expansion coefficient material. This last material used
to be brass, but now it is either Fe–(�20)Ni–(�4)Cr or Mn
(�72)–Cu(�18)–Ni(�10) alloys with thermal expansion coef-
ficients above 20 10�6 K�1.

The deflection can also be increased by choosing L large
and d small. However, in most of the cases, the relation be-
tween them is fixed by design given that the bimetallic strip

BIMETALS often must exert a force to act on an electric switch or to move
a control component, and a compromise is required.

Materials used in industry are often required to satisfy a set Bimetals are also used to position shadow mask in color
of properties (mechanical/thermal, electrical, magnetic, me- TV and monitors.
chanical/environmental) that are difficult for a single mate-
rial to meet. Sometimes it is possible to select a material with
a suitable combination of properties, but as the severity of the FABRICATION OF BIMETALS
requirements increases, the availability of suitable materials
becomes very limited. A rational way of resolving such prob- Although conventional fusion welding techniques are capable

of joining certain combinations, it is a slow process and there-lems is to design the component so that it properly combines
the properties of two different materials. This requirement fore not practical when applied over large areas. Solid-state

joining processes (4,5) offer several advantages. A large areahas resulted in the development of bimetals.
As an example, for components demanding both high can be welded easily and a wide range of dissimilar metals

can be joined. Therefore, the fabrication techniques used arestrength and corrosion resistance, the surface (e.g., stainless
steel, Ni alloy, Ti) can be designed to resist attack by the envi- based on bonding by diffusion, which involves holding the

components under load at elevated temperatures and oftenronment and the bulk (e.g., carbon steel) can be optimized for
load-bearing. In other applications, corrosion resistance and imparting important plastic deformation to the assembly

formed by the two metals.electric conductivity are required, and copper clad with Ti, Ni
alloys or stainless steel bimetals have been developed. When This deformation is not always used (6) to produce bimet-

als, but when it takes place, the codeformation of both materi-mechanical strength is required instead of corrosion resis-
tance, carbon steel and copper are used. In other cases, als imposes some flow stress requirements (mechanical com-

patibility). On the other hand, the diffusion that occursthrough an appropriate selection of materials and design, it
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during the bonding of both materials at elevated temperature SOLID-STATE BONDING
imposes some requirements of mutual reactivity (chemical
compatibility). Both aspects are discussed later. Although different methods are used to produce bimetals

(4,5), one of the more broadly used techniques is ‘‘diffusionFigure 1 shows some basic manufacturing techniques for
producing bimetals with different geometries. The most com- bonding’’ together with its variant ‘‘deformation bonding’’ (6).

Diffusion bonding is a solid-state process by which two sur-mercially exploited technique for sheets is roll bonding. In
this case sheets of dissimilar metals are cold or hot rolled faces are joined under pressure at an elevated temperature

as a result of diffusion-controlled processes. Generally, thetogether to obtain a bimetallic sheet (7,8). This technique is
the main one used to produce bimetallic strips for thermo- surfaces to be bonded are not flat, and the applied pressure

must be enough to ensure that the surfaces are in intimatestatic elements. In this case, after hot roll bonding, the bi-
metal is further reduced in thickness by cold rolling and sup- contact. This supposes that a minimum macroscopic deforma-

tion is involved in the process. In fact, the amount of deforma-plied, in most of the cases, as rods or as disks. Hot rolling is
also used to produce clad bars (9). In the case of tubes, coex- tion distinguishes the so-called ‘‘pressure or deformation

bonding,’’ where bulk deformation of the parent metals takestrusion is carried out with a solid tube and a powder or solid
outer shell [see Fig. 1(a)]. An alternative route from a solid place (when bonding and forming are carried out in one oper-

ation), from that called ‘‘diffusion bonding,’’ where the appliedbillet is also being used industrially (10). Hot isostatic press-
ing (HIP) is a technique widely applied for other types of ge- pressures are low, just enough to ensure surface contact. The

latter requires a much longer time to complete the process.ometry (11–13).

(a)

(b) (c)

Vacuum evacuator

Vacuum
sealing

Pressure
HIP

Pressure

Bimetal

Metalic encapsulator(copper, mild or stainless steel)

Metal 2

Metal 1

Roll bonding

Figure 1. Schematic representation of manufacturing techniques used in the production of bi-
metals: (a) coextrusion; (b) co-rolling; (c) hipping.
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Figure 2. Schematic representation of the different steps in

(1) (2)

(3) (4) closing porosity during bonding.

This requires using vacuum or inert gas atmospheres to avoid one or two mechanisms for diffusion bonding were considered
and models were restricted to specific alloys. Derby and Wal-surface deterioration by contamination.

Diffusion bonding in the solid state does not occur by one lach (18,19) developed a void shrinkage model for diffusion
bonding including all possible bonding mechanisms. Later on,dominant mechanism, but rather, is a consequence of one or

more possible mechanisms that operate singly or in parallel. Hill and Wallach (20), updated this model and included the
effect of grain size and the contribution of grain-boundary dif-Each mechanism is assumed to result in material transport

so that the energy associated with the interface voids is mini- fusion to void closure. In these models, it was assumed that
all mechanisms occur independently and the total voidmized and its size reduced. The possible mechanisms in-

clude (4) shrinkage rate can be obtained by a sum of the rate equations
for all mechanisms. The predictions of these models have
shown reasonable agreement with experimental results for1. Plastic yielding of surface roughness
copper and iron. Guo and Ridley (21) developed a new model2. Power-law creep of the surface roughness
whose predictions of the bonding time for copper and the Ti-3. Surface and volume diffusion that alters the shapes of
6Al-4V alloy gave better results than the previous models.the voids
Furthermore, Pilling and co-workers (22) considered the effect

4. Grain boundary and volume diffusion from the bond in- of grain size on diffusion bonding which in addition to the
terface to reduce the void volume. common mechanisms, is of particular significance in super-

plastic materials (23). One feature common to all of the previ-
Bonding occurs in two main stages. In the initial stage the ous models is that deformation is assumed to occur under con-
plastic deformation of the roughness increases the contact ditions of plane strain that reduces the problem to two
areas until the local stresses decrease below the yield stress. dimensions. Pilling et al. (24) developed a model for the con-
This instantaneous bonding is sometimes called Stage 0, and stitutive equations describing the kinetics of diffusion bond-
may result in approximately 10% bonding depending on the ing under an isostatic state of stress. The use of the finite
process conditions. In a codeformation process, it is the only elements methods (FEM) allows modeling the bonding of dis-
stage. Then the process continues by shrinkage of irregularly similar materials and research is being done in this field
shaped voids that remain between the contacting areas by (25,26). This same method is also being used to model codefor-
creep and diffusion mechanisms (Stage I). Finally Stage II mation bonding processes and the conditions under which
begins when the voids become more or less spherical or cylin- fracture is produced in extruded tubes (27,28).
drical. During this stage the voids shrink and finally disap- The use of interlayers in the form of metallic foils or coat-
pear by creep and by grain-boundary and volume diffusion ings (electroplated, evaporated, or sputtered), is widespread
from the bond interface. Recrystallization and grain-growth in diffusion bonding of joints (29). Interlayers lead to reduced
phenomena which occur at these final stages of bonding elimi- values of pressure, time, and temperature used for bonding
nate the planar grain-boundary interface and increase the and involve diffusion welding or diffusion brazing (joining of
strength of the joint. The bonding stages are shown in Fig. 2. two metals by producing a liquid at the bond interface) if the

Modeling the diffusion bonding of similar materials has melting point of the interlayer is lower than that of the parent
been carried out by several authors (14–24). In these models, metals (30–32). These interlayers must be carefully selected
rate equations for each of the various material transport to avoid changes in microstructure or composition (interme-
mechanisms summarized previously are used in conjunction tallics formation) which could adversely affect the properties
with material properties and process parameters to predict of the bond.
the extent of bonding under different conditions for different
metals. The main differences among the approaches arise

Factors Controlling the Bonding Process
from the geometry used for the surfaces, that is, the shapes
of the voids and the models used for void shrinkage during In practice, the properties of the materials to be joined to-

gether, such as the diffusion coefficients, their mechanicaldiffusion bonding (14). In the earlier approaches (15–17), only
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properties and the conditions in which the bonding is carried
out, define the bond strength. Following are the main pro-
cess parameters:

• Pressure. Required to get contiguity between both mate-
rials to be joined on an atomic scale. Pressure causes
some local deformation, reduces the roughness of the sur-
face, and increases the contact area between both materi-
als. Creep helps bonding.

• Deformation. In principle, the pressure necessary to pro-
duce bonding is lower than that required to produce plas-
tic flow of the materials. However, in practice, codefor-
mation is used most times to produce a strong bond. The
role of deformation is to break the oxides formed at both
surfaces to be bonded, but it can modify the bonding pro-
cess itself, as can be seen in Fig. 3 (33).
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• Temperature. Required to increase the bonding rate be-
Figure 4. Concentration profiles calculated from Eq. (1) (solid lines)cause it favors creep, plastic deformation, and diffusion.
compared to experimental profiles (symbols) for an AISI 4130/Inconel

Normally a temperature close to 0.7 Tm is used, where 625 couple bonded by hot pressing at 1050�C (33).
Tm is the melting point of the materials. If bonding is
carried out between materials with different melting
points, the lower of the melting points is used.

face with respect to external references (Kirkendall effect)
• Time. Both creep and diffusion processes are tempera-

(35). Several works show in depth how characterization of theture- and time-dependent. Consequently, for a given tem-
interface is undertaken for different types of bimetalsperature, a minimum time is required to promote atomic
(33,36–40).exchange between both materials and closure of the po-

The interdiffusion occurring across the interface producesrosity.
concentration profiles such as those shown in Fig. 4, for the

• Surface conditions. The roughness of the surface defines couple AISI 4130 low allow steel/Inconel 625 (34). Given that
the contact area of both materials and, consequently, in- the transport of elements is controlled by solid-state diffusion,
fluences the bonding rate. The presence of oxides is very the extent of solute distribution close to the interface follows
detrimental for diffusion bonding. In certain cases, such error type functions (41,42).
as titanium and its alloys, the strong oxide films they
form can be removed from the surface by dissolving them
in the matrix during the joining operations because of C = C1 + C2

2
− C1 − C2

2
erf

[
x

2
√

Dt

]
(3)

the high solubility of oxygen in these materials (34).

where x is the distance from the interface, t is the bondingInterface Characterization
time, D is the diffusion coefficient, and C1 and C2 are the con-

Solid-state bonding used to produce bimetals involves atomic centrations of the element in both materials, respectively. The
interdiffusion across the initial interface to obtain a metallur- curves in Fig. 4 are based on Eq. (3) and the calculated diffu-
gical bond. This affects by diffusion a band of material around sion coefficients of each element (33). Interdiffusion is also
the interface. This diffusion leads to phase transformation analyzed similarly in more complex systems (43,44). Addition-
and the formation of new phases, induces grain growth (6), ally, the possible occurrence of the Kirkendall effect is used
and produces microporosity and the displacement of the inter- to calculate the intrinsic diffusion coefficients (45).

The final strength of the bond is the result of all of the
changes in the microstructure. Pores or cavities produced by
deficient bonding reduce the toughness and fatigue life. Eval-
uating bonding requires mechanical tests, some of them spe-
cific, and microstructural characterization coupled with frac-
tographic analysis (46). Different mechanical tests are
normally used to evaluate the bond strength (47–51). How-
ever, certain authors report that the impact test is by far the
most sensitive to bond quality, and is directly affected by mi-
croporosity (52).

MECHANICAL AND CHEMICAL COMPATIBILITY

As noted previously, pressure and temperature have to be ap-
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plied and the reaction between the chemical components of
the two materials determines how the bond is achieved, itsFigure 3. Influence of the applied stress on the diffusion coefficient

of Fe and Ni (T � 1150�C) (33). quality, and the nature of the final interface.
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Additionally, the industrial process of codeformation is re- metals exhibit good strength and ductility, the same
properties are found in the region of the bond.ally a deformation process of two dissimilar materials in

which bonding also takes place. Therefore, it is clear that the 2. The two metals form intermetallic phases and/or lim-
codeformation imposes the conditions, from a mechanical ited intermediate extended solid solutions. The effect of
point of view, necessary to carry out the process correctly. such intermetallics on the mechanical properties de-

pends on their size and distribution across the interface.
Mechanical Compatibility Thin layers strengthen the bond line, whereas thick-

nesses in excess of 1 �m to 2 �m markedly decreaseThe conditions required to bond both materials are related
mechanical properties (58).to the relative strength of the materials at the moment of

codeformation. The yield stress ratio between the two materi- 3. The two metals are not soluble in the solid state. The
als becomes one of the most influential variables (53–55). bonding operation is much more delicate in this case

In bimetallic tube production, current practice has shown because adhesion is the main bonding mechanism and
that when the ratio between the strengths of the two materi- is very dependent on the physical and chemical aspects
als is below about 2 : 3, the materials are coextruded without of the interface (59).
problems. When the ratio is higher than these values, some
problems occur. Sometimes, for instance, the tube is not Systems with Extended Solid Solubility. Different bonded car-
smooth and has some protrusions at constant intervals, like bon steel/stainless steel or Ni, Ni–Fe alloys couples are con-
bamboo. Therefore, it is important to know the flow stresses sidered to be in this group. For these combinations, all the
of the two materials as a function of the temperature and the substitutional elements have extended solubility at each side
strain rate to choose the best conditions for performing the of the interface, and no intermetallics are formed. However,
codeformation without problems. Figure 5 shows an example the carbon interstitial element of the steel diffuses into the
of the mechanical analysis required to find the conditions un- alloy and forms carbides in the matrix or at the grain bound-
der which steel AISI 4130 and Inconel 625 are mechanically aries.
compatible (56). Note that the compatibility of these materi- AISI 4130/2205 Duplex Stainless Steel. The structure ob-
als requires too high a temperature and too low a strain rate tained at the low alloy steel/duplex stainless steel interface is
and is difficult under industrial codeformation conditions. But shown in Fig. 6 (60). A first band (Zone 1) of about 80 �m
this couple is suitable for producing bimetals, if other bonding formed by austenite with M23C6 carbides precipitated at grain
methods are used (57). boundaries can be seen. As the distance from the interface

increases, ferrite begins to replace the carbides at austenite
Chemical Compatibility: Case Studies grain boundaries (Zone 2) until the correct austenite/ferrite

proportion of the duplex stainless steel is reached (Zone 3).An equilibrium diagram indicates the different reactions ex-
AISI 4130/INCONEL 625. Figure 7(a) shows a detail of thepected during the bonding of two different metals at elevated

interface and the region close to it on the Inconel side of thetemperature. In the case of alloys, binary diagrams are not
previously mentioned couple obtained by hot extrusionsufficient, and multicomponent diagrams are necessary.
(10,33). The diffusion of carbon from the steel to the super-Three principal types of binary diagrams occur in welding two
alloy leads to the precipitation of carbides in the latter. De-pure metals:
carburization of the steel close to the interface is denoted by
a zone with an increased ferrite percentage compared with1. The two metals form only extended solid solutions. This
the microstructure of the base steel.is very favorable for diffusion bonding, and if the base

Figure 7(b) shows a transmission electron microscope
(TEM) image of the region around the bond interface. The
Inconel shows a work-hardened substructure of cells and dis-
locations in addition to carbides rich in Cr, Mo, and Nb. The
nature of these carbides is illustrated in Table 1. On the steel
side (below the line AA�), a precipitation-free austenite band
between 1 and 2 �m wide is formed parallel to the interface
by the enrichment of this region of steel with Ni.

AISI 4130-INCOLOY 825. Figure 8(a) shows a detail of the
region close to the interface on the Incoloy side of an AISI
4130/Incoloy 825 couple. A large number of carbides rich in
Cr and Mo can be observed. In a band of about 10 �m, precipi-
tation takes place both at the grain boundaries and inside the
grains, but for greater distances from the interface, carbides
are precipitated mainly on the grain boundaries (60).

Figure 8(b) shows a TEM micrograph of the region close to
the interface. The line A–A� represents the interface, which
has an undulating appearance at this magnification. The In-
coloy shows a work-hardened substructure of cells and dislo-

σ
σ

= 0.173  s–1

= 0.52  s–1

= 1.68  s–1

= 5.33  s–1

950 1050 1150

Temperature (°C)

2

3

4

5

p
 (

In
co

n
e

l)
 /

  
p
 (

st
e

e
l)

.

.

.

.

cations, in which the previously mentioned carbides can be
observed. On the steel side (below the line A–A�), some struc-Figure 5. Effect of the strain rate and temperature on the relative

strength of Inconel 625 and AISI 4130 low alloy steel (56). tural arrangement of the bands is apparent. The first band,
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Figure 6. Scanning electron microscope (SEM) image showing the sequence of microstructures
at an AISI4130/2205 bonding interface (duplex stainless steel side) produced by hot extru-
sion (60).

(a) (b)

Figure 7. Region of the interface of an AISI 4130/INCONEL 625 couple bonded by hot extrusion
(33): (a) SEM image and (b) TEM image.
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steel close to the interface to nickel-rich austenite, which re-
mains stable at room temperature. The presence of this band
shifts the interface between the austenite and the ferrite to-
ward the steel side.

This austenite band is nearly free of precipitates and prob-
ably is caused by its high carbon solubility, agreeing with
what has also been suggested by Ayer et al. (38). As a conse-

Table 1. Types of Carbides Found in the
Vicinity of the Interface

Carbides Rich in Carbide Type, see Ref. 61

Nb MC
Mo M6C
Cr M7C3 (only close to the interface) M23C6

quence of the more rapid diffusion of chromium and nickel
through the grain boundaries, compared with bulk diffusion,
this band penetrates along some steel grain boundaries (see

less than 1 �m wide, is formed by austenite grains elongated Figs. 7 and 8).
in a direction parallel to the interface and completely free of Zone III: Large Carbide Precipitation Region. In this region on
precipitates. Twinned plate martensite is formed next to the the nickel alloy side, a copious precipitation of carbides takes
austenite band. It seems that the concentration of elements place on grain boundaries and inside the grains. These car-
diffused from the superalloy in this region is not sufficient to bides are rich in the carbide-forming alloying elements in the
stabilize the austenite but provides adequate hardenability to Ni alloy.
obtain martensite on cooling. Finally, the steel shows a struc- Zone IV: Low Precipitation Region. In this region which cor-
ture of ferrite and pearlite. responds to larger distances from the interface, precipitates

In summary, some common microstructural features can are found only at the grain boundaries, denoting that carbon
be deduced from the analysis of the different steel/nickel,

also diffuses for longer distances along grain boundaries than
Ni–Fe or Ni–Cr alloy combinations (62), as illustrated in the

in the bulk.scheme representing the evolution of the microstructure
Zone V: Base Nickel Alloy. This region corresponds to thearound the interface, shown in Fig. 9. To describe clearly the

base microstructure of the nickel alloy.variation of the microstructural features, the region is divided
into five zones referred to by Roman numerals.

Formation of Intermetallics. A Ti alloy/stainless steel coupleZone I: Base Steel. This region corresponds to the base steel.
is considered here. This combination is a good example of in-The microstructure is a function of the heat treatment and
termetallic forming systems because it is well known that Tidepends on the cooling rates after bonding (33,60). Close to
forms a large set of intermetallics with iron, Ni, and Crthe interface a higher percentage of ferrite can be observed,
(63,64) which are the base of the present steel to be bonded todenoting decarburization of the steel in this region.
the titanium alloy. When Ti is bonded to a superalloy, similarZone II: Austenite Band. The diffusion of nickel and chro-
behavior is observed (43,65). Other couples of large practicalmium from the nickel alloy to the steel side at the bonding

temperature transforms an increasing volume of the base importance also form intermetallics (66–69).

(a) (b)

Figure 8. Region of the interface of an AISI 4130/INCOLOY 825 couple bonded by hot extrusion
(60): (a) SEM image and (b) TEM image.
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Figure 9. Scheme representing the microstructural
evolution close to the steel/nickel alloy interface. Zone: V IV III II I

Original interface Final interface

Ti 6242/AISI 316L. Figure 10(a) shows TEM micrographs of only the major elements Fe, Ti, and Cr in AISI316L-Ti6242
couple, a ternary phase diagram section corresponding to ana zone close to the interface of the AISI316L-Ti6242 diffusion-

bonded couple (44). The A–B lines in the micrograph repre- appropriate temperature can be used (see Fig. 11) (70). If the
evolution of the element concentration across the interface issent the interface, and some structural arrangement in bands

is clearly apparent. The phase sequence across the interface considered, a trajectory, such as that drawn on the previously
mentioned phase diagram, is obtained. The region, containingis shown in the corresponding scheme of Fig. 10(b).

Starting from the AISI 316L stainless steel side, a region the FeTi intermetallic as a major phase, corresponds to the
composition range included between the points A and B in the1.6 �m wide is formed by the 	 phase. Small particles can be

observed within this phase, TiC carbide on the grain bound- Fe–Ti–Cr ternary phase diagram. However, a �-Ti phase in
equilibrium with the FeTi intermetallic is observed for thearies and Ti5Cr7Fe17 
 phase inside the 	 grains. Another in-

termetallic narrow band of an Fe2Ti phase follows, succeeded higher Ti contents in agreement with observations in Fig. 10,
where some particles of this phase are observed into the FeTiby a wider region of about 2 �m formed by a FeTi intermetal-

lic toward the Ti alloy. Within this, some small particles of �- band. By lowering the Ti content the composition moves
within the region FeTi��-Ti�� (a solid solution betweenTi (�0.3 �m) appear widely dispersed. There are, also, other

kinds of particles, whose chemical composition is compatible Fe2Ti and Cr2Ti) of the equilibrium diagram. The presence of
several particles, rich in Cr and different from those of freewith a �(CrFe)2Ti phase. This �(CrFe)2Ti phase is located

close to the �Fe2Ti phase producing a very narrow (around 0.2 �-Ti (see Fig. 10), experimentally confirms the predictions of
the equilibrium diagram. Finally, for the lower Ti content, the�m) discontinuous band. A narrow region 4, about 0.4 �m

wide is also clearly observed, which corresponds to a possible composition trajectory is within the region of ��FeTi of the
equilibrium diagram which is compatible with the band inFeTi2 intermetallic phase. However, both crystallographic

structures and chemical analyses are also compatible with which FeTi and (Fe,Cr)2Ti phases coexist. The following band
of intermetallics found at the interface is that in the composi-the Fe2Ti4O phase. The oxygen necessary to form this phase

probably comes from the initial interface. tion range between points B and C in the ternary phase dia-
gram of Fig. 11, corresponding to the � solution formedFinally, the Ti6242 alloy is observed, and within this alloy

at about 0.7 �m from the interface with the last intermetallic, mainly by Fe2Ti. The 	 phase is not on the diagram at this
temperature but can be assumed to form on cooling (44). Thea chain of small particles (�0.3 �m) rich in Si and Zr is pres-

ent. These particles (trapped during the polishing on emery particles of the 
 phase found experimentally are also pre-
dicted by the phase diagram.at the free surface of the austenitic 316L stainless steel) indi-

cate the evolution of the original interface showing the occur- The interface formed on the Inconel-Ti6242 couple, ana-
lyzed in the previous paragraph, has been described in therence of the Kirkendall effect (45).
same way, using the Ni–Ti–Cr diagram in this case (43).

The Use of Phase Diagrams. The formation of a complex in-
terface including intermetallic phases in alloys with only par- The Use of Interlayers. Depending on their thickness (58),

intermetallics at the diffusion couple interface, produce brit-tial solubility of their elements makes it difficult to under-
stand the diffusion processes at the bond. tle debonding when tensile stress is applied (71). The assem-

bly fails in tension without any plastic deformation at the in-The extension of the different intermetallic and the compo-
sition profiles depend on interdiffusion across the different terface and at a stress level corresponding to the yield stress

of the softer material. If good mechanical properties are re-phase interfaces. But the ternary phase diagrams correspond-
ing to the main elements in each couple define, at least quali- quired, it is necessary to optimize the bonding operation to

avoid the formation of intermetallics (use of interlayers) or totatively, the distribution of the different phases. Considering
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use very fast bonding systems [explosive bonding (72,73)] to layers avoids forming TiC on the bonding line and the associ-
ated very poor quality bonding produced through the inhibi-avoid or minimize the formation of brittle intermetallics (74).

One or several thin metallic interlayers aid in ensuring tion of substitutional element diffusion (44). For steels with
low carbon content (stainless steel), in which case Fe and Tichemical compatibility between the two base materials (75–

77). Ultimate tensile strengths above 450 MPa with elonga- interdiffusion is possible, a similar combination suppresses
the formation of intermetallics.tion above 10% have been obtained by diffusion bonding of

Zircalloy and austenitic stainless steel, using the sequence of The thickness of the interlayers has to be optimized in
terms of the mechanical properties of the assembly and theinterlayers 304/Cu-V-Ti/Zy (78).

A good material for an interlayer is one presenting ex- diffusion distance across the different interfaces during the
bonding process. A thick interlayer of a soft material im-tended solid solubility with the other two in between which it

is placed, among other properties (79). The phase diagrams pairs the mechanical response of the assembly. On the
other hand, a thin layer allows diffusion across it and theallows proper selection. In some cases, no chemical compati-

bility with both materials to be bonded is possible, and a set formation of intermetallics [see Fig. 12(b)]. In this case,
the 	-Ni9V21 brittle phase has formed by diffusion of Niof interlayers has to be used. This is the case shown in the

micrograph in Fig. 12(a) where the following sequence has over the Cu layer to the next V interlayer during heat
treatment after bonding (80).been used: AISI 4130/Ni/Cu/V/Ti64. The use of these inter-

(a)

Ti 6242
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FeTi

Fe2Ti
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(CrFe)2Ti

TiC
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Figure 10. Transmission electron micrograph of the intermetallics at the interface of the couple
AISI/316L/Ti6242 diffusion bonded (44).
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HEAT TREATMENTS

In certain cases, the thermal cycle given to the materials to
join them together by diffusion is not suitable for producing
the best combination of properties in each material. Given
that the bimetallic material is composed of two different met-
als or alloys needing different heat treatments, very often the
heat treatment for the bimetallic must be a compromise be-
tween the treatments appropriate to each of the materials
(60,81,82).

Figure 13(a) shows the variation of 0.2% proof stress, ulti-
mate tensile strength, and ductility (measured as elongation
to fracture) of a combination AISI 4130/Incoloy 825 with tem-
pering temperature (30 min tempering) following quenching
after 30 min of austenitising at 920�C (82). Another example
is shown in Fig. 13(b) for the combination AISI 4130/duplex
stainless steel with the same conditions of heat treatment as
before, except for the austenitising temperature which is now
950�C (81). The hardness of the steel side is also included
in both cases. As expected, the mechanical strength and the
hardness decrease, and elongation increases with tempering
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temperature.Figure 11. Ternary phase diagram for the Fe–Ti–Cr system (60).
Heat treatment involves time and temperature and conse-The compositional trajectory across the interface after bonding has

quently activates additional diffusion across the interface, asbeen drawn as the dark line (44).
shown in Fig. 14 for carbon (60). Now, the region where chro-
mium carbides are found is broader than that just after bond-
ing (see Fig. 6). The carbide precipitation enhancement pro-Interlayers can be used, as well, with a completely differ-
duces Cr depletion in the matrix and can be detrimental toent purpose to modify the properties of the bimetal assembly.
the corrosion resistance of the couple. However, in certainIn the case of thermostats, the resistivity of both materials
cases, with appropriate heat treatment (83), the M23C6 pro-forming the bimetal is quite high, and a low resistivity mate-
duced in the bonding process in a T11 low alloy steel /347Hrial, like copper or nickel, is used as an interlayer to increase

the heating rate (under an imposed voltage). austenitic stainless steel couple is changed to NbC. In this

(a) (b)

Figure 12. SEM micrographs showing the AISI 4130/Ni/Cu/V/Ti64 interface: (a) after bonding
by hot isostatic pressing (HIP) and (b) the same as (a) plus a heat treatment of 15 min at 960�C
followed by 60 min at 550�C.
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Figure 13. Variation of 0.2% proof stress, ultimate tensile strength, and ductility as a function
of the tempering temperature: (a) AISI 4130/Incoloy 825 combination (82) and (b) AISI 4130/
Duplex Stainless Steel (81).

way, the corrosion resistance of the stainless steel cladding be seen in Fig. 15 for the Ti/Inconel 625 bimetal (71,80). The
is recovered. effect of such debondings on the flow curve are sudden drops

in stress shown in the same figure. Two drops are observed,
corresponding to the two bonding interfaces in the three-layer

MECHANICAL PROPERTIES tensile samples analyzed. It can clearly be seen that there is
some dispersion in the quality of the interfaces because de-

When joining dissimilar materials, the mechanical properties bonding occurs at different deformations.
of the assembly depend, first of all, on the properties of the Additionally, even when a thick layer of intermetallics is
base materials and on the quality of the bond. The bonding is present at the interface, as with the Ti/Inconel 625 couple
of quality if it overcomes a tensile or shear stress correspond- (43), about a 5% elongation can be applied before debonding
ing to the flow stress of the softer of the two materials

proceeds. In this same case and agreeing with the results in(84–86).
Fig. 15, the contribution of bonding �	B to the strength of the
assembly is relatively high (�130 MPa).

Strength of the Interface The use of interlayers to inhibit the formation of brittle
intermetallics during bonding prevents debonding, and a con-When intermetallics are present at the interface, tensile tests
tinuous flow curve is obtained, as can be seen in the samecarried out with the tensile axis parallel to the interface pro-

duce debonding before the materials finally fracture, as can figure.

Figure 14. Microstructure at the duplex stainless steel side of the same couple as in Fig. 6,
after austenitizing for 30 min at 950�C, quenching, and tempering for 30 min at 550�C (60).
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Figure 15. (a) Experimental flow curves
for the Ti/Inconel 625/Ti and Inconel 625/
Cu/V/Ti/V/Cu/Inconel 625 assemblies. (b)
Detail of the debonding at the interfaces.
(c) Final fracture of Ti in the first couple.
(d) Prevention of debonding in the second
assembly when appropriate interlayers
are used (71,80). (c) (d)

The Rule of Mixtures Application of Finite Elements Method

When tested in tension with the tensile axis parallel to the The tensile behavior of bimetals can also be analyzed by the
finite elements method (88,89,92). The results proposed byinterface, the flow properties of metallic bimetals can be ex-

pressed as weighted averages of the component properties the FEM analysis for bimetallic specimens indicate the exis-
tence of interactions between the two materials during theand, therefore, can be estimated using constitutive equations

of the materials and the rule of mixtures, assuming uniform tensile test under the hypothesis of isodeformation. This in-
teraction produces a modification in the behavior of both ma-deformation (87):
terials relative to the behavior of the materials tested individ-
ually under the same conditions. The present results indicateσB(ε) = V1σ1(ε) + (1 − V1)σ2(ε) (4)
that the rule of the mixtures is followed up to the strain at

where 	B(�) is the flow stress of the bimetal at strain �, 	1(�) which necking starts. Prediction of these strains for different
and 	2(�) are, respectively, the flow stresses of the two constit-
uents, and V1 is the volume fraction of the first constituent.

Equation (4) has been used with success for tensile speci-
mens with different volume fractions of bonded materials, as
can be seen in Fig. 16 (71,88,89) and has shown generally
good agreement with experimental results in continuous fi-
bre-reinforced composites and sandwich sheet materials
(50,90,91). However, it has been reported (71) that, for UTS,
a best fit to the experimental results is observed when a modi-
fied equation is used:

(UTS)B = [V1σ1(εu) + (1 − V1)σ2(εu)] exp(−εu) (5)

where �u is the uniform strain that is calculated from the
equation

dσB

dε
= σB (6)
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The rule of mixtures is also followed approximately in other Figure 16. Yield stress and the UTS for the couple AISI 4130/In-
bimetallic combinations with and without the use of interlay- coloy 825, as a function of the volume fraction of the steel Vs

(71,88,89).ers (56,71,80).
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Figure 17. Finite elements method (FEM) stress level devel-
oped at: (a) steel, (b) Incoloy, during tensile testing of bime-
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tallic and monolithic specimens. (71,92).

heat treatments and the proportion of the different alloys is
crucial for modeling bimetallic behavior. It seems that inter-
action between the materials produces a complex state of
stresses at some point and a premature onset of necking, as
has been observed experimentally.

Figure 17 shows the level of the different stresses devel-
oped in each material of the previously mentioned 4130 steel
and Incoloy 825 couple during tensile tests of bimetallic speci-
mens (71,92). From the figure it is clearly apparent that up to
the strain at which necking commences, only the axial stress
	11 has a significant value and that the difference in the
stresses developed in the same material when it is alone or
in the bimetallic specimen is negligible. Once the strain corre-
sponding to necking is reached, the steel in the bimetallic as-
sembly supports lower stresses than when tested individu-
ally, and the opposite happens with the Incoloy 825.

In the figures it is also observed that tensile (positive)
transverse stresses perpendicular to the interface (	22) are ac-
tive and higher for the Incoloy 825 in the bimetallic specimen
than when it is tested individually. The opposite happens
with the steel.

It has also been shown by the same methods that shear
strains participate in the failure of these materials and they Figure 18. Fracture surface of the AISI 4130/Incoloy 825 couple for

which debonding takes place before final fracture (71).must be related to the shear stresses developed. These
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(a) (b)

Figure 19. Fracture surfaces of: (a) the AISI 4130 Steel and (b) the Ti alloy, in a region close
to the bonding interface where the use of interlayers avoids debonding before final fracture in
an AISI 4130/Ti 64 alloy couple (80).

stresses are higher, the higher the proof stress of the steel. field of bimetallic materials. Dr. Y. Bienvenu is gratefully ac-
knowledged for his suggestions.These predictions agree with results found experimentally.
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réusées par soudage-diffusion-dynanique, La Revue de Métallur- Vols. 127–131, pp. 869–876.
gie-CIT/Science et Génie des Matériaux, May 1998. 72. C. T. Wang and R. Hardwick, Industrial Applications of Ti and

41. Y. Adda and J. Philibert, La Diffusion dans les Solides, Tome I Zr: Fourth Volume, ASTM STP 917, C. S. Young and J. C. Dur-
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B. LÓPEZ

B. ALEMÁN
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