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a b s t r a c t

Finite element method (FEM) and processing experiments were utilized to investigate the thermal phe-
nomena and microstructure of laser overlap welding of Ti6Al4V and 42CrMo. A FEM model of temperature
field was established, under considerations of thermal contact resistance and forced convection effect of
shielding gas flow. Based on the model, temperature field with various laser power values and scanning
velocities was calculated to explore the relationship between the process parameters and the interface
temperature. Experiments were conducted on a 1 kW Nd:YAG laser materials processing system with
eywords:
aser overlap welding
eat transfer model
itanium alloy
lloy steel

ntermetallic compounds

five-axis CNC working station. Microstructure, chemical composition and microhardness of the joint
were evaluated. From the numerical simulation and experimental investigation, the calculated temper-
ature history at measuring points had the similar tendency to the experimental results. The interface
temperature could just reach or be a little higher than the melting point of the lower sheet material
42CrMo by adjusting the process parameters according to the numerical calculation. At the interface,
intermetallic compounds TiFe and TiFe were detected. The thickness of intermetallic reaction layer

omp
containing intermetallic c

. Introduction

Turbo disk and turbo shaft of turbo-compressor rotor of some
iesel engines, are made of titanium alloy and alloy steel, respec-
ively. Therefore, the technology for joining titanium alloys to alloy
teel is required for manufacturing engine turbo components.

Some research for joining of titanium alloys and steels has
een carried out. Li et al. (2006) reported vacuum brazing of
itanium–aluminum alloy and alloy steel using Ag–Cu/Ti/Ag–Cu
ller metal, the author referred to the presence of intermetallic
ompounds in the reaction layer that weakened the mechanical
roperties of the joint. Shiue et al. (2008) studied the infrared
razing of Ti–6Al–4V and 17-4 PH stainless steel using two silver-
ased braze alloys with (Ni)/Cr barrier layer(s) and referred to
he inhibition of the interfacial reaction between the 17-4PH SS
nd the molten braze during brazing. Ghosh et al. (2003) used
olid-state diffusion bonding to produce transition joints between
i–5.5Al–2.4V and stainless steel 304. Sheng et al. (2005) applied

hase transformation superplastic diffusion bonding between tita-
ium alloy and stainless steel. It was shown that both the brittle

ntermetallic compound (FeTi) and the �-Ti based solid solution
ere formed on the tensile fracture interface. Atasoy and Kahraman
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ounds was found to depend on the heat input.
© 2010 Elsevier B.V. All rights reserved.

(2008) studied the diffusion bonding of commercially pure titanium
and low carbon steel using a silver interlayer at various tempera-
tures for various diffusion times. Kundu et al. (2005) and Kundu and
Chatterjee (2008) presented the diffusion bonding between pure
titanium and stainless steel 304 with different metal interlayer,
such as copper interlayer and nickel. Kahraman et al. (2005) stud-
ied explosive welding of stainless steel and titanium plates. From
their experimental research mentioned above, solid state joining is
a feasible method to join titanium alloy and steel for the reason that
it could restrain the formation of intermetallic compounds in the
welding process, but the joining process needs a vacuum chamber
and has low efficiency. The prospect of totally encompassing huge
components in a vacuum canopy is not practicable. Explosive weld-
ing process is an effective method for producing composite plates
but controllability and automation are difficult.

As one of the new joining technologies, laser welding has
a number of benefits in comparison with conventional welding
techniques. The primary advantages are high efficiency, excellent
controllability and the ability to focus laser radiation in a small
area producing a high-intensity heat source. Compared to laser
butt welding, laser lap/overlap welding could control the tem-
perature and the elements diffusion at the interface effectively.

Hiraga et al. (2001) applied a pulse laser lap welding technique
to join thin sheets of pure titanium and stainless steel 304. The
author discussed the influence of process parameters on the shear
strength, but ignored the relationship between temperature field
and interface microstructure. Borrisutthekul et al. (2007) studied

dx.doi.org/10.1016/j.jmatprotec.2010.11.007
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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aser welding of steel and aluminum alloy. It was indicated that the
hickness of intermetallic reaction layer could be decreased by con-
rolling heat flow during welding process. Moreover, the joining
trength increased with decreasing the thickness of intermetallic
eaction layer.

With regard to the numerical simulation, an amount of models
ere proposed to predict temperature distribution for laser weld-

ng. Swift-Hook and Gick (1973) formulated the first heat transfer
nalytical model for continuous laser welding. Mazumder and
teen (1980) developed the first numerical model of the continuous
aser welding process. This model considered a three-dimensional
eat transfer and implemented the finite difference technique for
Gaussian beam intensity distribution. Lu (1993) calculated the

aser induced temperature distribution in substrates with mul-
ilayer structures. In that case, the substrates was equivalent to
homogeneous substrate with anisotropic thermal conductivity.

hanikumar et al. (2001, 2004) presented a three-dimensional
umerical model of heat transfer for laser welding of dissimilar cou-
les of copper–nickel. Chakraborty and Chakraborty (2007) studied
he effects of turbulence on momentum, heat, and mass trans-
er during laser welding dissimilar materials. Fysikopoulos et al.
2009) described an analytical approach for estimating the energy
fficiency of laser manufacturing processes. The above brief review
ndicates that the numerical modeling is an important issue and the
esults of the analysis are used for developing processing strategies.
owever, very few stufies are found to consider the contact resis-

ance and forced convection effect of the shielding gas flow in the
odels.
In order to implement laser overlap welding of titanium alloy

nd alloy steel, a mathematical model of heat transfer of the
elding process was established. In this model, the contact resis-

ance and forced convection effect of the shielding gas flow
ere considered. Based on the model, the temperature field with
ifferent laser power and scanning velocities was estimated to
xplore the relationship between the process parameters and the
nterface temperature. After the overlap welding experiments,

icrostructure, chemical composition and microhardness of the
oint, especially the interface of the overlap sheets, were exam-
ned to investigate the weldability of laser overlap welding between
itanium alloy and alloy steel.

. Mathematical modeling

A mathematical model was used to calculate the temperature
eld with different process parameters. During laser overlap weld-

ng process, Ti6Al4V and 42CrMo sheets were used as upper and
ower sheet, respectively.

.1. Assumptions

The comprehensive 3D FEM model to simulate the temperature
f the welding process was based on heat conduction. Besides, the
ollowing assumptions were made in order to simplify the calcula-
ions:

1) Laser power density was less than 7 × 105 W/cm2, the welding
mode was conduction welding. Therefore, laser power density
was assumed to be distributed in a Gaussian manner at the top
surface of the titanium alloy sheet.
2) The shielding gas flow along the top sheet was assumed to be
laminar flow. The temperature and the flow velocity of shield-
ing gas were invariable throughout the entire process.

3) Thermal physical properties parameters of the welding mate-
rials were piecewise linear with temperature.
ng Technology 211 (2011) 530–537 531

2.2. Governing equation

The heat transfer equation:

∂T

∂t
= �

�c∗

(
∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2

)
(1)

where �, c*and � are the thermal conductivity, equivalent specific
heat and density of the materials, respectively. It is convenient to
regard the latent heat of fusion as a specific heat in the range of
phase transition temperature. Thus, the equivalent heat capacity
can be formulated as:

c∗ =

⎧⎪⎪⎨
⎪⎪⎩

cS(T) T < TS

cS(T) + cL(T)
2

+ L

TL − TS
TS ≤ T ≤ TL

cT(T) T > TL

(2)

where TS and TL are the solidus temperature and liquids tempera-
ture, respectively, cS(T) and cL(T) are the specific heat of solid and
liquid dependent on temperature, respectively, and L is the latent
heat of fusion.

2.3. Boundary conditions

The contact thermal resistance between upper and lower sheets
is defined as:

Rc = lc
�c

(3)

where lc is the characteristic length, taken as the thickness of the
contact zone, and �c is the thermal conductivity of the contact zone.

The boundary condition of top surface can be expressed as:

�
∂T

∂z
= 2P�

�r2
b

exp

(
−2(x2 + y2)

r2
b

)
− ht(T − Ta) − �ε(T − Ta) (4)

Here, P is the laser power, � is the laser absorption coefficient, rb
is the effective radius of laser beam, ht is the convection coeffi-
cient of the top surface, � is the Stefan–Boltzmann constant, ε is
the emissivity, and Ta is the ambient temperature.

The convection coefficient of top surface under shielding gas is
given by:

ht = �g

l
Nu (5)

where �g is the conductivity of the shielding gas, and l is the char-
acteristic length, taken as the width of the welding specimen and
Nu is the Nusselt number. Nu is defined as:

Nu = 0.664(Re)1/2(Pr)1/3 (6)

where Re and Pr is the Reynolds number and Prandtl number of the
shielding gas flow, respectively.

Re = �gugl

	g
(7)

Pr = 	gcg

�g
(8)

where �g, 	g and cg are the density, dynamic viscosity and specific
heat of shielding gas, respectively.

The convection coefficient of symmetric surface is given by:

hs = 0 (9)

On other surfaces, the convection condition is set to be natural

convection:

�
∂T

∂n
= hc(T − Ta) (10)

where hc is the convection coefficient.
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Table 2

reveals the rationality of the numerical model. The shielding gas
nozzle moved together with the laser beam. When the shielding
gas flew though the thermocouple, temperature reading at point
B might have been affected, what explains the difference between
theoretical and experimental curves presented in Fig. 3(b).
Fig. 1. Finite element mesh.

The initial temperature of the welding material is equal to the
mbient temperature:

(x, y, z, 0) = Ta (11)

.4. Finite element mesh

FEM was used to estimate temperature distribution of the speci-
ens in the welding process. As the geometry, boundary conditions

nd heat source were symmetric, half of the workpieces were cho-
en for calculation using the commercial program ANSYS. The FEM
odel was established using two types of elements and shown in

ig. 1, containing three dimensional volume elements SOLID70 with
ight nodes and thermal surface effect element SURF152 defined
y four nodes from the basic body and an extra node away from
he base element. The three dimensional element was used for the
asic body structure and the thermal surface effect element for the
oundary between the structure and the environment. A denser
esh was used in the area along the weld line, and a coarser mesh

or the rest of the structure.
ANSYS software supports thermal contact conduction between

wo contacting surfaces. Contact elements TARGE170, CONTAC174
ere used to simulate the contact of the overlap sheets. The con-
uctive heat transfer between two contacting surfaces is defined
s:

= TCC × (Tt − Tc) (12)

here q is the heat flux per area, TCC is the thermal contact con-
uctance coefficient, having units of heat/(time × temperature) for
hermal contact conduction and is set to be the reciprocal of con-
act resistance Rc in the program calculation, and Tt and Tc are the
emperature of target surface and contact surface, respectively.

. Experimental
Ti6Al4V and rolled alloy steel 42CrMo with dimension of
0 mm × 20 mm × 1 mm and 60 mm × 20 mm × 2 mm were used

n the experiments, respectively. The chemical composition of
i6Al4V and 42CrMo are given in Table 1 and Table 2, respectively.
xide layers and contamination were removed from the surfaces of

able 1
hemical composition of Ti6Al4V (mass fraction (%)).

Al V Fe Si C N H O Ti

5.5–6.8 3.5–4.5 0.3 0.15 0.1 0.05 0.015 0.15 Bal.
Chemical composition of 42CrMo (mass fraction (%)).

C Si Mn P S Cr Mo Fe

0.42 0.28 0.61 0.016 0.011 1.11 0.20 Bal.

the components before welding. Especially, surfaces were polished
with a #300 emery paper and then cleaned with acetone.

Experiments were conducted on a 1 kW Nd:YAG laser materi-
als processing system with five-axis CNC working station. Fig. 2
shows the schematic diagram of laser overlap welding on dissim-
ilar Ti6Al4V and 42CrMo sheets. The specimens were lapped and
clamped on the fixture. 2.5 l/min flow of high purity argon gas was
passed through the molten pool from top side to produce a shield-
ing effect. The shielding gas could provide a protective environment
for the sake of avoiding the reaction between the molten metal and
ambient air and blow away plasma on the welded specimen surface.

Metallographic samples were prepared by electric discharge
cutting, mechanical milling and grinding and were prepared
using standard mechanical polishing procedures and etched in
HF:HNO3:H2O solution with volume ratio of 1:2:50.

Microstructure of the welding seam was characterized by
NephotII optical microscopy (OM), JSM-5800 scanning electron
microscopy (SEM) equipped with LinkISIS S-530 energy dispersive
spectrometer (EDS). A D/max-RB high power multi-crystal X-ray
diffractometer (XRD) was used for phase identification. Micro-
hardness along the transverse direction of the welded seam was
measured by an automatic microhardness tester (HXD-1000B,
Shanghai Optics Apparatus Ltd., China) with a test load of 0.98N
and a dwelling time of 15 s.

4. Results and discussion

4.1. Results of numerical simulation

The FEM model was evaluated by comparing theoretical and
experimental temperatures. Thermal couples were used to mon-
itor temperature history of points A and B. Point A was at the
bottom center of the lower sample. Point B was located at the
upper sheet surface and 4 mm away from the laser scanning line.
It can be seen that the calculated temperature history at points
A and B had a similar tendency to the experimental result, which
Fig. 2. Schematic diagram of laser overlap welding of Ti6Al4V and 42CrMo.
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asuring points: (a) point A and (b) point B.
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Fig. 3. Temperature history at the me

In order to reduce the diffusion of Ti and Fe elements at the inter-
ace during the welding process that could suppress the formation
f Ti/Fe intermetallic compounds, the size of the molten pool at the
nterface must be controlled. The desired value of interface tem-
erature was the melting point of lower sheet material 42CrMo
1400 ◦C). The vertical distance between 1400 ◦C isotherm and top
urface of the upper sheet was defined as welding depth, as shown
n Fig. 4.

The calculated welding depth for different laser power values
nd scanning velocities is shown in Fig. 5. It could be seen that
elding depth increased linearly with laser power at a constant

canning velocity. From the simulation results, the interface tem-
erature reached or was a slightly higher than the melting point of
2CrMo (the welding depth reached 1 mm) when power was 650 W
r 700 W, scanning velocity was 1 mm/s and defocus distance was
1 mm.

Table 3 shows the experimental results with different process
arameters. From the experimental investigation, joining occurred
hen laser power reached 650 W or 700 W, scanning velocity was
mm/s and defocus distance was −1 mm, however, joining did not
ccur under other groups of parameters. The experimental inves-
igation results were in accordance with the simulation results
hown in Fig. 5.
.2. Microstructure analysis of overlap welding joint

Fig. 6 shows the macro morphology of weld cross-section. The
pper material is Ti6Al4V and the lower material is 42CrMo.

Fig. 4. Schematic representation of welding depth.
Fig. 5. Calculated welding depth as a function of laser power for different scanning
velocities and −1 mm defocus distance.

Ti6Al4V is a kind of � + � Titanium alloy. The crystal structure
changes from � (hcp, hexagonal close-packed) to � (bcc, body-
centered cubic) when the temperature exceeds to 995 ◦C. In the

welding process, the base metal, the heat-affected zone (HAZ) and
the fusion zone (FZ) experienced different thermal cycle which lead
to different microstructures. The microstructure of Ti6Al4V parent
metal shown in Fig. 7(a) consisted of two phases: inter-granular
� phase (black) in equiaxed � phase (white). Laser welding is

Table 3
Experimental results for different process parameters.

Power (W) Scanning velocity
(mm/s)

Defocus distance
(mm)

Result description

210 40 +3 ×
210 20 +3 ×
210 5 +3 ×
250 3 −2 ×
500 1 −1 ×
550 1 −1 ×
600 1 −1 ×
650 1 −1

√
650 2 −1 ×
700 1 −1

√
700 2 −1 ×

×: molten pool did not form at the interface;
√

: molten pool formed at the interface.
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ig. 6. Microstructure of the weld profile. (Power was 700 W, scanning velocity was
mm/s, defocus distance was −1 mm.)

haracterized by extremely high cooling rate (generally of the
rder 104 ◦C/s against 102 ◦C/s in GTA welding). Due to the rapid
ooling ratio, there was no enough time for � phase to transform
o � balance phase by diffusion. As a result, the acicular structure
ormed through a regular process migration of atoms in � phase
t last. The microstructure of FZ of Ti6Al4V shown in Fig. 7(b) was
omposed of basket-like microstructure, namely acicular structure
r widmanstatten structure. The chemical composition of Ti, Al,
and Fe are 92.33 at.%, 4.83 at.%, 2.52 at.%, 0.32 at.%, respectively.
ig. 7(c) shows the microstructure in the HAZ of Ti6Al4V. The HAZ
ear the fusion line contained a large number of acicular marten-
ite due to the relatively high temperature in the thermal cycle
rocess. However, for the HAZ far from the fusion line and close to
he base material, since the maximum temperature was below the

Fig. 7. Microstructure of Ti6Al4V (a), b

Fig. 8. Microstructure of 42CrMo (a), base materi
ng Technology 211 (2011) 530–537

� transition temperature, consequently, the phase transformation
driving force was low and the amount of acicular martensite in
this area was smaller. This phenomenon is similar to other results
presented by Akman et al. (2009), in that case, the high cooling
rates cause the formation of martensite in the weld zone.

Fig. 8(a) shows the OM micrographs of the base metal rolled
42CrMo. As illustrated in the figure, the parent material was mix-
ture of ferrite and pearlite. The material in the HAZ near the FZ
side is shown in Fig. 8(b). Due to the high cooling rate, this region
experienced a complete quenching process and formed needle-like
martensite. The chemical composition of Fe, Cr, Mn, Mo, and Si
in this region are 97.79 at.%, 1.05 at.%, 0.57 at.%, 0.33 at.%, 0.26 at.%,
respectively. Liu et al. (2007) found the similar microstructure fea-
tures in laser penetration welding of superalloy K418 and 42CrMo
steel. Fig. 8(c) shows the material in the HAZ away from the FZ. The
material in this area was not fully quenched, so the microstructure
in this area was a mixture of martensite and bainite.

4.3. Chemical composition of interface

At high magnifications, it can be seen from Fig. 9 that the
microstructure in the interface zone consisted of two layers: a gray
belt region (region B) and a white belt region (region C). The chem-
ical composition of main elements, such as Ti, Al, and Fe, were
analyzed using EDS surface scan. Region A in Fig. 9 was enlarged and
shown in Fig. 10. It can be seen that both iron and titanium elements
were detected in the white belt region and gray belt region.
EDS analysis were carried out on regions B and C in Fig. 10
to evaluate their chemical composition. EDS spectra and chemi-
cal composition are shown in Fig. 11 and Table 4, respectively. As
illustrated in the table, the region B contained predominantly Ti
(67.75 at.%) and Fe (24.08 at.%). The content of Ti (53.79 at.%) and

ase material (b), and FZ (c) HAZ.

al (b), and HAZ near FZ (c) HAZ far from FZ.
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Fig. 12. XRD result of the laser welded seam.

Fig. 9. SEM image of the interface of Ti6Al4V and 42CrMo.

Fig. 10. Distributions of Ti, Al

Fig. 11. EDS spectra of (a) reg
and Fe elements in FZ.

ion B and (b) region C.
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Table 5
Thickness of intermetallic reaction layer for different power values, 1 mm/s scanning
velocity and −1 mm defocus distance.

Power (W)

650 700
Fig. 13. Microh

e (44.22 at.%) elements in region C was approximately equal. The
olubility of Fe in �-Ti at room temperature is about 0.05–0.1%. So
he concentration of Ti and Fe has exceeded the solubility. Results
ndicated that the Ti/Fe intermetallic compounds may form at the
nterface during solidification.

The intermetallic compounds at the interface have been con-
rmed by X-ray diffraction technique, as presented in Fig. 12. The
xamination indicated the occurrence of Ti/Fe intermetallic com-
ounds TiFe, TiFe2.

.4. Microhardness analysis of the overlap welding

Fig. 13 shows the microhardness profiles of weld section along
he depth (with applied load of 100 g). For the upper sheet Ti6Al4V,
he microhardness of weld zone was much higher compared to the
AZ and base metal due to the large content of acicular structure
s result of the high rapid cooling rate. These variation tenden-
ies were consistent with research data reported by Akman et al.
2009). In the lower sheet alloy steel 42CrMo, the microhard-
ess of HAZ was much higher than that of parent material mainly
ue to the self-quenching effects and the formation of a large
mount of martensite. The microhardness of region A in Fig. 9
aried in the range of 675–825 HV, reaching the maximum val-

es at the region near 42CrMo. These results indicated that the

ntermetallic compounds might form at the interface of overlap
heets.

able 4
DS analysis results in regions of B and C (at.%).

Element Region B Region C

Ti 67.75 53.79
Al 4.83 –
V 2.52 1.28
Fe 24.08 44.22
Cr 0.82 0.71
Total 100.00 100.00
Thickness of white belt region (�m) 11 15
Thickness of gray belt region (�m) 29 36
Thickness of intermetallic reaction layer (�m) 40 51

4.5. Thickness of intermetallic reaction layer

The formation of Ti/Fe intermetallic compounds phase at the
interface between Ti6Al4V and 42CrMo sheets was validated by
EDS, XRD and microhardness testing. It could be seen through
the microhardness testing that the gray and white intermetallic
reaction layer had high hardness. Ghosh et al. (2005) found that
the intermetallic compounds had an essential influence on the
mechanical properties of the joint. Thickness of intermetallic reac-
tion layer of the joint was measured and is shown in Table 5. From
the result, it could be found that the thickness of intermetallic
reaction layer increased with enhancing laser power at a constant
scanning velocity. Kobayashi and Yakou (2002) has reported that
joint strength increased with the reduction of reaction layer thick-
ness. Therefore, the welded joint with better mechanical properties
would be obtained by controlling the heat input and suppressing
the growth of intermetallic reaction layer.

5. Conclusions

Laser overlap welding technique was used for joining titanium
alloy and alloy steel, and further understanding of the welding
process was achieved by FEM model calculation and experimental
investigation. The following can be concluded from this work:
(1) The temperature history at measuring points obtained by FEM
model considering the contact resistance and forced convection
effect of the shielding gas flow has a qualitative agreement with
the experimental observation.
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2) Welding depth, a parameter defined to reflect the temperature
field, increase linearly with laser power at a constant scanning
velocity. The molten pool could just form at the interface by
adjusting the process parameters according to the numerical
simulation.

3) Thickness of the intermetallic reaction layer containing Ti/Fe
intermetallic compounds could be decreased by reducing heat
input. Therefore, there may be an optical heat input for the laser
overlap welding and the formation of intermetallic compounds
could be suppressed by optimizing process parameters during
welding process.
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