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1. Introduction

Abstract. The present study aims to investigate the strength and microstructure of
dissimilar weld joints composed of Hastelloy X, i.e., a nickel-based superalloy, and austenitic
stainless steel 304L. Nd-YAG solid-state pulsed laser is used to perform welding between
these two alloys. The effects of welding speed, laser power, and pulse width on the joint
strength are studied by changing the values of the mentioned parameters. Then, the test
samples were adopted to conduct uniaxial tensile tests at room temperature. The results
obtained from the uniaxial tensile tests showed that the pulse width and laser beam power
had maximum effects on the strength of the joint. Results also indicated that a dissimilar
joint with the highest quality could be obtained by optimizing the welding power, beam
pulse width, and welding speed. Given the selected parameters for laser welding, the
tensile strength of the joint was equal to 95.5% of the weaker alloy strength (AIST 304L),
which showed excellent quality of the weld. Furthermore, changes in the composition of
the constituting elements of the joint were investigated using the Energy-Dispersive X-
Ray Spectroscopy (EDS) tests and scanning electron microscope. The results of the EDS
tests indicated that a change in the composition of the constituting elements in this zone
occurred on a regular basis.

(© 2020 Sharif University of Technology. All rights reserved.

in terms of material prices, dissimilar joining of these
two alloys can be considered as an attractive option

Nickel-based superalloys and austenitic stainless steels
enjoy various applications due to their high corrosion
resistance and high temperature strength. Therefore,
they are widely used in industries such as petrochem-
ical, oil, and power plants [1-4]. To benefit from
their advantages and, also, maintain a good balance
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in designing and manufacturing the components of
mechanical engineering.

One of the methods used for the permanent
dissimilar joining of these two alloys is utilizing the
various welding processes. To this end, a number of
researchers have studied the welding of nickel-based
superalloys and austenitic stainless steels [5-8]. Among
different welding methods, laser beam welding is of
considerable importance due to its centralized nature
and very high thermal density. Laser beams can create
narrow joints with high strength, small heat affected
zone, and low residual stresses [9,10]. There can be a
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significant interaction between metal surfaces and solid
state lasers, with beam delivery advantages. Hence,
solid state lasers are among the most commonly used
types of lasers used for material processing; Nd-YAG
type lasers belong to this category [9,11].

Laser beams usage for material processing has a
long history. The first laser application for welding
purposes dates back to the mid-1960s [12,13]. At
around the same time, the first attempts were made
to weld dissimilar metals [14]. In recent years, with
the developments of modern laser welding devices,
great advances have been made in the field of laser
welding of metals and even non-metals [15-18]. Mai
and Spowage [19] studied steel-quartz, copper-steel,
and copper-aluminum dissimilar laser welding and es-
tablished strong joints for these three compounds using
the Nd-YAG pulsed laser beam. They concluded that
controlling the melting points of metals was an essential
factor in the flawless process of welding dissimilar
metals. Due to the centralized and limited nature of the
laser beam, it is possible to control the heat distribution
during the process, thus preventing the formation of
brittle intermetallic phases during the welding process.
Liu et al. [20,21] utilized Nd-YAG continuous laser
beam for welding dissimilar plates of nickel-based alloy
and alloyed steel. They investigated the effects of weld-
ing speed parameters, the protective gas flow rate, and
non-focus distance. Their obtained results showed that
high-quality deep-penetration laser welding could be
achieved by optimizing welding parameters such as the
welding speed and protective gas rate. Neves et al. [22]
investigated end-to-end dissimilar joining of AISI 304
stainless steel and Inconel 600 using the pulsed Nd-
YAG laser beam and established joints with maximum
tensile strength equal to 90% of the base metal strength
of AIST 304. Choobi et al. [23] studied clamping on
residual stresses and distortions in butt-welded plates.
Mortezaie and Shamanian [24] examined the dissimilar
welding of Inconel 718 and austenitic stainless steel
ATIST 310S using the gas tungsten arc welding method
with various fillers and concluded that the best filler
to weld these two alloys, regarding the joint strength
and corrosion resistance, is Inconel 625 filler. Ates et
al. [25] developed an artificial neural network approach
to predict the strength of welding joints. Manikandan
et al. [26] examined the dissimilar Incoloy 800 and AISI
316L steel using ‘gas tungsten arc welding’ and ‘shield
metal arc welding’ methods and established excellent
joints with a strength higher than the weaker base
metal strength (AISI 316L). Kumar and Sinha [27]
studied the distribution of temperature fields in dis-
similar welding of AISI 304L and St37 by using a 3D
moving thermal source and obtained good agreement
between finite element model and experimental results.
Kumar and Sinha [28] examined the effect of Nd-YAG
laser pulse width on the weld seam profile, penetration

depth, and heat-affected zone for welding the austenitic
stainless steel AISI 304L and carbon steel St37 and
achieved joint strength higher than the weaker base
alloy (St37) strength.

Review of the literature reveals that the dissimilar
joining of Hastelloy X and AISI 304L has not been
investigated thoroughly yet. Despite extensive studies
on laser welding and microstructure of the laser joints,
few studies have been conducted on the mechanical
behavior of dissimilar laser welding of nickel-based
superalloys and austenitic stainless steels and on the
effect of welding parameters on the mentioned behav-
ior. The significant novelties of this research comprise
investigation of the effect of these three parameters
(welding power, welding speed, and pulse width) on
the dissimilar AISI 304L and Hastelloy X, determining
joint strength based on the experimental tests in vari-
ous conditions, and finding proper welding parameters.
Both of these alloys are widely used in aerospace, power
generating, petroleum industries, and chemical process
components. Hastelloy enjoys properties superior to
those of AISI 304L alloy and is among the first choices
whose temperature level is very high. However, the
former alloy is more expensive than the latter (more
than ten times). To minimize the overall materials’
price, there is a great tendency in the industry to
use both alloys in manufacturing a single part like
furnace nozzles, flame holders, and other combustion
zone components including the section that sustains
a higher temperature level (more than 500-600°C) in
Hastelloy X and the section that undergoes a medium-
level temperature in AISI 304L [29,30]. Typically,
in these applications, permanent dissimilar joining of
these two alloys is necessary. Joining these two sections
with proper mechanical and microstructure properties
is a significant concern in the related industries. There-
fore, in this study, the performance of dissimilar Nd-
YAG pulsed laser joint of the nickel-based superalloy
Hastelloy X and 304L austenitic stainless steel is
investigated by conducting the uniaxial tensile tests at
room temperature and elemental composition of the
joint.

2. Experimental procedures

Plates with a thickness of 1 mm were used for dissimilar
welding. The plate’s materials included 304L austenitic
stainless steel and Hastelloy X nickel-based superalloy.
Their chemical compositions based on weight percent-
age are given in Table 1. As shown in Table 1, for
Hastelloy X, nickel is balanced and for AISI 304L alloy,
iron is balanced.

The edges of the plates were prepared and cleaned
prior to the welding process by using different grades
of sandpaper sheets and acetone. Figure 1 presents the
geometrical location of the plates relative to each other
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Table 1. Compositions of nickel-based Hastelloy X and 304L stainless steel (wt.%).
Materials Ni Fe Cr Mo Co W C Mn Si S P B
Hastelloy X Balance 18 22 9 1.5 0.6 0.10 <1 <1 — — < 0.008
AIST 304L 8.0-12.0 Balance 17.5-19.5 — — <0.030 <200 <075 <£0.03 <£0.045 —

Laser beam —

" Part A
SS 304L

Hastelloy X

Figure 1. Setup of dissimilar butt welding of two alloys.

and also the method used to apply the laser beam. As
shown in Figure 1, two pieces of plates are placed side
by side (butt welding configuration) and are fixed to
their places using a standard jig-fixture clamp.

The welding process is run using the Nd-YAG
pulsed laser source model IQL-10 with the maximum
average power of 400 W. A LpOphir power meter with
maximum measurable power of 5000 W was used to
measure the average laser beam power. The dissimilar
welding of these two alloys is performed using the
welding parameters given in Table 2. In all welds,
argon shroud gas was delivered through a nozzle at
a flow rate of 10 L/min. The distance between the
focusing lens and the substrate surface and, also, laser
beam frequency were kept constant at 2 mm and 20 Hz,
respectively.

In pulsed lasers, the laser beam is composed of

sequential pulses (Figure 2). The average beam power
is equal to the sum of the energy of pulses per unit time
(second), and the maximum pulse power is equal to the
energy of a single pulse divided by the pulse width of
the beam. The average beam power is measured by
using a power meter, and the laser beam output is set
to a desired value. Given that the frequency of the
beam is kept constant at 20 Hz, the maximum power
and the energy of each pulse can be calculated. The
maximum power and pulse values are given in Table 2.

The spot-to-spot overlap is shown in Figure 3. If
the diameter of the beam and welding speed are given,
it is possible to calculate the overlapping percent of the
pulses (Eq. (1)). Spot overlap percentages of different
welding speeds are given in Table 2.

spot overlap
100

1)

After welding, an electric discharge cutting machine
is used to produce test samples in order to conduct

welding speed
spot diameter X pulse rep rate (

Beam pulse Pulse peak power

_______ R

4

Power

Time

Figure 2. Pulsed laser beam.

Table 2. Parameters used in dissimilar welding of AISI 304L and Hastelloy X.

Sample Average P}llse Welding  Maximum Pulse Spot
power width speed pulse power energy overlap

e (W) (ms) (mm/s) (W) () (%)

1 200 5.5 5.84 1818 10 58.28

2 240 5.5 5.84 2182 12 58.28

3 275 5.5 5.84 2500 13.75 58.28

4 240 4.5 5.84 2667 12 58.28

5 240 6.5 5.84 1846 12 58.28

6 240 5.5 4.5 2182 12 67.86

7 240 5.5 6.67 2182 12 52.36
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Figure 3. Laser beam pulses overlap.

uniaxial tensile tests. The drawing of the tensile test
samples is shown in Figure 4(a), and an image of a
test sample (before the test) is shown in Figure 4(b).
As shown in Figure 4(b), the welding joints are in
the middle of the samples and perpendicular to the
direction of the tensile force.

As shown in Figure 4, two holes are considered at
the two ends of the sample to apply the tensile force
using the pin. This tensile test method makes the entire
length of the parallel area out of the grips of the tensile
test machine, and the extensometers can be easily
attached to the sample. The samples are designed by
analyzing the stress fields using finite element software,
and the stress distribution of the parallel region is
negligibly affected by the holes. The resulting samples
are also employed in high-temperature and creep tests,
which, for high-temperature testing that uses the pin
to apply force, is more suitable than friction gripping
methods.

The Energy-Dispersive X-Ray Spectroscopy
(EDS) method was employed to investigate the change
of the material composition and microstructure of the
weldment using the Scanning Electron Microscope
(SEM) model Tescan SEM5001 (Figure 5). A section
of the weld seam, which is perpendicular to the
welding direction, is produced from the welded sample,

Figure 5. Scanning electron microscope model Tescan

SEM5001.

1 T
/[\ \ j«—— Weld seam
g
g

EDS line SS 3041,

Figure 6. Weld seam examined by scan electron
microscope.

as shown in Figure 6. After preparing the samples,
the investigation was conducted via the scan electron
microscope.

3. Results and discussion

For base alloys as well as welding samples, uniaxial
tensile tests were carried out at room temperature.
The results of the tensile tests for the base alloys and
the following joints are shown in Table 3; their stress-

| o ]
9 50 8
— “ ]

(b)

Figure 4. Uniaxial tensile sample.



F. Vakili Tahami et al./Scientia Iranica, Transactions B: Mechanical Engineering 27 (2020) 2443-2450 2447

Table 3. Results for the tensile tests at room and high temperatures.

Yield Ultimate strength at  Ultimate strength/ .
. Elongation
Sample strength room temperature ultimate strength of

(MPa) (MPa) 304L (%) (%)

304L base alloy 310.41 631.2 100 59.49
Hastelloy X 341.56 735.95 116.6 51.125

base alloy

1 322.86 523.39 82.92 16.11

2 325.22 602.8 95.5 29.61

3 322.92 569.34 90.2 23.76

4 322.16 534 84.6 18.37

5 320.35 542.83 86 20.13

6 321.04 596.06 94.43 28.26

7 321.37 564.64 89.45 22.33

strain diagram at room temperature for the base alloys
is shown in Figure 7. As shown in Table 3, at room
temperature, the base alloy strength of 304L austenitic
stainless steel and Hastelloy X nickel-based superalloy
is 631.2 MPa and 735.95 MPa, respectively. Moreover,
in column 4 of Table 3, the ratios of the ultimate
strength of the samples to the final strength of the
weaker base alloy (304L) are given in percentage.

3.1. Welding power and pulse width

In order to investigate the effect of laser beam power on
the strength of the dissimilar joint, three different aver-
age powers, i.e., 200, 240, and 275 W, were employed.
In all these cases, the welding speed, pulse width,
and laser frequency were kept constant at 5.84 mm/s,
5.5 ms, and 20 Hz, respectively. The maximum laser
pulse power depends on the average power, pulse width,
and laser frequency. In constant pulse width (5.5 ms)
and laser frequency (20 Hz), different average powers
represent different maximum pulse powers: at average
laser powers of 200, 240, and 275 W, the corresponding

8007
700 e P i B %\
{ = - - |
600 D S i — T
| 2 = \
=
[a
=
P — — Hastelloy X
5 ——AISI 304L
a —--Sample 1
--- Sample 2
200 Sample 3 |
| Sample 4
—-—--Sample 5
100+ —-—Sample 6
Sample 7
0 : ; . - ;
10 20 30 40 50 60

Strain (%)

Figure 7. Stress-strain diagrams for the base alloys and
samples.

maximum pulse powers are 1818, 2182, and 2500 W,
respectively. As listed in Table 3, at an average welding
power of 200 W, the strength rates of the joint are
83%, 95.5%, and 90% of the weaker base alloy (SS304L)
strength. In all these cases, rupture in the joint location
occurred.

In order to investigate the effect of laser pulse
width on the strength of the dissimilar joint, three
different pulse widths of 4.5, 5.5, and 6.5 ms were
used. In all these cases, the welding speed, average
laser power, and laser frequency were kept constant
at 5.84 mm/s, 240 W, and 20 Hz, respectively. At
the constant average power (W) and laser frequency
(20 Hz), different pulse widths represent different
maximum pulse powers: For pulse widths of 4.5, 5.5,
and 6.5 ms, the maximum pulse powers are 2667, 2182,
and 1846 W, respectively. As shown in Table 3, at
4.5, 5.5, and, 6.5 ms pulse widths, the strength rates of
the joint are 85%, 95.5%, and 86%, respectively, of the
weaker base alloy (AISI 304L) strength. In all these
cases, rupture in the joint location occurred.

Variations in the joint’s ultimate strength with
the welding power and pulse width (at a constant
welding speed of 5.84 mm/s) are shown in Figure 8. As

Ultimate strength (MPa)
o
Qo
S

560
540 -
520l \\\
- —60 6.5
('lser o ‘
Ay, ‘ o o |
) - | S'OP \se width (ms)
u

e W
Lo, (Wioo 4.5

Figure 8. Variation of the joints’ ultimate strength with
welding power and pulse width.
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observed, at constant pulse width and welding speed,
by increasing the welding power, the joint strength
increases and reaches its maximum value at 240 W
and, then, the joint strength decreases. Further, at
constant welding power and speed, by increasing the
pulse width, the joint strength increases and reaches its
maximum value and, then, the joint strength decreases.
Moreover, the maximum strength is achieved at a
welding power of 240 W and pulse width of 5.5 ms.

5.1.1. Welding speed

In order to investigate the effect of welding speed on the
strength of the dissimilar joint, three different welding
speeds were considered: 4.5, 5.84, and 6.67 mm/s. In
all these cases, the pulse width, average laser power,
and laser frequency were kept constant at 5.5 ms,
240 W, and 20 Hgz, respectively. In addition, the
distance between the focusing lens and the substrate
surface was kept constant. Therefore, the laser beam
spot size on the substrates top surface was constant and
measured to be 700 pym. Changing the laser welding
speed will change the spot-to-spot overlap percentage.
At a constant spot size of 700 pm and pulse frequency
of 20 Hz, the overlap percentage for welding speeds of
4.5, 5.84, and 6.67 mm/s can be calculated as 67.86%,
58.28%, and 52.36%, respectively. As seen in Table 3,
at welding speeds of 4.5, 5.84, and 6.67 mm/s, the
joint strength rates are 94.4%, 95.5%, and 89.5% of
the weaker base alloy (AISI 304L) strength. In all these
cases, rupture in the joint location occurred.

4. Microscope and SEM/EDS analysis

Weld appearance for the best joint (at a welding power
of 240 W, pulse width of 5.5 ms, and welding speed of
5.84 mm/s) is shown in Figure 9. It can be observed
that the selected parameters used for welding can
create an appropriate weld profile. Few sputters can
be seen in Figure 9; however, the overall quality of the
joint is in satisfactory condition.

Using an SEM, the joint SEM picture with 115 X

MIRA3 TESCAN

semmc 100k | wotsssmm [ 11])11)]
Vewfeld 110mm | betse | Z00um

[ SEN MAG: 115 x_ Daitmidy): 022475

Figure 10. Scanning Electron Microscope (SEM) picture
of weld section.

magnification is shown in Figure 10. The picture shown
in Figure 10 is taken from the best sample with the
average power of 240 W, frequency of 20 Hz, pulse
time of 5.5 ms, and speed of 5.84 mm/s. As shown in
Figure 10, the weld section is very smooth; in addition,
there are no porosity, cracks or other weld defects.
Moreover, the weight percentage of the elements for the
weldment is detected at 7 points along the mid-section
line, as presented in Figure 4. Variations in the weight
percentages of elements along this line for the best
sample are shown in Figure 11. As shown in Figure 11,
the alloy composition on the left is Hastelloy X with
the high nickel (about 44%) and low iron content
(about 18%), and while moving to the right, the nickel
content uniformly is reduced and the percentage of
iron increases. The chromium weight percentage is

Figure 9. Weld appearance for the best joint: (a) Top surface and (b) bottom surface.
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Figure 11. Changes in the weight percentage of the
elements in the weld seam.

almost constant along this line. Furthermore, the
Molybdenum content is reduced from about 10% at the
start (Hastelloy X region) to about 0% (304L region).
As observed in Figure 11, the width of the transition
area is approximately 60 pm, and the regular change
of elemental composition within this region reflects the
satisfactory quality and mixture of the weldment.

5. Conclusion

The present study aimed to investigate the mechanical
and material properties of dissimilar welding of Hastel-
loy X and AISI 304L using Nd-YAG pulsed laser beam.
Two pieces of plates with the thickness of 1 mm were
butt welded using a pulsed laser beam with different
welding parameters. The mechanical strength of the
joints was studied using a uniaxial tensile test machine
at room temperature.

By means of optimizing the laser beam power and
laser pulse width, the best welding parameters were
selected. The results of the uniaxial tensile tests of
the dissimilar joints and the base alloys showed that
the excellent joints could be made between Hastelloy
X and AISI 304L alloys. In this respect, the joint
strength was calculated as 96% of the weaker base alloy
strength (AISI 304L) at room temperature. In order to
achieve the highest strength of the proposed welding,
the proper welding parameters including laser power,
welding speed, and pulse width should be 240 W,
5.84 mm/s, and 5.5 ms, respectively. The results also
indicated that the average laser power and laser pulse
width had maximum effect on the tensile joint strength.
Furthermore, the pulse overlap percentage of more than
58% represents the maximum strength of joints.

The changes in the composition of the structural
elements of the joint through the welding seam were in-
vestigated using a scan electron microscope. Moreover,

the results of the scan electron microscope indicate that
regarding the selected welding parameters, a relatively
impressive mix of the elements was generated in the
weld zone, and the changes in the percentage of the
elements occurred regularly. Furthermore, the weld
zone Scanning Electron Microscope (SEM) picture
revealed that a sound joint could be achieved based
on the selected parameters.
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