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a  b  s  t  r  a  c  t

Titanium  alloy  Ti6Al4V  and  lead  metal  were  welded  using  a continuous  wave  Nd:YAG  laser.  The  influ-
ences  of laser  power,  scanning  velocity,  and  laser  beam  offset  on  weld  morphology  were  investigated.
Microstructure,  chemical  composition  and  mechanical  properties  of  the  joints  were  evaluated.  Exper-
imental  results  showed  that  fusion  weld formed  at the  upper  part  of the  weld  and  brazing  weld  with
solder  of Pb formed  at the lower  part  of  the  weld  under  appropriate  process  condition.  Interfaces  were
eywords:
aser welding

elding of different materials
nterfaces

formed between  mixed  fusion  zone  and  liquid  lead  zone  in molten  pool  during  laser  welding  of Ti6Al4V
and  lead.  Reasons  for interface  formation  may  be different  driving  force  of  various  regions  in  molten  pool,
and the  miscibility  gap  of Ti  and  Pb  binary  system.  Ti-Pb  intermetallic  compound  Ti4Pb  was detected  at
the  fusion  weld  zone,  which  made  the  microhardness  of  the  weld  seam  was  higher  than  that  of  the  base

f  the  
icrostructure
echanical properties

materials.  The  strength  o

. Introduction

As one of the new joining technologies, laser welding has
ecently received growing attention because of its special features
nd potential. Laser welding has many benefits in comparison with
onventional thermal joining processes. The primary advantages
nclude high scanning velocity, narrow heat-affected zone (HAZ),
ow distortion, excellent controllability and the ability to produce a
igh-intensity heat source, which is suitable for precision welding.
rigor’yants (1987) established laser welding of aluminum alloy
nd lead by using a tin interlayer.

Some research about laser welding of titanium alloys and laser
oining titanium alloys to other alloys has been carried out. Akman
t al. (2009) used pulsed Nd-YAG laser welding technique to join
i6Al4V plane sheets. Kreimeyer et al. (2005) presented a study for
aser joining of aluminum-titanium in the butt joint configuration,
ncluding numerical simulation, process development, character-
zation of the seam morphology and mechanical properties. Chen
t al. (2011) reported laser welding of Ti6Al4V and 5A06 aluminum
lloy plates with a thickness of 1.5 mm.  The results indicated com-

ination of rectangular spot laser welding-brazing and V-shaped
roove could effectively control the fracture of Ti/Al joints in the
eam in a wide processing parameters window. Zhao et al. (2011)
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aidian District, Beijing 100083, China. Tel.: +86 10 82304946;

ax: +86 10 82304353.
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joint  was  at least  equal  to  or larger  than  that  of lead  base  material.
© 2012 Elsevier B.V. All rights reserved.

used finite element method and processing experiments to investi-
gate the thermal phenomenon and microstructure of laser overlap
welding of Ti6Al4V and 42CrMo alloy steel.

With regard to the microstructure analysis of dissimilar metal
joints by laser beam, an amount of numerical simulation and exper-
iments were used to investigate the microstructure and mechanical
properties of welded seam. Chung and Wei  (1999) reported that the
quality of dissimilar joint strongly depended on distribution of ele-
ments in molten pool. Marangoni convection of liquid metal in the
molten pool was recognized as one of the important processes that
determine the mass transport during welding process. A majority
of studies on heat and mass transfer of laser dissimilar welding
were based on the assumption that either a binary system with
complete miscibility or little solubility between dissimilar metals.
Phanikumar et al. (2004, 2005a,b) applied continuous CO2 laser
welding between Fe–Cu dissimilar couple in a butt-weld geometry
at different process conditions. The experimental results presented
a characterization of weld/base-metal interface. The iron side could
grow into the weld with a local change in length scale, whereas
the interface on the copper side indicated a barrier to growth.
Tomashchuk et al. (2010) predicted the weld shape evolution,
fluid flow and mixing pattern in dissimilar welds formed between
copper–stainless steel couple with limited solubility by numerical
simulation. Chakraborty and Chakraborty (2007) and Chakraborty
(2009) studied the effects of turbulence on momentum, heat, and

mass transfer during laser welding of a copper–nickel dissimilar
couple without a miscibility gap by carrying out three-dimensional
unsteady Reynolds Averaged Navier Stokes (RANS) simulations. Lit-
tle work has been carried out to investigate the microstructure

dx.doi.org/10.1016/j.jmatprotec.2012.02.014
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:zhaoshusen@semi.ac.cn
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Table 1
Process parameters of laser welding experiments.

Laser power (W)  Scanning velocity (mm/s) Laser beam offset (mm)

200 20 −0.5
200 20 −0.25
200 20 0
200 20 +0.25
200 20 +0.5
250 25 −0.5
250 25 −0.25
250 25 0
250 25 +0.25

F
l

S. Zhao et al. / Journal of Materials Proc

uring laser welding of dissimilar materials with incomplete mis-
ibility, such as Ti and Pb.

Laser butt welding experiments were conducted using a high-
ower CW Nd:YAG laser to explore the weldability of Ti6Al4V
itanium alloy and lead metal. Influence of process parameters on
eld morphology was discussed. Microstructure, chemical com-
osition and mechanical properties of the welded joint were also
ested.

. Experimental procedures

Ti6Al4V (60 mm × 20 mm × 2 mm;  Fe ≤ 0.30, C ≤ 0.10, N ≤ 0.05,
 ≤ 0.015, O ≤ 0.15, Al = 5.5–6.8, V = 3.5–4.5, Ti = Bal. (wt.%)) and lead

60 mm × 20 mm × 2 mm)  plates were prepared for laser welding,
hich was conducted on a 1 kW Nd:YAG laser materials process-

ng system with five-axis computerized numerical control (CNC)
orking station. The surfaces of the sheets were cleaned with ace-

one before experiments. 2.5 l/min flow of high purity argon gas
as passed through the molten pool from top side to produce a

hielding effect. The defocus distance was 0 and the diameter of
aser spot was 0.113 mm.  Other process parameters of the experi-

ents are given in Table 1. Laser beam offset in the table reflects
he distance between the center of laser spot and the joint line. We
onsider the positive values of deviation at the titanium alloy side,
nd the negative values at the lead side.

Metallographic samples of the welded seam were prepared
sing standard mechanical polishing procedures. Ti6Al4V and lead

ere etched in HF:HNO3:H2O solution in volume ratio of 2:4:100

nd H2O:CH3COOH:HNO3 solution in volume ratio of 16:3:4,
espectively. Microstructure of the welding seam was  character-
zed by ZEISS EVO18 scanning electron microscopy (SEM) equipped

ig. 1. Weld profiles and fracture surfaces: (a) laser power is 200 W,  scanning velocity is 2
aser  beam offset is 0; (c) laser power is 200 W,  scanning velocity is 20 mm,  laser beam of
250 25 +0.5
400 20 +0.25

with BRUKER Xflash 5010 energy dispersive spectrometer (EDS).
Microhardness of the welded seam was measured by an automatic
microhardness tester with a test load of 0.245 N and a dwelling time
of 15 s. The transverse tensile test was  conducted with a universal
testing machine at a cross-head speed of 5 mm/min to evaluate the
tensile strength of the joints. The breaking force was recorded when
the specimen fractured.

3. Results and discussion

3.1. Influence of process parameters on weld morphology

Laser power density was  a key factor during laser welding

process. Welding mode would change to penetration mode from
thermal-conductive mode, when laser power density exceeded a
certain limit. Spot diameter of the laser beam was  maintained
at a constant of 0.113 mm,  so laser power density was  only

0 mm,  laser beam offset is 0; (b) laser power is 250 W,  scanning velocity is 25 mm,
fset is −0.25 mm;  (d)–(f) fracture surfaces of (a)–(c), respectively.
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ig. 2. Welding depth as a function of laser beam offset, laser power and scanning
elocity.

ependent on the laser power value. In addition, titanium alloy
nd lead metal had different thermophysical properties, especially
n melting point and heat conductivity properties. The asymmetry
f the molten pool cannot be ignored. Thus, laser beam offset was
nother key factor to the welding quality.

There were four types of the weld morphology under the
rocess conditions listed in Table 1. The 1st type was the thermal-
onductive weld formed by laser beam with lower power density
ocating on the center of the weld, shown in Fig. 1(a). The 2nd type

as keyhole weld formed by laser beam with higher power density
ocating on the center of the weld, shown in Fig. 1(b). The 3rd type

as brazing joint with laser beam locating on lead metal, shown in
ig. 1(c). The 4th type was penetration weld formed by laser beam
ith high laser power locating on Ti6Al4V, and this type of weld
as described in detail in following section, shown in Fig. 9.

After process experiments, the joints were broken along the
canning direction, and the fracture surfaces could show the adhe-
ion zone of molten lead on the titanium alloy along the whole
elding length. The fracture surfaces of the welds shown in

ig. 1(a)–(c) are presented as Fig. 1(d)–(f), respectively. The weld-
ng depth is defined as the depth of adhesion zone perpendicular
o the scanning direction, shown in Fig. 1(d).

The welding depth for different laser beam offset values, laser
ower and scanning velocities is shown in Fig. 2. Under the con-
itions of 200 W laser power and 20 mm scanning velocity, fusion
elding seam formed when the laser beam was located at the cen-

er of the weld, shown in Fig. 1(a), and almost no welding seam
as formed with positive laser beam offset values, shown in Fig. 3.
hen laser beam irradiated the lead substrate side, the titanium

lloy almost remained solid state, and the lead material melted
nd wet the solid Ti6Al4V interface to form a brazing seam during
elding process, shown in Fig. 1(c).

The similar tendency of welding depth was obtained under the
onditions of 250 W laser power and 25 mm/s  scanning velocity,
hereas a large volume lead metal was melted and evaporated
hen laser beam was located on lead substrate. Even molten lead
ight fall down in the form of droplet from the specimens by

he shielding gas under condition of negative laser beam offset
nd 250 W laser power. For the failure welding processes, welding
epth was unreasonable and marked with dotted line in Fig. 2.

When laser beam was located on the center of the weld, laser
ower was 250 W,  and scanning velocity was 25 mm/s, the weld-

ng depth reached 1.763 mm close to the thickness of the specimen,

hown in Fig. 1(b). Compare weld morphology of Fig. 1(a) and (b),
he welding processes had the same linear energy defined as a
atio of laser power to scanning velocity, but significant differences
n weld profiles. The depth-width ratio is defined as the ratio of
Fig. 3. Fracture surfaces: (a) laser power is 200 W,  scanning velocity is 20 mm,  laser
beam offset is 0.25 mm and (b) laser power is 200 W,  scanning velocity is 20 mm,
laser beam offset is 0.5 mm.

welding depth to welding width of the welds. The influence of
power density on the depth-width ratio is shown in Table 2.

The depth-width ratio of the welds increased with increasing
laser power density. Under condition of lower power density, laser
welding was  performed in the thermal conductive mode. The mate-
rial was  melted and a hemispherical weld was formed similarly to
conventional fusion welding processes, thus the depth-width ratio
of the weld was  relatively small. With the higher power density, the
laser energy density exceeded a certain limit to initiate local vapor-
ization. The material was  not only melted, but also evaporated, and
the reaction force of the evaporated metal gas increased rapidly.
Vibration and deformation of the liquid surface became large due
to the increased vapor pressure. Then a keyhole was  formed in the
molten pool, and the material was heated directly by the laser beam
through the keyhole, presented by Fabbro et al. (2005).  Thus higher
weld depth-width ratio was  achieved for a higher power density.
It could be seen form Fig. 2 that keyhole was  also produced with
laser power of 400 W,  scanning velocity of 20 mm/s, and offset of
0.25 mm.  The specimen with 2 mm thickness had been penetrated.

3.2. Microstructure and chemical composition of weld

Ti6Al4V is a �+� titanium alloy. The crystal structure changes
from � (hcp, hexagonal close-packed) to � (bcc, body-centered
cubic) when the temperature exceeds to 995 ◦C. The microstructure
of Ti6Al4V parent metal shown in Fig. 4(d) consisted of two  phases:
intergranular � phase (white) in equiaxed � phase (black). Fig. 4(a)
shows the microstructure in the HAZ of Ti6Al4V. The HAZ near the
fusion line contained a number of acicular martensite due to the
relatively high temperature in the thermal cycle process. This phe-
nomenon was similar to the result of laser welding titanium alloy
to steel presented by Zhao et al. (2011).

Line scan of the weld was  carried out. The elements distribution
of Ti and Pb are shown in Fig. 5. It could be seen from the diagram
that both Pb and Ti elements were detected in the white weld region
which indicated that both titanium alloy and lead were melted to
form a fusion welding seam. Fig. 4(b) shows the enlarged diagram
of the white weld region. From the picture, the weld was composed
of sand particle-like microstructure. EDS analysis was carried out
on white weld seam region in Fig. 4(b) to evaluate the chemical

composition. EDS spectrum and chemical composition are shown
in Fig. 6 and Table 3, respectively. As illustrated in the table, the
content of Ti and Pb elements in weld region was consistent with
the line scan result.
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Table  2
Depth-width ratio for different power density.

Power (W)  Scanning velocity (mm/s) Linear energy (J/m) Power density (W/cm2) Depth-width ratio

200 20 104 1.995 × 106 1.07
250 25 104 2.494 × 106 3.45

Fig. 4. Microstructure of the weld.
Fig. 5. Line scan o
f the weld.
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Fig. 6. EDS spectra

Table 3
Chemical composition of the weld (wt.%).

Element Mass fraction

Ti 20.23

b
a
i
t
c
T
c

(
t
m
s
m
l

Pb 79.31
Al 0.46

From the Ti-Pb binary phase diagram, which is characterized
y the eutectoid decomposition (�-Ti) → Ti4Pb + (�-Ti) at 725 ◦C,
nd the peritectic reaction (�-Ti) + L → Ti4Pb at 1300 ◦C, the Ti-Pb
ntermetallic compounds may  form at the weld during solidifica-
ion process. The intermetallic compounds at the weld have been
onfirmed by X-ray diffraction technique, as presented in Fig. 7.
he examination indicated the occurrence of Ti-Pb intermetallic
ompounds Ti4Pb.

Laser welding is characterized by extremely high cooling rate
generally of the order 103–104 ◦C/s). Cai et al. (2006) reported
hat the rapid solidification could refine the microstructure. The

icrostructure of lead near the white region and lead substrate are

hown in Fig. 4(c) and (f), respectively. From the SEM images, the
icrostructure dimension of lead near white fusion zone was much

ess than that of lead base metal.

Fig. 7. XRD result of the weld.
 of the weld.

3.3. Hybrid joining mechanism

Fig. 8 shows the enlarged diagram of different location of the
weld shown in Fig. 1(b) and the element distribution for regions A
and B. It is indicated that both titanium alloy and lead were melted
at region A during welding process, there formed a fusion welding
seam. The distribution of Ti and Pb elements had clear bound-
ary with little element diffusion in region B. It could be inferred
that only lead with lower melting point was  melted and the tita-
nium alloy remained solid state in region B. The liquid lead could
wet the surface of the solid Ti6Al4V and formed a brazing seam.
For laser welding of dissimilar materials with greatly difference in
melting point, region with temperature value higher than melting
point of both materials would form a fusion welding seam, and
region with temperature between melting point of Ti6Al4V and
lead would form a brazing seam. As a result, with appropriate pro-
cess condition, fusion weld formed at the upper part of the weld
and brazing weld with solder of Pb formed at the lower part of the
weld. The weld including fusion welding region and brazing region
had adequate welding depth, but also avoids local collapse of lead.

3.4. Interface formation in molten pool

Fig. 9 shows macro morphology of the weld with laser power
of 400 W,  scanning velocity of 20 mm/s  and laser beam offset of
0.25 mm.  Penetration weld was obtained under this process con-
dition. There formed ripples on the top and bottom surface of
workpiece, and a collapse at lead side. It is indicated that lead
melted with a large volume during welding process due to the
low melting point (327 ◦C). Molten pool was composed of white
region and region of melted lead at right side of the white region.
Regions of melted lead and lead substrate had similar microstruc-
tures except changes in grain size since no high temperature phase
produced. As a result, there was no clear interface between regions
of melted lead and lead substrate in the weld profile. The chemi-
cal composition of Ti, Pb and V were analyzed by EDS surface scan.
The white region in Fig. 9(c) was enlarged and shown in Fig. 10.
Both Pb and Ti elements were detected in the white region and Ti

element was  not found in the region of melted lead. Lead could be
dissolved in liquid titanium alloy and form a mixed fusion zone,
however, Ti element in mixed fusion zone failed to transport to the
liquid lead zone. Interface formed in the molten pool. One side of
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Fig. 8. Chemical composition of different regions in a weld.

Fig. 9. Profile of the weld: (a) top surface; (b) bottom surface; and (c) macro morphology.
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form at the fusion zone. The significant difference in mechanical
properties of the mixed fusion zone and lead zone might affect
stress state of the joint. Further study is necessary concerning the
influence and the corresponding control methods.
Fig. 10. Distribution of Ti,

he interface was the mixed fusion zone containing titanium alloy
nd lead, the other side was  the liquid lead. Similarly, interface for-
ation occurred for other specimens which were characterized by

ormation of fusion weld.
It could be noted that the surface tension gradients at the

op surface (free surface) initiated the convective transport in
he molten pool. These surface tension gradients, in turn, were
etermined by both the temperature and concentration gradients.
uring welding process, lead was melted to form a molten pool
ith large dimension firstly, and the temperature of liquid lead var-

ed in the range of melting point to boiling point. Temperature of the
one irradiated by laser beam could reach a value greater than the
elting point of base materials instantaneously. Both Ti6Al4V and

ead were melted at this zone and formed a mixed fusion zone. Gao
t al. (2008) have reported that temperature gradient of the central
one of the molten pool irradiated by laser beam was higher than
hat of the zone next to the molten pool wall. According to this con-
lusion, the temperature gradient in mixed fusion zone was much
igher than that of the liquid lead zone. Furthermore, concentration
radient of mixed fusion zone was much higher than that of liquid
ead zone due to the inhomogeneous element distribution. As the
ifferent temperature gradient and concentration gradient, mixed
usion zone and liquid lead zone had different surface tension gra-
ient and driving forces. Besides, Farrar and Margolin (1955) found
hat the liquid mixture of titanium and lead with above 70 wt.%
b always consolidated into two layers. The outside appeared to
e composed entirely of lead and the inside was  a Ti-Pb alloy. It
as indicated that the solubility of Ti in liquid Pb was small. Liquid

ead got into the liquid titanium alloy by convection and diffusion

o form a mixed fusion zone containing both base materials. Ti
lement in the mixed fusion zone could not transport to the region
f liquid lead due to the solubility gap of Ti in liquid lead. As a
esult, an interface formed in the molten pool, and one side of the
d V elements in the weld.

interface contained both Ti and Pb elements and the other side of
the interface contained only Pb element.

3.5. Mechanical properties of the joints

Fig. 11 shows the microhardness profiles of weld section (with
applied load of 0.245 N and a dwelling time of 15 s). The averaged
microhardness of mixed fusion zone was 565HV, much higher than
that of Ti6Al4V base material (360HV) and lead base material (6HV).
These results indicated that the intermetallic compounds might
Fig. 11. Microhardness of weld.
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ig. 12. Schematic diagram of tension specimen (a) and location of fracture during
ransverse tensile test (b).

Strength of lead material is too low to be clamped on the fixture
f tensile testing machine. Specimens with Ti6Al4V-Lead-Ti6Al4V
ode were used in the tensile test, i.e. two sheets of Ti6Al4V were
elded by laser to two end of the lead substrate, and Ti6Al4V sheets
ere clamped on the fixture, shown in Fig. 12(a). Two specimens
nder the same process condition that laser power is 400 W,  scan-
ing velocity is 20 mm/s  and laser beam offset is 0.25 mm were
ested. The results of the joint transverse tensile test showed that
he joint fractured in the lead base metal, outside the welded seam
hown in Fig. 12(b). Compared to the lead base metal with much
ower tensile strength, laser-welded seam was difficult to deform
uring tension, owing to the alloying of the fusion zone. As a
esult, the deformation concentrated on the lead base metal and
he fracture occurred in the lead base metal. The values of breaking
orce were 335 N and 305 N, respectively. The corresponding ten-
ile strength was 13.9 MPa  and 12.7 MPa, respectively. The strength
f the joint was at least equal to or larger than that of lead base
etal, and the fracture surface indicated that lead metal had good

uctility.

. Conclusion

Laser dissimilar welding of Ti6Al4V and lead metal was  con-
ucted, and further understanding of the welding process was
chieved by experimental investigation on microstructural and
echanical characteristics of the joints. The following can be con-
luded from this work:

1) Size of the welds is a function of laser beam offset, laser
power density, and scanning velocity. With appropriate process
 Technology 212 (2012) 1520– 1527 1527

condition, fusion weld formed at the upper part of the weld and
brazing weld with solder of Pb formed at the lower part of the
weld.

(2) Interface formation in molten pool during laser welding
Ti6Al4V and lead was  found. The reasons for interface formation
may  be different driving force of various regions in molten pool
due to the different temperature gradient and concentration
gradient, and the miscibility gap of Ti and Pb binary system.

(3) The results of the joint transverse tensile test showed that the
joint fractured in the lead base metal, outside the welded seam.
Tension strength of the joint was at least equal to or larger than
that of lead base metal.
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