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Abstract. Different titanium grades are used in aircraft construction because of titanium’s unique
properties. These materials are mostly joined by different welding methods. Electron beam welding
technology is often used in the aircraft industry to join structural elements made of titanium alloys.
The goal of the work is a numerical analysis of the electron beam welding process applied to joining
thin titanium sheets. The analysis was performed using finite element method, FEM. Temperature
distribution, size of heat affected zone (HAZ), depth and width of fusion zone were determined for
the assumed heat source model. Thermo-mechanical (TMC) simulation of the electron beam
welding process using FEM is presented in the paper. The joining of two sheets, one made of
commercially pure titanium Grade 2 and the other made of titanium alloy Grade 5 (Ti6Al4V), is
analysed in the work. For the sheet welding process distributions of temperature, effective stress,
and sheet deformation were calculated.

Introduction. Titanium has attractive mechanical properties [1]. Low density and high strength are
characteristic of titanium and its alloys. A combination of these properties is widely used in
technology although, in practice, plastic forming of titanium, especially its alloys poses many
problems. In [2,3,4] some advantages and disadvantages of titanium as the material used for the
drawn-parts were presented. Sheet-titanium forming as an essential component of modern industry
allowing for production of drawn-parts used in the aerospace, automotive and construction
industries was discussed. The high corrosion resistance of titanium is the main reason for its wide
application in the chemical industry and medicine. The experimental data of mechanical titanium
properties, which are necessary in numerical simulations, were given.

Sheets made of commercially pure titanium (e.g. Gradel or Grade 2) and titanium alloys (e.g.
Grade 5 or Grade 9) are often used in industry. The components produced from titanium sheets such
as casings, car body parts or aircraft parts require joining operations. The joined sheets are
characterized by different geometry or material properties, the so called tailor welded blanks
(TWB), are being increasingly used in industry. The quality of weld in TWB is an important factor
which can influence the quality of the deep drawing process. An accurate description of weld
behaviour during the forming process is a difficult task. The increase of temperature in the heat
affected zone (HAZ) during the welding process causes changes in material’s mechanical properties.
A tension test doesn’t provide enough data to identify the sheet mechanical properties, necessary for
a simulation, within the volume of material corresponding to HAZ. More detailed experiments and
numerical simulations are required. In [5] the comprehensive studies on the weld quality in TWB
were presented. In [6] different methods for the measurement of TWB mechanical properties within
a heat affected zone were suggested. These methods were based both on the experimental studies,
and the combined experimental and numerical procedures. The results of the uniaxial tensile test
and the microhardness measurements were given. Based on the tests conducted, the stress-strain
relationships were given

Electron beam welding, EBW, is one of the joining methods used for titanium. EBW is a fusion
welding process that utilizes electrons as a source of heat [7]. It is very efficient and precise welding
technique thus its application in industrial processes is increasing, [8]. The advantage of EBW
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technology is its low heat input into the weld that translates into a low deformation of welded
components. Wang [9] analysed the extension of electron beam welding with electron beam
scanning for the joining of titanium Grade 5. It was shown that the application of electron beam
scanning allows for controlling titanium Grade 5 microstructure. Finite element method (FEM) is an
effective way to predict properties of the welded parts and weld based on the process control
parameters [10,11,12]. The examples of using FEM method to simulate the welding process for
Inconel 706 parts were presented in [13,14]. In [15,16] authors using this method studied the weld
pool characteristic and its relation to the welding process parameters such as: welding speed,
electron beam power and thickness of welded material. A different approach to the study of the
weld pool was adopted in [17]. An interaction between keyhole and welding pool during laser
welding using numerical simulations was analysed. The keyhole shape was dependent on the
surface tension and the recoil force. The numerical model was developed based on the Fluent
system which is a computational fluid dynamics (CFD) software. Welding of titanium and its alloys
requires appropriate selection of the welding method due to high chemical activity and susceptibility
to gas (nitrogen, oxygen and hydrogen) absorption at temperatures above 500°C. This limits the
choice of available welding technologies. In order to avoid undesirable changes in a material
structure titanium welding requires inert gas protection such as argon, or a vacuum. EBW
technology is frequently applied to the joining of titanium components.

Goal of the work. The numerical analysis of electron beam welding of thin titanium sheets is the
main goal of this study. Based on the numerical analysis temperature distribution, size of heat
affected zone (HAZ), and the depth and width of fusion zone were determined for the assumed
model of the heat source.

This study presents the thermo-mechanical (TMC) simulation of the electron beam welding
process using the finite element method (FEM). The joint between two sheets made of
commercially pure titanium Grade 2 and titanium alloy Grade 5 (Ti6Al4V) was considered. Sheets
of type tailor-welded blanks — TWB combine good drawability of one sheet with the high strength
of the other sheet. A well-designed joint ensures beneficial properties of TWB sheets.

In the paper the calculation results for the following EBW parameters were given: accelerating
voltage of 50 kV, beam current of 4 mA, and welding speed of 20 mm/s. The electron beam was
focused at the top surface of the sheets.

On the basis of the numerical calculations a heat affected zone, a degree of sheet deformation and
residual stresses after welding were determined. The calculation results were compared against the
actual experiment results.

Experimental test. In order to verify and evaluate the numerical calculation results the electron
beam welded workpiece was used. The process parameters were the same both in the experiment
and in the numerical simulation. The experimental workpiece is shown in Fig. 1. The workpiece
deformed after welding in all planes of the Cartesian system. The maximal value of z-displacement
in the direction perpendicular to the initial sheet surface was located at the midsection of the
titanium Grade 2 sheet’s longer edge and it was equal to 0.4 mm.

Fig. 1. A view of the workpiece after welding
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Model description. The numerical model was built using the Finite Element Method extensively
described in the literature [18,19,20]. The analysis was performed using the ADINA System based
on FEM. The model takes into account changes in stresses as a function of temperature. Such a
solution requires a thermo-mechanical model. The numerical model uses 8-node hexahedral finite
elements. The model comprises 24,552 finite elements which correspond to 38,112 nodes. Due to
the highly nonlinear and non-stationary nature of the problem, 4,800 time steps were used in the
calculations. The value of a single time step was 0.002 s. The total time of the simulated process
was 603.6 s where the welding time was 8 s and the remaining time corresponded to the cooling of
the sheets in the air. The length of the welding trajectory was 160 mm. The numerical model takes
into account fixing of the sheets using a clamping device. This was achieved by taking away degrees
of freedom in the clamping area.

Thermal model. A flat three-dimensional thermal model of heat transfer described by Fourier
law was used in the analysis. It was assumed that the initial temperature of the sheets is 20°C.
Internal heat was applied to consecutive volumes of material in order to simulate a moving electron
beam. The volume of material where the heat is produced moves through the mesh with a step equal
to the length of element edge. The following material data were assumed in the model:

- for Grade 2 titanium: thermal conductivity k=20.8 W/mK, specific heat of 523 J/kgK and
density of 4510 kg/m®,
- for Grade 5 titanium: thermal conductivity k=6.7 W/mK, specific heat of 526 J/kgK, and
density of 4430 kg/m®
Heat exchange to the environment was assumed on the sheet surface.

Mechanical model. A three-dimensional stress state was assumed in the static mechanical
analysis. An elastic-plastic Prandtl model without hardening was applied to the description of
material behavior. The assumed mechanical properties of Grade 2 and Grade 5 titanium as a
function of temperature are shown in Table 1.

Table 1. Mechanical properties of Grade 2 and Grade 5 titanium versus temperature

Temperature Young’s Poisson’s ratio Yield point Modulus of Coefficient of
[°C] Modulus [MPa] strain hardening | linear expansion
[GPa] [MPa] [10°/K]
Grade | Grade | Grade | Grade | Grade | Grade | Grade | Grade | Grade | Grade
5 2 5 2 5 2 5 2 5 2

100.0 99.90 | 102.4 | 0.342 | 0.37 813 300 83.81 115 8.66 8.41
200.0 9466 | 948 | 0.342 | 0.37 726 230 87.62 115 9.26 8.88
300.0 89.42 | 87.2 | 0342 | 0.37 639 200 91.43 115 9.86 9.35
400.0 84.18 | 79.6 | 0.342 | 0.37 553 170 95.24 115 10.46 | 10.30
500.0 78.94 | 720 | 0342 | 0.37 466 140 99.05 115 11.06 | 10.77
600.0 73.70 | 644 | 0.342 | 0.37 379 110 | 102.86 | 115 11.66 | 11.25
700.0 68.46 | 56.8 | 0.342 | 0.37 293 80 106.67 | 115 12.26 | 11.72
800.0 63.22 | 49.2 | 0.342 | 0.37 206 50 110.48 | 115 12.86 | 12.19
900.0 5798 | 416 | 0.342 | 0.37 119 20 114.29 | 115 13.46 | 12.66
1000.0 52.74 | 36.1 | 0.342 | 0.37 60 20 118.10 | 115 14.06 | 13.14
1550.0 6.00 6.0 0.342 | 0.37 60 20 21.72 115 17.66 | 15.74
1600.0 5.00 5.0 0.342 | 0.37 60 20 12.96 115 17.98 | 15.98

The geometry and mesh of the welded sheets. In the analysis both Grade 2 and Grade 5
titanium sheets have the same thickness of 0.8 mm and length of 160 mm. The width of titanium
Grade 2 sheet is 28.5 mm and the width of the titanium Grade 5 sheet is 26 mm. The overall view of
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titanium sheets’ geometry is presented in Fig. 2 (a), a mesh for a 25-mm long trajectory is shown in
Fig. 2 (b) and the magnified view of the mesh around the welding trajectory is presented in Fig. 2
(c). The beginning of the welding trajectory is located at the origin of a coordinate system and a heat
source moves along y axis. The orientation of the sheets in the following figures is the same, i.e.
titanium Grade 2 sheet is located at the side of xy plane corresponding to negative x values and
titanium Grade 5 sheet is located at the side of xy plane corresponding to positive x values.

Fig. 2. FEM mesh (a) the overall view of the titanium sheets’ geometry (b) the view of mesh for a
25-mm long welding trajectory (c) the magnified mesh around the welding trajectory

titanium

efficiency factor n=82%

- 512%10° Wim®
titanium -
Grade 2
256x10° Wim®

Fig. 3. The movement of the heat source through the FEM mesh corresponding to a short
welding trajectory for times t; and t,
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The heat source moves through the mesh. Fig. 3 presents only these elements where heat is
produced during the welding process. The heat source is denoted with a black color and its position
is presented for two moments in time: t; and t,. The heat source is built from two volumes in shape
of a cuboid. The volumes are stacked on each other as presented in Fig. 3. The mesh is generated in
such a way that elements are either fully inside or fully outside a heat source volume. The size and
power density of the heat source volumes define the heat source. The heat source was calibrated in
order to obtain consistency between the actual and calculated shapes of the fusion zone. As a result
of calibration process, the top heat source segment was assigned the power density of 512-10° W/m?
and the bottom heat source segment was assigned the power density of 256-10° W/m®. The total
power of the calibrated heat source was equal to 164 W and the electron beam power was equal to
200 W. Not all the beam power is converted into heat inside a material. The loss of heat source
power is caused among others by reflection of electrons and emission of X-rays [8]. The loss of
power is represented by an efficiency factor n which in the analyzed case was equal to 82%. Thus
the total power generated by the heat source equals the product of the beam power and the
efficiency factor.

Numerical calculation results. Temperature distribution at a welding time of 6.4 s is shown in
Fig. 4. It can be seen that isotherms are not symmetrical with respect to the welding trajectory. This
is due to the different thermal conductivity of the welded sheets. An asymmetry of temperature
distribution causes different thermal expansion of the sheets and thus the increase in residual
stresses. The maximal calculated temperature is in the middle of the weld pool and equals
Tmax=4195°C. This temperature may deviate from the real temperature because the calculated
temperature strongly depends on the resolution of the finite element mesh and time steps.

B e ]

TEMPERATURE, °C
1650.0
|| 1340.0

10300
N 7200
\ = 4100

—100.0 b

MAXIMUM
A 41950°C

MINIMUM
¥ 20.0°C xK

Fig. 4. The temperature distribution, °C, on the welded workpiece surface at time 6.4 s

The numerical calculations on the basis of the assumed model give valuable information on the
analysed process. This information is difficult to obtain in other ways. To date, the determination of
residual stresses after welding is one of the most difficult tasks. Residual stresses represented as
effective stresses appear already in the first seconds of the welding process and grow as the process
continues. The maximal effective stress in the first second of the process is 391 MPa. Fig. 5 shows
the distribution of effective stresses at time 6.4s from the beginning of the welding operation.

In this case, the maximal stresses increase up to 711 MPa. In the area of the weld pool stresses
are small due to the very low titanium yield point at such a temperature. Stresses increase as the
metal cools. According to Fig. 5 the highest effective stresses occur at the start point of the welding
trajectory and gradually decrease in the direction of the weld pool.
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Fig. 5. The effective stress distribution, MPa, at time 6.4 s

Fig. 6 shows the distribution of residual stresses about 10 minutes after the end of the welding
operation, when temperature values were uniformly distributed throughout the sheets and the sheets
were released from the clamping device. The maximal stress value at the time of 603.6 s from the
start of the welding process was equal to 826 MPa and occurred in the heat affected zone of Grade 5
titanium. It resulted from the fact that Grade 5 alloy has higher values of stress derived from the
stress-strain curve and it can transfer higher stresses.
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Fig. 6. The effective stress distribution, MPa, after 10 minutes from the beginning of the welding
process

Thermal expansion and uneven temperature distribution in the volume of welded sheets result in
the formation of not only stresses but also of sheet deformation. In practice, the size and the nature
of deformation depend on the amount of heat input to the weld and on the method of sheet clamping
during welding. The more rigid clamping is the lower sheet deformation is. In the case of the
welding of TWB sheets a lower deformation should occur for a thicker sheet or a sheet having
higher values of stress derived from the stress-strain curve. In the analysed case the Grade 5 sheet
has higher values of stress derived from the stress-strain curve . The z-displacement distribution at
the top surface of the welded sheets is shown in Fig. 7. According to the figure the highest z-
displacement of 0.3013 mm is observed at Grade 2 side. The figure shows some discontinuities in
displacement isolines at the welding trajectory. For longitudinal bending, along welding trajectory,
the smallest deformation, less than 0.22 mm, occurs in the weld area while the largest deformation
occurs for the free longer sides of the sheet.
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Fig. 7. The values of z-displacement, mm, which characterize the deformation of the welded sample

Summary

Based on the carried out numerical calculations it can be stated that titanium welded sheets undergo
deformation as a result of heat generation during welding. The degree of deformation depends on
the amount of heat input to the weld. There is the increase in sheet deformation when the value of
energy input grows. The experimental results are in qualitative agreement with the numerical
calculation results. The actual value of the maximal z-displacement was equal to 0.4 mm and the
calculated value of the maximal z-displacement was equal to 0.3 mm. In both cases the maximal
z-displacement was located at the midsection of the longer edge of the titanium Grade 2 sheet.

For an accelerating voltage of 50kV, welding speed of 20 mm/s and beam current of 4 mA the
maximal calculated temperature is equal to 4195°C.

The calculated residual stresses in EBW joint reach the maximal value of 826 MPa and occur in
the heat affected zone of Grade 5 titanium.
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