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Microstructures and Mechanical Properties of Electron
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Electron beam welding experiments of titanium alloy to stainless steel with V, Ni, Cu and Ag filler metals
were carried out. The interfacial microstructures of the joints were examined by optical microscopy,
scanning electron microscopy, and x-ray diffraction analysis. Mechanical properties of the joints were
evaluated according to tensile strength and microhardness. The results showed that all the filler metals were
helpful to restrain the Ti-Fe intermetallics formed in the Ti/Fe joint. The welds with different filler metals
were all characterized by solid solution and interfacial intermetallics. And the type of solid solution and
interfacial intermetallics were depended on the metallurgical reactions between the filler metals and base
metals. The interfacial intermetallics were Fe,Ti + Ni;Ti + NiTi,, TiFe, Ti,Ag, and Cu,Ti + CuTi + CuTi,
in the joints welded with Ni, V, Ag, and Cu filler metals, respectively. The tensile strengths of the joints were
primarily determined by the hardness of the interfacial intermetallics. The highest tensile strength was
obtained in the joint welded with silver filler metal, which is about 310 MPa.

Keywords electron beam welding, mechanical properties, micro-
structure, stainless steel, titanium alloy

1. Introduction

Titanium alloys are preferred structural materials in the
aeronautics and astronautics industries because of their high
specific strength (Ref 1, 2). Stainless steels are widely used,
inexpensive materials in most industrial fields (Ref 3). There-
fore, there are urgent needs to join titanium and stainless steel,
so that these alloys can be applied to reduce the weight and cost
of various components.

It has been acknowledged that traditional fusion welding
methods are not feasible for joining titanium alloys to stainless
steels because of metallurgical incompatibilities. Therefore,
solid-state joining method is a viable solution to overcome this
difficulty by preventing the diffusions of alloying elements
(Ref 4). However, direct solid-state joining is also very difficult
attributed to the low solubility of iron in alpha titanium at room
temperature. Kundu et al. (Ref 5) and Orhan et al. (Ref 6)
suggested that the brittleness of Fe-Ti and Fe-Cr-Ti interme-
tallics compromised the mechanical properties of diffusion
bonds between Titanium alloys and stainless steels. Dey et al.
(Ref 7), Najafabadi et al. (Ref 8), and Mousavi and Sartangi
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(Ref 9) proved that Ti-Fe intermetallics also formed in the Ti/Fe
interfaces during friction welding and explosion welding of
titanium alloys to stainless steels. Fracture mainly occurred at
the intermetallic-based interface and the strength decreased
with thickening of the intermetallic layer. Aleman et al.
(Ref 10) reported the factor for crack formation during
diffusion bonding of titanium alloys to stainless steels. That
was a large internal stress induced by differences in linear
expansion and thermal conductivity between titanium and steel.
Currently, indirect joining is generally realized by adding an
intermediate metal layer such as Ni, Al, Ag, or Cu to prevent
atomic diffusion between Ti and Fe, Cr, or Ni (Ref 11-14). Of
all the interlayer metals above, copper is adopted more
frequently. Copper does not produce brittle intermetallics with
iron, chromium, nickel, or carbon. Moreover, it is a soft metal
which can relax the internal stress through inner deformation.

In the above literature, copper as well as other metals was
used as interlayer during diffusion bonding. However, the
process was time consumable to implement. Particularly, the
components with complex geometric shapes could not be
joined by diffusion bonding as well as other solid-state bonding
methods due to the limitation of the joint shape. Additionally,
components must be heated to elevated temperature during the
diffusion bonding process, which is not recommended for some
metals. Consequently, a feasible fusion welding method to join
these two dissimilar metals is necessary for further develop-
ment. As a non-contact fusion joining technique with high
efficiency and flexibility, laser welding of titanium to steel with
Mg interlayer was considered, but Mg;7Al;, would form and
lower the strength of the joint (Ref 15). Electron beam welding
is considered to be the most frequently used fusion welding
technique for joining dissimilar metals because of certain
advantages such as high energy density, vacuum atmosphere,
and precise control of heating position and area (Ref 16).
Moreover, a very narrow heat affected zone can be produced.
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Zhang et al. (Ref 17) joined TizAl and TC, titanium alloys by
electron beam welding. The tensile strength of the joint reached
92% of that of the base metal. Jonghyun and Kawamura (Ref
18) investigated the electron beam welding of Zr-based BMG
to Ni metal. The bending strength of the welded joint was
higher than the yield strength of the Ni metal. Therefore, it is

Table 1 Physical properties of the base metals at room
temperature

Melting Specific Thermal Linear
point, heat, conductivity, expansion
Alloy type  °C J/kg/K W/m/K  coefficient, 10~%K
Ti-6-2-2-2 1677 495 7.4 8.6
304 1450 461 14.6 16.0
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Fig. 1 Schematic diagram of the welding procedure

reasonable to consider electron beam welding as a preferred
candidate process for the fusion welding of titanium alloys to
stainless steels.

As with diffusion bonding, filler metal is also required for
electron beam welding. In this paper, near o-type Ti6Al2
Mo2V2Zr alloy and 304 type stainless steel (18Cr9Ni) were
electron beam-welded with different filler metals, such as Ni, V,
Cu, and Ag. The metallurgical processes of Ti and Fe elements
with different filler metals were discussed by microstructure
analysis. The feasibilities of the filler metals for joining
titanium alloy to stainless steel were compared by mechanical
property testing. Finally, a selecting law of the filler metal for
electron beam welding of titanium alloy to stainless steel was
concluded.

2. Experimental Procedures

2.1 Materials and Preparation

The materials used in the experiments were a near o-type
titanium alloy (Ti6AI2M02V2Zr) and 304 austenitic stainless
steel (18Cr9Ni). Physical properties of the alloys are given in
Table 1.

In Table 1, large differences in the thermal conductivity and
the linear expansion coefficient between the two base metals
can be found. These will lead large temperature gradients and
thermal stresses in the joint during the welding process
(Ref 19). The metals were machined into 50 mm x 25 mm x
2.5 mm plates and then mechanically and chemically cleaned

Fig. 2 Macrostructures of the cross sections of the EBW joints with different filler metals (a—vanadium, b—nickel, c—copper, d—silver)
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Fig. 3 Microstructures at the Ti side interfaces of the Ti/steel joints with different filler metals (a—vanadium, b—nickel, c—copper, d—silver)

before welding. 0.5 mm thick commercial pure vanadium,
nickel, copper, and silver sheets were used as filler metals and
were embedded in the contact faces before welding as Barreda
et al. (Ref 20) and Irisarri et al. (Ref 21) did in their researches.

2.2 Welding Process and Test Work

Electron beams were focused on the centerlines of the filler
metal sheets with the following parameters: accelerating
voltage of 55 kV, focus current of 2450 mA, welding speed
of 6 mm/s, and beam current of 9-12 mA. A schematic diagram
of the welding procedure is shown in Fig. 1.

Specimens for microstructure characterization and hardness
examination were prepared metallographically and then etched
in a reagent of 20 mL HNO;, 20 mL HF, and 80 mL H,O.
Microstructure observations on cross sections of the joints were
carried out by optical and scanning electron microscopy. The
elemental composition was evaluated by SEM-EDS in spot
mode. X-ray diffraction analysis was carried out to identify the
intermetallics. The operating voltage was 50 kV and the current
was 25 mA using a Cu target. The scanning range was 20°-100°
(20) at a speed of 3°/min. Vicker’s microhardness was measured
using a load of 100 g. Tensile testing was performed to evaluate
the joint strength. The specimens were machined into rectan-
gular bars (50 mm x 5 mm x 2.5 mm). The tests were carried
out at room temperature and the displacement speed was
0.5 mm/min. Five samples were prepared for measurements of
hardness and tensile strength for each condition.
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3. Results and Discussion

3.1 Microstructures of the Joint Gross Sections

3.1.1 Macrostructures of the Cross Sections. Figure 2
shows the cross-section macrostructures of the electron beam-
welded Ti/steel joints with different filler metals. Sound joint
could not be achieved with V filler metal due to the through
crack propagation at the interface between Ti alloy and the
weld. Low melting point Ag filler metal melted completely
while partial V and Ni filler metals residual in the welds
because of their high melting points. The base metals did not
melt along with the Ag filler metal, and thus enabling an
electron beam brazing process.

3.1.2 Microstructures of the Ti Side Interfaces. Tiis an
active element and tends to form intermetallics with multiple
metal elements. Hence, the microstructure of the Ti side interface
was analyzed and comparatively studied. The microstructures at
the Ti side interfaces of the Ti/steel joints are shown in Fig. 3.
Constituent phases of the interfaces were analyzed combined with
EDS analysis (Table 2).

Dense cracks formed around the through crack in the Ti side
interface constituted by dispersive blocky phase A and
continuous network phase B when V filler metal was selected.
As the Ti-Fe-V ternary phase diagram (seen in Fig. 4) shows
that there was no ternary intermetallic compound between the
three elements (Ref 22). The solid solubility of V in TiFe was
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Table 2 Chemical compositions of the different phases
(at.%) in the interfaces

Ti Fe Cu Cr \% Ni Potential phases
A 25 25 0 9 40 1 TiFe
B 38 37 0 4 22 4 TiFe
C 26 27 0 7 0 40 Fe,Ti + NisTi
D 24 21 0 7 0 48 Fe,Ti + NisTi
E 73 8 0 4 0 15 a-Ti
F 60 7 0 4 0 29 NiTi,
G 76 5 15 0 0 4 Ti + Ti,Cu
H 60 2 28 7 0 3 Ti,Cu
I 44 6 45 2 0 2 TiCu
G 34 1 60 0 0 5 TiCu,
K 46 21 26 4 0 3 T
L 4 2 88 3 0 2 Copper
M 36 13 42 6 0 3 T,
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Fig. 4 TiFe-V ternary phase diagram

rather low. Combined with the EDS results, we can anticipate
that phase A and phase B were TiFe phase with different
supersaturated V element content which was formed during the
rapid cooling process of electron beam welding.

The Ti side weld with Ni filler meta can be divided into two
morphologically distinct zones, which were denoted by zone I
and zone II. Combined with Ti-Ni-Fe ternary phase diagram
(seen in Fig. 5a) (Ref 23) and Ni-Ti binary phase diagram (seen
in Fig. 5b) (Ref 24), zone II, which was located in the triple-
phase region, was a mixture of (a-Fe, Ni) solid solution, Fe,Ti
(Phase C), and Ni;Ti (Phase D). Zone I was mainly composed
of Ni,Ti (Phase F), with a small amount o-Ti (Phase E)
dispersed around it. Figure 6(a) shows the phases were
confirmed by XRD analysis.

Microstructure in Ti side weld with Cu filler metal is given in
Fig. 3(b). This region is divided into three zones according to
their morphology characteristics, and they are marked as zone I,
II, and III, respectively. From the EDS results as well as Ti-Cu
(Ref25) and Ti-Cu-Fe (Ref 23) phase diagrams (seen in Fig. 7),
zone | consists of solid solution of titanium with some Ti,Cu
(phase G) in it. Zone II is characterized by blocky compounds
Ti,Cu (phase H) and TiCu (phase I) as well as dispersedly
distributed fine TiCu, (phase J). It needs to be noted that Cu,Ti
is a kind of metastable phase existing in the temperature range of
890-870 °C. But it was retained at room temperature in this joint
for the high cooling rate during electron beam welding. Zone IIT
contains three phases, i.e., dark gray blocky TiszsCus; — Fex
(x = 21-24) denoted as 15 (phase K), with the same lattice type
as CuyTis, light gray phase TiggCugo — xFex (x = 5-17) denoted
as T, (phase M), with the same lattice type as CuzTi, and solid
solution of copper (phase L). The above anticipated phases were
confirmed by XRD analysis (Fig. 6b).

The joint with Ag filler metal showed a typical braze
characteristics. An obvious interface layer generated between
the braze and Ti base metal. It can be inferred that the
interfacial compound was Ti,Ag by the EDS results and Ti-Ag
binary phase diagram (seen in Fig. 8) (Ref 26). The interface
layer was generated by diffusion of the liquid Ag atomics into
solid Ti base metal. The thickness of the interface layer was
only about 1 pm, which was related to the rapid heating and
cooling rate characteristic of the electron beam welding.
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Fig. 5 (a) Ti-Fe-Ni ternary phase diagram and (b) Ti side of Ti-Ni binary phase diagram
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Fig. 6 XRD analysis of Ti side interface zone with (a) Ni filler
metal and (b) Cu filler metal

From the analysis presented above, the Ti side weld was
composed of intermetallic compounds and the amounts and
constitutions of the compounds were determined by the metal-
lurgy reactions between the filler metals and the base metals.

3.2 Mechanical Properties of the Joints

Average microhardnesses of the compound layers were
measured to compare the toughnesses of the different interface
compound layers. And tensile strengths were tested to evaluate
the joining performances of the various joints. The measure-
ment results and the corresponding standard deviations (SD)
are given in Table 3. The relationship between hardness of
compound layer and tensile strength was discussed.

In Table 3, it can be seen that the supersaturated TiFe
compound layer obtained with a V filler metal showed the highest
microhardness, followed by Ni-Ti and Ti-Cu compound layers.
Ti-Ag compound layer was the softest, but it should be noted that
microhardness measurement of Ti,Ag compound layer reveals
the mean value of Ti,Ag and Ag because of the layer was too thin.
The tensile strengths were related to average hardnesses of the
interface compound layers. The results seem to be a contradiction
to the traditional strength theory. In traditional strength theory,
tensile strength of a weld increases with the increasing of its
hardness, as Lu et al. (Ref 27) reported in their research on the
electron beam weld of titanium alloy. Nevertheless, in this paper,
the tensile strength of the joint decreased with the increasing of
average hardness of the interface compound layer. This is
because that the toughness of the joint was deteriorated by the
brittle interfacial intermetallics. The crack arrest property was
poor and might even cracking after welding when the toughness
of the joint was very low due to the high hardness of the
interfacial compounds. The property of the joint was mainly
determined by the property of the compound layer, especially its
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Fig. 7 Isothermal section of Ti-Fe-Cu ternary phase diagram at
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Fig. 8 Ti side of Ti-Ag binary phase diagram

Table 3 Microhardnesses of the compound layers and
tensile strengths of electron beam-welded Ti/steel joints
with different filler metals

Filler metal Vanadium Nickel Copper Silver

Microhardness, ~ 1005/78.03  860/58.17  580/35.58  204/84.24
HV/SD
Tensile strength, 0 124/5.31 234/14.40  310/12.77
MPa/SD

toughness. In fact, the similar law was found during diffusion
bonding by Kundu and Chatterjee (Ref 11), brazing by Elrefaey
and Tillmann (Ref 28) of titanium alloy to stainless steel.

As a supplement, fracture analysis of the joint was carried
out. The Ti/V/Fe joint cracked in the supersaturated TiFe
compound layer after welding. The Ti/Cu/Fe and Ti/Ni/Fe joint
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Fig. 9 Fracture surface morphologies of the joints with different filler metals (a—vanadium, b—nickel, c—copper, d—silver)

also cracked in Ti-Cu and Ti-Ni compound layers during tensile
test. It is clear that the brittle compound layers are the weakest
parts in the joints. The fracture surfaces are given in Fig. 9. The
surface morphologies of Ti/V/Fe and Ti/Ni/Fe joints show
brittle cleavage fracture mode for the high brittlenesses of the
compound layers. Secondary cracks can also be observed in
these fracture surfaces, which lead bad joining strength. For the
Ti/Cu/Fe joint, hardness of the compound layer (~580 HV)
was lower than that of Ti/Ni/Fe joint. A quasi-cleavage fracture
mode was obtained according to the fracture surface morphol-
ogy. As a result, the tensile strength increased significantly.
However, the Ti/Ag/Fe joint cracked in Ag filler metal because
of the relatively soft (~204 HV) and very thin (~1 pm)
compound layer. The fractograph demonstrated a dimple
pattern with features of plastic fracture. Consequently, the
highest tensile strength was achieved.

4. Conclusion

(1) The joint strength with V filler metal was the poorest with
through crack at the Ti side interface zone, while sound
joint was achieved with Ni and Cu filler metal, respec-
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tively. The joint with Ag filler metal shows the typical
braze characteristics. The interfacial intermetallics were
FezTi + N13Tl + N1T12, TiFC, leAg, and CU2
Ti + CuTi + CuTi, in the joints welded with Ni, V, Ag,
and Cu filler metals, respectively.

The tensile strengths of the joints were primarily deter-
mined by the thickness and brittleness of the interfacial
intermetallics. The microhardness value order of the joint
was V, Ni, Cu, and Ag, from high to low order, while
the tensile strength order of the joint was opposite. Of
all, the highest tensile strength was obtained in the joint
welded with silver filler metal, which is about 310 MPa.

The tensile strength was related to average hardness of
the interface compound layer. The joint with good
toughness was benefit to the elevation of the joint
strength. The joints with high hardness compound layers
showed brittle cleavage fracture mode and quasi-cleav-
age or dimple plastic fracture modes were detected in
the joints with relatively soft interfacial compounds.

The feasibilities of the filler metals for electron beam
welding of titanium alloy to stainless steel were primar-
ily based on the toughnesses of the products and the
difficulty levels of the metallurgical reactions among the
elements in filler metals and base metals.
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