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Temperature and stress fields in electron beam welded Ti-15-3 alloy to
304 stainless steel joint with copper interlayer sheet
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Abstract: Electron beam welding of Ti-15-3 alloy to 304 stainless steel (STS) using a copper filler metal was carried out. The
temperature fields and stress distributions in the Ti/Fe and Ti/Cu/Fe joint during the welding process were numerically simulated and
experimentally measured. The results show that the rotated parabola body heat source is fit for the simulation of the electron beam
welding. The temperature distribution is asymmetric along the weld center and the temperature in the titanium alloy plate is higher
than that in the 304 STS plate. The thermal stress also appears to be in asymmetric distribution. The residual tensile stress mainly
exists in the weld at the 304 STS side. The copper filler metal decreases the peak temperature and temperature grade in the joint as
well as the residual stress. The longitudinal and lateral residual tensile strengths reduce by 66 MPa and 31 MPa, respectively. From
the temperature and residual stress, it is concluded that copper is a good filler metal candidate for the electron beam welding of

Ti-15-3 titanium alloy to 304 stainless steel.
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1 Introduction

It has been generally acknowledged that the use of
titanium alloy as a structural material has been increased
significantly. Titanium alloy has good features such as
high specific strength, good stiffness, good high
temperature mechanical properties and oxidation
resistance with potential applications in aeronautics and
astronautics industries for both military and civil
purposes [1]. While stainless steel is a common material
with low cost in most industry fields [2]. Composite
components of titanium alloy and steel can fully exert the
advantages of these two materials simultaneously. Fusion
welding of titanium alloy and steel was difficult to
implement for the production of brittle phases in the
weld [3, 4]. Research work of TIG welding of pure
titanium and pure iron showed that the basic reason for
the embrittlement of the joint was the emergence of
continuously distributed TiFe, TiFe, and eutectic
structure. Hardness of the weld metal was in the range of
HV740-HV1324 [5]. Inversely, pressure welding can
eliminate the problems in the fusion welding because the
base metals remain in the solid state during joining and

many successful examples have been reported [6—9].
However, during the diffusion bonding process, the
whole metallic materials of the specimens will be heated
to the elevated temperature, which is not permitted in
some occasions. In addition, the diffusion process needs
a long time to implement in general.

Owing to the advantages of high energy density,
precisely controllable heating position and radius,
electron beam welding was the most frequently utilized
fusion welding method in the field of joining dissimilar
metals [10—13]. In this way, only a small heat affected
zone can be produced and the process can be finished in
a shorter period. WANG et al [14] have tried to join
TA1S5 titanium alloy and 304 stainless steel by electron
beam welding. The joint cracked after welding for the
brittleness induced by the continuously distributed Ti-Fe
intermetallics with Vicker’s hardness higher than
HV1000. Whereas, another attempt to join Ti-15-3 to
304 stainless steel by electron beam welding with a
copper interlayer sheet has succeeded. A large amount of
Ti—Fe—Cu ternary intermetallic blocks and some Ti—Cu
intermetallics were formed at the interface between
titanium alloy and the weld in the joint. The Vicker’s
hardness of the interface only reached HV700, which
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indicated that the brittleness of the joint was weakened.
As a result, a tensile strength of 234 MP was obtained
[15]. The above literatures just discussed one factor for
the craking — brittleness of the joint dependent on the
microstructure. In fact, thermal stress was another
wondrously important factor, especially for the dissimilar
metal joint. ALEMAN et al [16] reported that the factor
for the crack formation during diffusion bonding of
titanium alloy to stainless steel was the large internal
stress due to the difference of linear expansion and heat
transmission coefficient between titanium and steel.
However, almost no published literature on the thermal
stress in the electron beam welded titanium alloy to
stainless steel joint was reported. Specially, the influence
of the soft copper interlayer sheet on the thermal stress in
the joint was not discussed before. In this work, the
temperatures and residual stresses of the Ti/Fe and
Ti/Cu/Fe joint were numerically simulated and
experimentally measured. Consequently, the stress factor
for the crack free electron beam welded Ti-15-3 to 304
stainless steel joint with the assistance of copper
interlayer sheet was summarized.

2 Finite element modeling

2.1 Finite element model

In this simulation, a three-dimensional finite
element model for thermo-mechanical coupled analysis
was developed using commercial ANSYS software. The
dimensions of the two plates were both 55 mmx25 mmx
2.5 mm. The two plates were connected by the “VGLUE’
command, so that the areas, lines, and keypoints at the
common volume boundaries were merged. “Solid 70”
element type was used to mesh the entity models to
construct the finite element model. For the ultra-high
energy intensity of the electron beam, the temperature
grades were very large in the weld zone and the heat
affected zone. So, the small meshes were used in these
zones. But in the regions far from the weld, the larger
meshes were selected because of the approximately
uniform temperature field. This meshing method can
improve the calculating efficiency significantly. Figure 1
shows the finite element model of the titanium alloy and
304 stainless steel plates. For the finite element model of
the Ti/Cu/Fe joint, a 1 mm-thick copper interlayer model
was added to the center of the Ti/Fe joint model by
APDL operation of the ANSYS software.

2.2 Heat transfer governing equation and heat source
model
The heat transfer governing equation for the
dissimilar metal joints in a moving coordinate system
with a positive x-direction moving electron beam can be
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Fig. 1 Finite element model of Ti/Fe joint: (a) Top surfaces;

304 STS
(b) Cross section

written as:
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where x, y, z are the Cartesian coordinates; p is the
density of the material; ¢, is the specific heat capacity; &
is the heat conductivity; 7T is the transient temperature;
§ is the heat source intensity in the material.

According to the shape feature of the electron beam
weld and the ‘keyhole effect’, a rotated parabola body
heat source model was developed as shown in Fig. 2.
Assuming that the heat flux is a Gaussian distribution
centered on the electron beam at any horizontal section
of the heat source model, the heat distribution at any
point 4 can be written as:

3 2
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where 7 is the heat efficiency of electron beam welding;
U is the accelerating voltage; / is the beam current; e is
the Euler’s constant(approximately 2.7183); r. is the
radius of the top surface; ry is the radius of the horizontal
section containing point A; r is the distance from the
point A to the center of the horizontal section; z is the
Cartesian coordinate; z; and z, are the z coordinates of the
bottom and the top surfaces. The values of the
calculating parameters used in this simulation are listed
in Table 1.

The analysis of welding temperature field is a
typical nonlinear transient heat conduction problem.
ANSYS can accurately solve the nonlinear transient heat
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Fig. 2 Schematic diagram of heat source model

Table 1 Calculating parameters used in this simulation

UV IA n

rJ/m zJ/m z/m

55 0.009 0.9 0.001 0.0025  0.0001

conduction problem by the finite difference method and
the iterative method. The movement of the heat source
along the welding direction was realized by the
ANASYS program.

2.3 Initial and boundary conditions

For the welding temperature calculation, the
following conditions are assumed: 1) The materials are
isotropic continuum; 2) Welding is a quasi-steady
process; 3) The initial temperature is 20 °C; 4) The
welding pool flow is omitted; 5) Only the radiation is
considered and the radiant heat transfer intensity ¢
is expressed as Eq. (4) according to Stephen-Boltzmann
law:

q=0e(T*-T}) (4)

where o is the Stephen-Boltzmann constant (5.67
W/(em?* K*); ¢ is the emissivity of the specimen surface;
T is the temperature of specimen surface; 7, is the
temperature of the surrounding atmosphere.

The thermal stress was calculated with the thermal
elastoplastic theory and the thermo-mechanical coupled
analysis. So the following conditions are assumed:
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1) The materials are isotropic; 2) The yield conditions
obey the Mises yield criterion; 3) Mechanical behaviors
of the materials in the plastic range obey the plastic flow
rule; 4) Elastic strain, plastic stain and thermal strain are
indiscriminate; 5) The strain changes linearly for the
small increments; 6) The strains of the three head faces
perpendicular to each other along the x, y, z coordinate
axes are restrained.

2.4 Material properties and experiment methods

Materials applied in this experiment was f type
titanium alloy Ti-15-3 and 304 austenitic stainless steel.
Commercial pure copper was used for the interlayer
sheet. Their physical properties at room temperature are
given in Table 2. From Table 2 we can see that there are
great differences in thermal conductivity and linear
expansion coefficient between the two base metals which
would lead to large temperature grade and thermal stress
in the joint during welding process.

For the Ti/Fe and Ti/Cu/Fe joints, the electron
beams were acted on the contact face and the centerline
of the copper layer, respectively. To facilitate comparison,
the same welding parameters were used for the two joints
with accelerating voltage of 55 kV, focus current of 2450
mA, welding speed of 5 mm/s and beam current of
9 mA.

The temperature also measured by
thermocouple to check the calculated results. A
8-channel thermodetector and Pt-Rh thermocouple wires
were used. The residual stress was measured with the
stress releasing method. The strain was recorded with a
strain gauge and processed with a numerical static digital
strain gauging unit.

was

3 Results and discussion

3.1 Thermal cycle and temperature distribution

The thermal cycles of a series of locations on the
304 STS plate in different distances to the weld center of
the two joints are given in Fig. 3. It can be seen that the
calculated values are very close to the measured ones,
which proves that the proposed heat source model is fit
for the numerical simulation of the electron beam
welding of Ti/Fe and Ti/Cu/Fe joints. The calculated
values are a little higher than the measured ones for
the heat transfer from the specimens to the fixture was

Table 2 Physical properties of Ti-15-3, 304 STS and commercial pure-copper (20 °C)

Allo Melting point/ Specific heat Thermal conductivity/  Linear expansion Shear modulus/ Yield strength/
Y °C capacity/(J'’kg "K™") (W-m K™ coefficient/10 °K! GPa MPa
Ti-15-3 1700 536 6.1 8.8 30 870
304 STS 1450 502 14.6 16.0 80 310
Commercial 0, 401 388 16.9 45 60

pure-copper
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Fig. 3 Thermal cycles of locations on 304 STS plate in different
distances from weld centers in two joints: (a) Ti/Fe joint;
(b) Ti/Cu/Fe joint

omitted in the calculating process. The heating rate was
very high in the region of 2 mm from the weld center.
The value is about 1000 °C/s for the Ti/Fe joint. With the
increase of the distance to the weld center, the heating
rate decreases significantly. In the region of 10 mm from
the weld center, the heating rate is only 30 °C/s. The
peak temperatures in different positions were also a
function of the distances to the weld center. The value is
1150 °C in the position of 2 mm from the weld center but
only 490 °C in the position of 10 mm from the weld
center. We can see that the similar trend can be found for
the thermal cycles of the Ti/Fe and Ti/Cu/Fe joints. The
difference is that the heating rates of the regions near the
weld center in the Ti/Cu/Fe joint are a little smaller than
those in the Ti/Fe joint.

The calculated lateral and longitudinal distribution
profiles of the temperature in the Ti/Fe and Ti/Cu/Fe
joints are shown in Fig. 4 as the welding time is 6 s. The
temperature appears asymmetric in lateral distribution
profiles. At the locations in the same distance to the weld
center, the values of the titanium alloy plate were higher
than those of the 304 STS plate. From the
distribution profile, the grade of temperature in the STS
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Fig. 4 Calculated temperature distribution profiles of Ti/Fe and
Ti/Cu/Fe joints: (a) Lateral distribution: (b) Lengthways
distribution

plate is greater than that in the titanium alloy plate. This
is because that the heat dissipation efficiency of the STS
side is higher than that of the titanium side for the larger
heat conductivity of STS. For the longitudinal
distribution profile, temperatures behind the weld pool
are much higher than those ahead for the heat
accumulation of the weld. By comparison, it is clear that
the temperature of Ti/Cu/Fe joint is lower than that of the
Ti/Fe joint at the same location. The heat conductivity of
copper is expressly higher than STS or titanium alloy, so
the copper filler metal can be considered a ‘cold source’.
As a result, the grades of temperature in both the two
sides are lowered.

3.2 Thermal stress and residual stress distribution
Figure 5 shows the longitudinal and lateral stress
distribution profiles along the direction perpendicular to
the weld of the Ti/Fe joint at different time. It can be
seen that the longitudinal stress in the weld transformed
from compressive stress to tensile stress during the
welding process and it increased during the cooling stage.
The maximum residual tensile stress is about 260 MPa.
Meanwhile, the tensile stress at the STS side is higher
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longitudinal residual tensile stresses exist in STS plate
near the weld for the same reason. The maximum values
are 57 MPa and 194 MPa, respectively. Compared with
the Ti/Fe joint, they decrease by 31 MPa and 66 MPa for
the low yield strength of commercial pure-copper, which
is easy to deform to release the thermal stress. The
reduction of the residual stress is helpful to getting the
crack free electron beam welded Ti/Cu/Fe joint.
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Fig. 5 Stress distribution profiles along direction perpendicular
to weld of Ti/Fe joint at different time: (a) Longitudinal stress;
(b) Lateral stress

than that at the titanium alloy side. While longitudinal
stress in HAZ is a relatively low compressive stress. For
the lateral stress, it is tensile stress at the STS side with
the maximum residual tensile stress of about 88 MPa. At
the titanium alloy side, compressive stress only exists in
a narrow band. There is tensile stress in the most regions
of the plate. This distribution state is mostly dependent
on the difference in linear expansion coefficient and
yield stress between the two base metals. Similarly, the
value at the STS side is higher than that at the titanium
alloy side.

From the above description, the maximum
longitudinal and lateral residual tensile stresses emerged
in the weld at the STS side and could reach 260 MPa and
88 MPa, respectively. So the brittle electron beam
welded Ti/Fe joint fractured in the weld zone near 304
STS [11].

Residual stress distribution profile in the Ti/Cu/Fe
joint was calculated and measured as shown in Fig. 6. It
is clear that the calculated values of both the lateral stress
and longitudinal stress agree with the measured values,
which indicates that the calculated results are credible.
Similar to the Ti/Fe joint, the maximum lateral and
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Fig. 6 Residual stress distribution profile in electron beam
welded Ti/Cu/Fe joint

4 Conclusions

1) The rotated parabola body heat source model
used is fit for the simulation of the temperature field
during the electron beam welding of Ti/Fe and Ti/Cu/Fe
joints. The calculated values are very close to the ones
measured by the thermal couples.

2) The heating rate of the material in the weld
region is very high during electron beam welding process.
The value is about 1000 °C/s in the region of 2 mm from
the weld center for the Ti/Fe joint. The temperature
appears asymmetric in lateral distribution profiles for
both the Ti/Fe and Ti/Cu/Fe joints and the values of the
titanium alloy plate are higher than those of the 304 STS
plate. The copper sheet decreases the peak temperature in
the Ti/Fe joint as well as the grades of the temperature.

3) The longitudinal thermal stress transforms from
compressive stress to tensile stress during the welding
process and the tensile stress increases during the cooling
stage. The values at the 304 STS side are higher than
those at the titanium side. For the lateral stress, the
tensile stress exists in the weld at the STS side.

4) The maximum longitudinal and lateral residual
tensile stresses respectively decrease from 260 MPa to
194 MPa, 88 MPa to 57 MPa after the addition of the
copper sheet, which proves that copper filler metal is a
good candidate for the electron beam welding of titanium
alloy to stainless steel from the angle of the residual
stress.
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