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ABSTRACT

Laser welding is one of the most common technologies with various applications in different industries. In this paper, laser joining of the
Ti6Al4V alloy and polyethylene terephthalate (PET) as a means of two common materials is discussed. According to the experimental
results, the focal length is a very important parameter in this dissimilar laser welding, and because of the low melting point of PET, it is not
possible to create welding at low focal lengths. Furthermore, changing the welding parameters such as welding speed and pulse duration
changes the temperature field of the molten pool and its surrounding points, as well as the number, distribution, and the shape deformation
of the bubbles formed in PET, which plays an important role in welding quality and mechanical strength. The number of bubbles clearly
has a significant influence on the surface contact area and the resultant shear load test values. Generally, reducing the surface contact area
between PET and the Ti6Al4V alloy evidently reduces the tensile shear load of the joints. The shear load of the joints has had about 40%
variation upon changing the focal length. Additionally, the shear load changed only about 10% by changing the pulse duration from 6 to
10 ms. Seemingly, changing the energy density through a variation of focal length has had a higher influence of about 30% than the incident
time of laser beam through increasing the pulse duration. Apart from selecting different laser parameters, the measured temperature in
ranges between 100 and 120 °C can produce acceptable joints with lower defects.

Key words: laser welding, titanium alloy, polyethylene terephthalate (PET), shear load, mechanical strength
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I. INTRODUCTION

Applications of lasers have enhanced in various industries.
Gu et al.' investigated the effects of laser scanning strategies on
selective laser melting of pure tungsten. Their results showed that

to demonstrate the potential for 3D writing of high-density optical
packaging components, for efficiently connecting optical fibers to
silicon photonic (SiP) processors for use in telecom and data
centers. Their finding illustrated that a 3D waveguide fan-out

pores and cracks were the main defects in selective laser melting
(SLM)-processed tungsten parts. Also, compared with other
scanning strategies, a compressive strength of 923 MPa with an
elongation of 7.7% was obtained. Djogo et al.” presented techniques

design provided an attractive balancing of low losses, high channel
density, modematching, low cross talk, and compact footprint. The
3D additive and subtractive processes, thus, demonstrated the
potential for higher scale integration and rapid photonic assembly
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for telecom interconnects. Tino et al.” presented a review of clinical
practice, emerging trends, and research opportunities using additive
manufacturing (AM). They surveyed the key advantages of AM in
radiotherapy where rapid prototyping allows for patient-specific
manufacture and investigated how current AM processes are
exploited by researchers to achieve patient tissuelike imaging and
dose attenuations. In recent years, similar to laser welding, the ben-
efits of laser processing are being recognized and exploited to
produce better products with higher quality and lower cost. The
heat required for welding is supplied by a tightly focused light
beam with a diameter as small as two-thousandths of an inch.
Today, different types of industries such as the electronics industry
and the automotive industry are placing increased requests for
direct laser joining of polymer-metal materials for many
applications.”"* One of the metals used for laser welding is tita-
nium alloy. The advantages of titanium alloy for welding include a
low conductivity heat transfer coefficient and a low thermal expan-
sion coefficient; they cause less heat loss and lower stress during
welding. These characteristics make titanium an attractive material
for welding. Mian et al."” studied defects in laser bonding of tita-
nium and polyimide for medical applications. They can also
predict the bond strength effect on the mechanism of failure. Gui
et al.'® investigated the double-sided laser welding of dissimilar
titanium alloys with linear changeable thickness and the overlap
rate effects on porosity formation. Double-sided laser welding
parameters are optimized in this study. In an experimental study,
the laser welding joining of NiT1 alloy to Ti6AL4V was studied on
a 1 mm thick plate with different heat inputs to control the cooling
rate. By utilizing a Yb fiber laser, dissimilar butt joints quality of
NiTi to Ti6Al4V was optimized. In the fusion zone, a fine dendritic
structure was revealed.'”

Today, researchers focus on melt pools and temperature field
analysis for achieving better laser welding performance. Pouquet
et al.'® studied the molten pool and the structure of stainless steel
and NiTi alloy under laser welding. They found that the geometry
of the weld depends on the welding parameters and the material’s
thermal properties. Balasubramanian'’ used silver as the middle
layer welding of titanium grade 5 and stainless steel. They exam-
ined the temperature field and the influence of various parameters
on the quality of the welding and indicated that the bonding tem-
perature had a greater influence on the shear strength of the layers
than the pressure and holding time. Tan et al.”’ used scanning elec-
tron microscopy and transmission electron microscopy to study the
structure of magnesium and stainless steel after laser welding and
described the effects of welding speed and heat input. The bonding
of ferritic stainless steel and titanium was investigated by applying
a nickel layer by Yildiz et al.”' The increasing temperature, pressure
of the experiments, and the microstructure and hardness of the
sample were studied. Zhang et al.”” concluded that laser welding of
titanium alloy and stainless steel using a copper sheet as the inter-
layer caused an inhomogeneous distribution of hardness in the
weld. These results were obtained by performing tensile and
nanoindentation experiments. An inhomogeneous distribution
occurred due to the composition of the solid copper solution in
the melt pool and the mechanical properties were improved by it.
The influence of the pulsed laser beam incident angle on melt pool
geometry, microstructures, and the elongation of weld joints was
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investigated by Kumar et al”’ They studied stainless steel sheet
bonding by butt welding and robotic control. The effects of
welding parameters such as the welding speed, power, and incident
angle of the laser beam on the ultimate tensile strength were deter-
mined by conducting experiments. The experiments revealed that
the metal obtained from the incident angle of 85.5 had the highest
tensile strength and quality. Mai and Spowage”* investigated the
welding sound produced by laser welding. They used combinations
of three different materials and pulsed Nd:YAG laser. They showed
that the melting ratio of controlling metals is a significant
parameter for the welding of dissimilar metals. Heat distribution
is controlled and joining material interaction is minimized in
laser welding because of high power density and energy input
limited locally.

Time control of temperature distribution is necessary inside
irradiated materials when attempting to optimize the laser welding
process.”” In a numerical and experimental study of laser welding,
Akbari et al”® investigated the temperature distribution, heat
affected zone (HAZ), and shape of the molten pool on titanium
alloy. They also used the heat field to predict the molten pool’s
dimensions. The numerical and experimental results were in good
agreement, and the thermal model prediction error was about
2%-17%. The welding speed has a direct impact on the temperature
distribution and has reached to the highest point of the tempera-
ture at longer time. Frewin and Scott” simulated a three-
dimensional laser welding using the finite element model and
showed that their suggested model was quite sensitive to the
absorptivity of the laser beam and energy distribution. Kong
et al.”” predicted temperature distribution caused by heat generated
from a direct diode laser. They used the finite element model and
the method of Monte Carlo to calculate the history of temperature
as thermal loading to evaluate the growth of grains in the HAZ of
dual-phase steel DP980. They demonstrated that the gradient of
temperature in the HAZ is reduced by the enhanced laser beam’s
scanning speed under a laser power of 2 kW.

Faraji et al.”’ investigated the effects of welding speed, laser
power, and welding current on the characteristics of weld pool and
shape in hybrid laser-TIG welding of aluminum alloy by using an
experimental and numerical method. Heat transfer and fluid flow
were simulated in the melt pool by using a numerical method,
and the weld shape was studied for various welding conditions.
The results demonstrated that upon reducing the welding speed
and increasing the welding current and laser power, the buoyancy
and Marangoni forces increased. They presented a model that
could well predict the weld geometry.

Fluid flow details and heat transfer to the weld pool from the
laser keyhole played a major role in specifying the weld size and
shape. Abderrazak et al.’’ utilized the experimental and numerical
methods to study the thermal phenomena for laser keyhole
welding. They carried out experiments to investigate the laser
welding effects on the melt pool sizes; they used a three-
dimensional finite volume model to simulate melt pool formation
and keyhole. The result showed that the parameters of welding
such as the incident laser power and welding speed had an influ-
ence on the size and shape of the molten pool.

The dimensions of the weld cross section profile have been
quantitatively studied through numerical and experimental analysis.
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FIG. 1. Schematic of the welding configuration.

It is very difficult to measure the temperature in the molten pool,
and temperature distribution is simulated through a numerical
method. Then, the size of the HAZ region and melt pool profile
was calculated using temperature distribution. Akbari et al”' used
the numerical method for calculating the cooling rate in the molten
pool and showed that the weld center point was the suitable loca-
tion for cooling rate and martensitic transformation in the zones of
weld fusion. Jiang et al.”” investigated the distribution of asymmet-
ric temperature in moving titanium alloy exposed to concentrated
laser welding. They carried out a numerical simulation to solve the
governing equations by considering the initial and boundary condi-
tions and the numerical simulation results validated by the experi-
mental outputs. The results demonstrated that increasing the size

ARTICLE scitation.org/journal/jla

of the melt pool was more effective than decreasing the diameter of
the laser pulse. Laser beam welding of the Ti6Al4V sheet was simu-
lated by Azizpour et al.”’ The molten pool dimensions were calcu-
lated by using the numerical method and validated with the
experimental data. The results showed that the numerical results
were in good agreement with the experimental data.

Many research studies have been performed on laser welding
of metals and polymers. In studies on laser welding, the welding of
metals and polymers was investigated separately. The temperature
field and the size of the melt pool were studied for homogeneous
and inhomogeneous metals of different thicknesses. However, only
a limited number of research studies have focused on metal and
polymer welding. In this study, dissimilar pulsed laser welding of
titanium alloy (Ti6Al4V) and PET are performed. Due to the
importance of the temperature field and the molten pool changed
by welding parameters, the temperature field and the quantity and
dimensions of the created bubbles in the molten pool are ascer-
tained and examined.

Il. EXPERIMENTS

In the laser welding of the PET plate and Ti6Al4V alloy, it
should be noted that transparency of PET can pass light; it is
placed on top, with the Ti6Al4V alloy being placed under the PET
plate, as shown in Fig. 1. Thus, the laser beam passes through the
PET sheet and hits the Ti6Al4V alloy, generating a molten pool at
a place between the PET sheet and the Ti6Al4V alloy. Moreover,
following the creation of the molten pool, heat transfers from the
Ti6Al4V surface to the PET sheet and results in melting, creating
bubbles, and there is apparent shape deformation of PET. Thus,
because of the heat generation between materials, the PET plate
and the Ti6Al4V alloy are jointed.

Using a high laser power and welding in the focal length of
the laser beam creates a high energy density, which intensively
melts and evaporates PET as it has a low melting point. Therefore,
as working parameters, a lower power and a higher focal distance
than typical metal welding parameters were used to avoid

FIG. 2. (a) Titanium workpiece with 2 mm thickness and (b) PET sheet with 0.7 mm thickness.
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PET evaporation and create an appropriate molten pool in the
TiAI4V alloy.

As can be seen in Fig. 2(a), Ti6Al4V plates with dimensions
of 50 mm length, 30 mm width, and a thickness of 2 mm were pre-
pared. Two grooves with a depth of 1.1 mm were applied 3 cm
from each other and 1.5 cm from the center to place the thermo-
couple. Also, PET plates with dimensions of 50 mm length, 30 mm
width, and a thickness of 0.7 mm were cut and prepared, as shown
in Fig. 2(b).

An Nd:YAG IQL-10 pulsed laser with 450 W peak power and
1.06 um wavelength was employed. The pulse duration (the time
during which the pulse is on), pulse frequency, and pulse energy
ranges of 0.2-0.25 ms, 1-250 Hz, and 0-40 ] were selected, respec-
tively. Argon gas was used for weld protection. Thermocouples are
required to record the temperature variations. Thus, thermocouples
of type K with a length of 10 cm, a diameter of 1 mm, an operating
temperature range of 40-1260 °C, and an accuracy of +1% were
applied. The thermocouples were placed in a groove on the
Ti6Al4V alloy at a transverse distance of 2 mm from the molten
pool’s center. An Advantech USB4718 data acquisition card was uti-
lized to record temperature changes in laser welding. Metallography
was carried out on the samples to investigate the weld microstructure
and grains formed in the base metal and welded location. Preparing
the welded sample’s surface, which was done by polishing the
surface, is an important prerequisite in metallography. The welded
samples were mounted by using standard metallography methods
(sanding with sizes of 200, 400, 600, 800, and 1000 grit) and pol-
ished. Then, they were etched in the curl solution consisting of 91 ml
of distilled water, 6 ml of nitric acid, and 2 ml of hydrofluoric acid.
Images were taken from the microstructure by using an ATSM E
883-17 microscope.

I1l. RESULTS AND DISCUSSION

In this section, the effects of pulsed laser parameters (e.g.,
focal length, welding speed, and pulse duration) during the process
of laser welding were investigated. The temperature near the melt
pool and molten pool microstructure and the dimensions in the
Ti6Al4V alloy were measured. The number of created bubbles and

TABLE |. Parameters of laser welding.

Pulse Pulse Welding Focal
Test duration,  frequency, speed, Current, length,
number D, (ms) f(Hz) V(mm/s) I(A) F (mm)
1 6 15 8.3 80 20
2 8 15 6.2 80 20
3 8 15 8.3 80 20
4 8 15 10 80 20
5 10 15 8.3 80 20
6 8 20 8.3 80 15
7 8 10 8.3 80 15
8 8 15 8.3 80 15
9 8 15 8.3 80 25

ARTICLE scitation.org/journal/jla

TABLE II. Parameters of welding in tests 2, 3, and 4.

D, f I E v
Test number (ms) (Hz) (A) (mm) (mm/s)
2 8 15 80 20 6.2
3 8 15 80 20 8.3
4 8 15 80 20 10

the size of HAZ in the PET were analyzed as well. The different
laser parameters used in the experiments are given in Table I.

A. Process parameter effects on temperature
distribution

1. Welding speed effect

In order to investigate the effect of welding speed on the tem-
perature field near the molten pool of Ti6Al4V (in tests 2, 3, and
4), the speed of welding was varied while keeping other parameters
constant. These parameter values are given in Table II.

As can be seen in Fig. 3, the maximum temperature measured
by the thermocouple clearly increased from 113 to 162°C as the
welding speed reduced from 10 to 6.2 mm/s. It shows that changing
the welding speed has had a direct relationship with Ti6Al4V alloy
surface interaction. Although the speed was changed about 40%,
the temperature varied about 30%. To explain this phenomenon, it
can be said that as the welding speed decreases, the laser beam
interaction conditions varied with the interface bonding condition
between PET and Ti6Al4V. As a result, more heat is generated due
to the increased time of the reaction between the surface and the
beam, the size of bobbles has increased by time duration in laser

200

——f—— Welding Speed=6.2 mm/s
i —O—— Welding Speed=8.3 mm/s
i ——8—— Welding Speed=10 mm/s

-3

Temperature ( C)

L
0 5 10 15 20 25 30

Time (s)

1

FIG. 3. Temperature field vs time as a function of welding speed.
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1) ww

FIG. 4. Effect of welding speed on HAZ, shape, and the number of bubbles, (a) V=6.2mm/s and (b) V =8.3 mm/s.

bonding process, as shown in Fig. 4. Hence, the rate of increasing
temperature is not an exact linear relation to welding speed
variation.

Figure 4 shows a comparison of HAZ and bubbles created in
the joint between PET and titanium in tests 2 and 3. Bubbles are
gases trapped in the molten pool during welding.

Moreover, the width of the HAZ region vividly decreased as
the welding speed increased. Apart from this, a comparison of
Figs. 4(a) and 4(b) shows that the number of bubbles increased in
Fig. 4(a) at a lower speed. Furthermore, the shapes and distribution
of the bubbles are more regular in Fig. 4(a) than in Fig. 4(b). An
increase in the number of bubbles due to increased gas solubility
and as a result of enhancing the temperature is logical. This is so
obvious that the extension of the bubble formation region is clearly
bigger in Fig. 4(a) due to more heat dissipation through the inter-
face region between PET and the Ti6Al4V alloy surface. The
increase in the number of bubbles in the weld reduces the contact
surface of the joint of the titanium alloy and PET, thus reducing
the weld strength.

2. Pulse duration effect

The laser parameters used to study the effects of pulse dura-
tion on temperature distribution and the number of bubbles in
tests 1, 3, and 5 are given in Table III.

TABLE Ill. Parameters of welding in tests 1, 3, and 5.

D, f I F Vv

Test number (ms) (Hz) (A) (mm) (mm/s)
1 6 15 80 20 8.3
8 15 80 20 8.3
5 10 15 80 20 8.3

In Fig. 5, temperature distribution versus time at different
pulse durations for the titanium alloy is shown. As observed in
Fig. 5, increasing the pulse duration from 6 to 10ms clearly
increases the heating cycle, which, in turn, significantly increases
the bubble numbers. Not only are the samples subject to higher
temperatures (the maximum temperature of the sample at a
distance of 2mm from the weld center is increased from 71 to
143 °C), more laser line energy increases the number of bubbles
instead of increasing the dimensions of the bubbles. For this
reason, it can be said that increasing the pulse energy by enhancing
the pulse duration, more energy is emitted on the interface of the

200
i ——8—— Pulse Duration=6 ms
i ——&—— Pulse Duration=8 ms
5 ——&—— Pulse Duration=10 ms
150
o~
L
e
E
= 100
5]
=
=)
(5]
—~
S50H
O L
0 5 10 15 20 25 30
Time (s)

FIG. 5. Temperature distribution vs time as a function of pulse duration.
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FIG. 6. Effect of pulse duration on weld width and heat affected zone, (a) Dp=6 ms and (b) Dp =10 ms.

metal surface and PET, and more heat is generated in the sample.
Moreover, the operation time of the laser at a constant pulse fre-
quency increases, and more energy is applied to the sample.
The combined effect of these two factors considerably increases the
temperature in the titanium alloy.

Figure 6 shows a comparison of the weld width and HAZ at
pulse durations of 6 and 10 ms. As can be seen, when the pulse
duration rises, more energy is transferred to the samples per time
(bigger heating cycle), and, thereby, the weld width and the HAZ
of the interface region are expanded. Moreover, the increase in

temperature due to the increase in the pulse duration in turn,
increases the number of bubbles on the PET plate, which can have
a negative effect on the weld strength (see Fig. 7). Also, the width
of the bonding region between the metal and the PET interface is
clearly wider for a 10 ms pulse duration due to the higher time
taken for heat to dissipate into the wider area near the melt pool. It
can be said that increasing the pulse duration evidently increases
the width of the molten area at the interface region of PET and the
Ti6Al4V alloy surface. In this region, no bubble is observed
because of the lower intensity of laser beam density.

FIG. 7. The effect of pulse duration on the shape and number of bubbles, (a) Dp =6 ms and (b) Dp =10 ms.
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TABLE IV. Parameters of welding in tests 8 and 3. 3. Focal length effect

D £ I F v The laser parameters used to study the effects of focal length
Test number (ms) (Hz) (A) (mm) (mm/s) on temperature distribution and the number of bubbles in tests 8

and 3 are given in Table IV.

8 8 15 80 15 83 Figure 8 shows that the thermocouple-recorded temperature
3 8 15 80 20 8.3 increases by approximately 30 °C as the focal length reduces from

20 to 15 mm. For this phenomenon, it can be said that when laser
parameters, such as power and frequency and other conditions, are
kept constant, and as the focal length reduces and the effect of the
laser beam spot becomes smaller, the energy density of the laser
beam rises. When the energy density rises, more heat is generated
and the weld temperature increases.

As can be seen in Fig. 9, with a higher laser focus and
higher energy given to the titanium alloy and the PET samples
at low focal lengths, the temperature increases, and the bubbles
lose their spherical shape and appear in the form of irregular
shapes [Fig. 9(a)]. The shape variation of bubbles can affect PET
strength in welding, and the shape of bubbles influences the
stress distribution of the joint. Therefore, it can be said that a
change in the focal length noticeably affects the quality and
strength of welding.

180

150 —&—— Focal Length=15mm

—+8—— Focal Length=20mm

)
S

90

60

Temperature (C)

B. Molten pool characterization

It is observed in Fig. 10 that the molten pool is formed in the

FRTTES VRTINS SYSTAENEN ARSVETATEN ANSPRTAE SRR S titanium alloy by considering a low mean laser power used in con-

0 5 10 15 20 25 30 35 duction mode welding. Also, the keyhole phenomenon is not
Time (s) observed in the molten pool.

The molten pool size results of samples 1, 3, and 5 (pulse

FIG. 8. Temperature distribution vs time as a function of focal length. duration variations) are given in Table V. Because the laser power

and the heat generation increase when the pulse duration rises, the

FIG. 9. The effect of focal length on the shape and number of bubbles, (a) F,=15mm and (b) ;=20 mm.

J. Laser Appl. 33, 012038 (2021); doi: 10.2351/7.0000275 33, 012038-7
Published under license by Laser Institute of America


https://lia.scitation.org/journal/jla

Journal of

Laser Applications ARTICLE scitation.org/journal/jla

PDF Compressor Free Version

depth and the width of the molten pool have an increasing trend.
For these samples, the increasing width and depth trends have been
demonstrated in Figs. 11(a) and 11(b). The increase in the depth
and width of the molten pool has had an identical trend at the con-
duction mode for the Ti6Al4V alloy.

C. Effect of parameters on shear load

The effects of pulse duration and focal length on the shear
load have been investigated so as to determine the effects of varia-
tion of these parameters on the mechanical strength of the joint.
As shown in Fig. 12, upon increasing the pulse duration, the
shear load first increased from 30 to 55N and then reduced by
about 10% upon an excessive increase of pulse duration. This is
because of the augmentation of the number of bubbles when the

FIG. 10. Microstructure of the TiGAI4V fusion zone. pulse duration was increased from 8 to 10 ms; the shear load
decreased, although the width of HAZ increased. It could be said
that decreasing the bonding surface between PET and the
Ti6Al4V alloy due to increasing the number and dimension of
bubbles has been more effective than increasing the width
of HAZ.

TABLE V. Geometry of the TiBAI4V melt pOOl at different pulse durations. Variation of the focal length has had more effect on the shear
load than on the pulse duration. As observed in Fig. 13, increasing
the focal length from 15 to 20 mm has decreased the laser beam

Pulse duration Melt pool width Melt pool depth

Test number (ms) (um) (um) energy density, thereby preventing a piercing of the PET at the
1 6 230 100 bonding area. This level of energy acts as a thresholding boundary
8 280 145 to produce a safe joint. A further increase of the focal length from
5 10 320 190 20 to 25mm clearly reduces the energy density and as a result
decreases the shear load and width of the HAZ region by about
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FIG. 11. The variations of melt pool dimensions vs pulse duration for (a) melt pool width and (b) melt pool depth.
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40%, which, in turn, leads to more significant diminishment than
when increasing the pulse duration. It can be concluded that focal
length exercises a major influence on the mechanical strength of
the joint.
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FIG. 13. The effect of focal length on shear load.
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IV. CONCLUSION

o According to the temperature field and metallography results,
the molten pool’s microstructure containing o and B phases
proves that the molten pool had high heating and cooling rates.

o Because PET completely melted and a distinct area formed in
the laser spot in high power welding, PET and Ti6Al4V could be
welded only at low laser powers; otherwise, no proper joint could
be created.

o Investigating the temperature field indicated that welding at low
focal lengths increases the likelihood of complete PET sheet
melting and makes it impossible to create a proper joint due to
the low melting point of PET.

o The titanium surface temperature increased as the welding speed
increased since the time of the reaction between the laser beam
and the titanium alloy increased.

« The increase of the welding speed provided regular bubble shapes
and a uniform distribution of bubbles in the PET/titanium joint.

« By an increase in the pulse duration and thus the increased pulse
energy, the titanium sample’s temperature rose. Also, the
number of generated bubbles increased.

o Reducing the focal length changed the regular spherical shape of
bubbles. Therefore, given that a low focal length prevented
proper welding, it can be said that the focal length has a key role
to play in the variation of the shear load between PET and a tita-
nium joint. The shear load had a variation about 40% in com-
parison with the only 10% for pulse duration.

o The welding speed in the range of 8-10mm/s and the focal
length in the range of 15-20 mm can produce acceptable joint
quality. The welding speed and the focal length have had a
remarkable effect on the bonding quality.
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