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Abstract. An attempt has been made to join high carbon alloy steel sheet of 0.9 mm thickness by pulse
Nd:YAG laser beam welding. Weld melt-pool geometry (i.e., melting depth and width) and the microstructure of
the weld zone was analyzed through the optical microscopic images. The tensile strength of the weld joint was
assessed through a universal testing machine. The variation of microhardness value in the melt pool zone of the
weldment was assessed through Vickers micro indentation method. The effect of laser peak power and scan
speed on the melt pool geometry, microstructure, tensile strength, and microhardness value of the weld joint was
explored. The outcomes indicated that within the experimental domain for an optimum processing condition
(laser peak power: 5 kW, beam diameter: 0.7 mm, pulse duration: 7 ms, and pulse frequency: 5 Hz), full
penetrated welding was achieved, which exhibited almost 85% of the base material strength.
Keywords.

Laser welding; pulse laser; high carbon alloy steel; peak power; tensile strength.

1. Introduction
High carbon alloy steel is widely used to manufacture
cutting-tool, hack-saw, and band saw blade, thanks to their
superior strength, ﬂexibility, hardness, wear-resistance, and
good dimensional stability. However, repairing or joining
the material is difﬁcult due to its poor weldability by
conventional welding route [1]. Laser beam welding is a
promising welding technique for joining high strength
alloys owing to its ability to produce superior quality,
spatter-free weld joint with low distortion, minimum heataffected zone (HAZ), a maximum depth to width ratio, and
decent fatigue strength [2–5]. In laser beam welding, the
dimensions of the weld melt pool are reasonably smaller
compared to the conventional arc welding and yielded high
penetration depth even by single-pass scanning [6, 7].
Among various laser beam welding methods, pulsed type
Nd:YAG laser beam has greeted special attention for
welding of metallic components thanks to its precise control on heat input and astounding penetration depth.
Nd:YAG laser beam is usually considered for welding of
low thickness sheet material owing to its low average heat
input at high intensity and fast processing capability [8].
Further, pulsed Nd:YAG laser is more suitable to join high
thermal conductivity materials due to the pulse nature of
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the beam and shorter interaction time [9]. The use of a low
power laser beam to join sheet material with a smaller weld
pool and narrow HAZ becomes more demanding for repair
welding and fabricating a new component [10]. Tzeng [11]
described the pulse welding overlap theory and the relation
between the pulse laser parameters during the laser beam
seam welding by overlapping of laser pulses. In this regard,
various scholars have explored the effect of laser processing parameters on the weld quality for different materials.
Vedani et al [12] investigated the effect of laser welding
parameters on the microstructure and defect formation for
various graded tool steel after repair welding by pulsed
Nd:YAG laser. Ghaini et al [13] showed the inﬂuence of
pulse energy, pulse duration, and scan speed on the weld
bead dimensions, microstructure, and hardness value for
bead-on-plate welding performed on low carbon steel
through the overlapping of the laser beam spot. Khan et al
[14] indicated that beam power and welding speed are the
most dominant aspects controlling the weld melt pool
geometry and mechanical properties of the weld joint for
martensitic stainless steel performed in the overlapped
conﬁguration by pulsed Nd:YAG laser. Through numerical
simulation, Junaid et al [15] showed that the ultimate
temperature of the molten pool decreases with the rise in
laser beam scan speed, which eventually governs the weld
pool proﬁle. Suﬁzadeh and Mousavi [16] perceived that the
heat-affected zone predominantly depends on the heat input
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employed during the laser beam welding process. Through
two different studies, the impact of laser beam energy on
the weld pool geometry and the strength of the weld joint
was analyzed for 0.6 mm thick AISI 304 steel sheet and
0.1 mm thick AISI 316L stainless steel sheet with the help
of pulsed Nd:YAG laser separately [17, 18]. The analysis of
pulsed laser-welded 0.5 mm thick C-276 Hastelloy sheet
indicated that the ultimate tensile strength of the weld joints
is almost comparable to the base metal [19].
The study of Pakmanesh and Shamanian [20] showed
that in lap joint of 316L steel foil, pulsed laser process
parameters, i.e., peak power, pulse duration, and frequency
are the most inﬂuencing factors for minimizing the welding
defect like underﬁll and undercut. During butt welding of
the AISI304 stainless steel sheet, it was evident that along
with the laser power and the welding speed, the beam
incident angle of the pulsed laser beam also has a signiﬁcant inﬂuence on the weld bead and the tensile strength of
the butt weld joint [21]. During pulsed Nd:YAG laser
welding of 17-4 PH stainless steel sheet, it was observed
that the micro-hardness values between the weld zone and
parent material varied signiﬁcantly, and the tensile strength
of the weld joint reduced substantially as compared to the
parent material [22]. However, they suggested post-heat
treatment of the weld joint to reduce the discrepancy in the
micro-hardness value and improve the tensile strength of
the welded joint. Geng et al [23] utilized pulsed Nd:YAG
laser for dissimilar welding of AISI 304 and AISI 420
stainless steel and studied the effects of pulsed laser
parameters like peak power, pulse frequency, and pulse
duration along with the scan speed on the tensile strength of
the welding.
From the literature, it is revealed that low average power
pulse-type laser with high peak power is capable of welding
sheet materials and provides welding strength almost
equivalent to the parent material without any physical
damages. Further, owing to low heat input, the method is a
suitable choice for repair welding of minor damages like
crack without using any ﬁller material. However, the
selection of proper processing conditions is the primary
criteria to attain optimum welding quality. Literature also
shows that low carbon steel and stainless steel sheet
materials are mainly considered for pulse laser beam
welding with low average power. Very limited work represented the welding of high carbon steel using low average
power pulse laser. The objective of the present work is
performing welding of 0.9 mm thick high carbon alloy steel
(mainly used as band saw blade) in butt joint conﬁguration
by using a pulsed Nd:YAG laser beam. An in-depth study
of the weld melt pool (depth, width, and heat affected
zone), microstructure, and mechanical assets (tensile
strength, and micro-hardness) of the weld joint were
accomplished. The effect of laser peak power, scan speed,
and corresponding overlapping factor on the characteristics
and performance of the weld joints were identiﬁed, and a
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parametric setting for an optimum weld joint conﬁguration
has been acknowledged.

2. Materials and methods
High carbon alloy steel mainly used in band saw blade was
selected as work material. The composition of the material
is shown in table 1. From a bandsaw blade of 0.9 mm
thickness and 25 mm width, made with high carbon alloy
steel, 70 mm length specimens were cut and considered as
work material for the present experiments. The teeth of the
blade were removed, and the edges were made smooth
using a surface grinder to make it safe and wieldable. The
prepared samples were then ﬁtted side by side in a specially
designed clamp for welding of thin sheets, attached with a
CNC controlled X-Y table in such a way that the interface
of the specimens to be joined must follow the laser scan
line. A pulsed Nd:YAG laser welding setup (ALT-200,
ALPHA LASER, GERMANY) with 200 W average power
was employed. Autogenous spot overlap welding was performed by scanning the pulse laser beam along the interface
line. By changing the peak power and scan speed, a total 12
numbers of experiments were executed. As the pulse frequency and the pulse duration were ﬁxed, due to the change
in scan speed, overlapping between the consecutive pulses
was changed accordingly. The schematic representation of
the laser welding process is shown in ﬁgure 1.
In pulse laser welding, the overlapping of pulses, also
known as overlapping factor, explains the relationship
between the welding speed, beam diameter, and pulse frequency. Equation (1) represents the correlation between the
overlapping factor and other laser processing parameters.


OF
v¼fD 1
ð1Þ
100
where v = welding speed (mm/s), D = beam diameter
(mm), OF = overlapping factor, f = pulse frequency (Hz).
For the present experiments, the pulse duration, beam
diameter, and frequency of pulses was ﬁxed as 7 ms,
0.7 mm, and 5 Hz, respectively. The laser peak power,
equivalent average power, scan speed, and corresponding
overlapping factors employed for the present experiments
are represented in table 2.
After completing the laser welding, to analyze the weld
melt pool geometry and its microstructure, the small segment was sectioned from the weld joint using wire-EDM.
These small pieces were then mounted in such a way that
Table 1. Composition of the high carbon alloy steel.
Element

C

Cr

Co

Fe

Mn

Mo

Ni

Si

W

V

%

2

5

9

48

2

10

12

2

7

3
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Figure 1. Schematic depiction of the laser welding process.

Table 2. Experimental conditions for laser welding of high carbon steel.
Exp. No.

Peak power (KW)

Avg. power (W)

1
2
3
4
5
6
7
8
9
10
11
12

3
3
3
3
4
4
4
4
5
5
5
5

105
105
105
105
140
140
140
140
175
175
175
175

the cross-section of the weld joint in the transverse
direction of the laser scan become exposed. The mounted
specimens were then polished metallographically and
etched with a 3% Nital solution. The photomicrographs of
the specimen were taken using an optical microscope
(ZEISS Axiocam ERc 5 s) at 50X magniﬁcation to analyze
the weld bead geometry, and high-magniﬁcation images
were considered for the microstructural investigation. The
hardness value was measured on the polished surface of the
weld cross-section using a micro-hardness tester (LECOLM248AT) with 25 g load and 10 second dwell time. The
tensile strength of the weld joint was measured using a
universal testing machine (Make: INSTRON) with a
capacity of 600 kN load. The tensile strength of the welded

Scan speed (mm/s)
1
1.5
2
2.5
1
1.5
2
2.5
1
1.5
2
2.5

Overlapping factor (%)
71.4
57.1
42.9
28.6
71.4
57.1
42.9
28.6
71.4
57.1
42.9
28.6

specimens was calculated by considering the cross-section
area of the specimen. Prior to the tensile test, the weld
specimens were cut with the help of wire-EDM, as per the
ASTM standard with the dimension shown in ﬁgure 2.

Figure 2. Dimensions (in mm) of the weld specimen used for
tensile test.
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3. Results and discussion
3.1 Weld melt-pool geometry
Figure 3 demonstrates the optical images of the melt pool
of the weld joints performed on high carbon alloy steel
sheet for various peak power and scan speed or equivalent
overlapping conditions. The images show that for a speciﬁc
peak power, the weld joint performed at lower scan speed
(1 mm/s) exhibited relatively higher melt pool depth, and
consequently formed a superior joint. On the other end, for
increasing the scan speed, the weld melt pool depth reduced
accordingly. It is evident that at 3 kW peak power, the
melting and subsequent joining of the high carbon steel
sheet ensured for a speciﬁc depth only, and this melting
depth was reduced by increasing the laser scan speed from
1 to 2.5 mm/s. For increasing the peak power to 4 kW, and
then 5 kW, the melt pool depth enhanced signiﬁcantly
under similar laser scan speed. It may also be noticed that
for 4 kW peak power, the melting depth stretched almost
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near to the bottom portion of the sheet material with a
narrow melt pool width. At 5 kW peak power, full
penetration welding with larger melt pool width at the
bottom side occurred for all different scan speeds.
As the laser beam diameter, pulse frequency, and pulse
duration were kept constant during the entire experiment,
the effect of peak power and scan speed on the melt pool
geometry was studied in detail. Laser scan speed regulates
the spot overlapping of the laser beam pulses on the
welding zone. When the scan speed is lower, more pulses
act within a speciﬁc length, and the number of pulses
overlaps to form a continuous weld pool by partially remelting the previous beam spot and engender a seam
welding structure. In table 1, the values of the overlapping
factor corresponding to the laser scan speed are illustrated.
The effect of overlapping factor, which is varying in consequence of the scan speed, is visible from the images of
the weld melt pool obtained at 3 kW peak power. The
welding performed at lower scan speed (1 mm/s), which
resulted in a higher overlapping factor, shows three distinct

Figure 3. Optical macroscopic images of the cross-section of the weld melt pool for various peak current and scan speed conditions.
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layers formed within the weld pool due to the re-melting of
the preceding spot. However, for 2.5 mm/s scan speed, only
one re-melted layer is visible.
A careful observation of the images also shows different
layers of melting, mainly induced due to overlapping of the
pulsed laser beam spot. As the scan speed increased, the
total amount of heat input in the weld region was reduced,
which resulted in lower penetration depth. With the intensiﬁcation of laser peak power, the energy per pulse also
increased and leads to a superior melting of the weld joint
area. At lower peak power, the pores and cracks were
induced in the melt pool zone. At relatively higher peak
power, for some speciﬁc scan speed conditions, owing to
overheating and consequent vaporization of the material at
the top surface of the melt pool formation of the crater
occurred.
Additionally, from the images, the maximum depth of
the weld melt pool and width at the top surface was measured utilizing an image processing software. The variation
of maximum weld melt pool depth and melt pool width

(a)

(b)
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against the laser scan speed for different peak power conditions are illustrated in ﬁgure 4. The plot (ﬁgure 4a)
illustrates that at low peak power (3 kW) when the melting
of the sheet thickness is partial, the melt pool depth reduces
with the increase of scan speed. However, for higher peak
power (4 and 5 kW), the welding depth is almost uniform
for the variation of scan speed. Although, a full penetration
welding obtained for the weld joint with 5 kW peak power
and 2 mm/s scan speed, and the recorded welding depth is
lower than the sheet thickness (0.9 mm). It is mainly due to
the formation of the crater at the top surface and may be
considered as welding defect. From the plot, it is also seen
that the welding depth is increasing almost gradually with
the laser peak power. At lower peak power (3 kW), the
weld melt pool depth for different scan speeds or overlapping conditions ranges from 0.3 to 0.5 mm. Whereas, for 4
and 5 kW peak power, the magnitude of the weld melt pool
depth was recorded in the range of 0.76–0.81 mm and
0.76–0.86 mm, respectively.
Similarly, ﬁgure 4b shows that the melt pool width
measured at the top surface is largely governed by the
employed peak power. For using 3 kW peak power, the
melt pool width is approximately 1 mm, and this value
increases up to 1.6 mm for employing 5 kW peak power. A
minor reduction in the melt pool width can also be observed
with the increase of laser scan speed for a speciﬁc peak
power condition. The melting depth of the weld melt pool is
predominantly inﬂuenced by the heat input utilized during
the welding process. As the peak power increased, the heat
input and corresponding melting depth values were also
increased.
In pulse-type laser beam welding, for the material possesses high thermal conductivity, the employed heat usually
transfers within the weld melt pool by conduction mode.
Preheating of the material is an inﬂuential factor in the
temperature gradient during the solidiﬁcation of the melt
pool. At lower scan speed or higher overlapping condition,
preheating of the material augmented owing to the impact
of the subsequent pulses on the heat-affected zone formed
due to the previous pulse. As a result, despite a higher heat
input by lowering the welding speed, the welding depth has
not increased substantially. A similar phenomenon was also
described in more detail during pulsed Nd:YAG laser
welding of 49Ni–Fe alloy [24].

3.2 Micro-hardness

Figure 4. The variation of (a) weld melt pool depth, and
(b) weld melt pool width for laser scan speed under various laser
peak power.

Figure 5 shows the variation in micro-hardness value at the
weld joint (measured from the centerline of the weld melt
pool along the traverse direction at 0.1 mm depth from the
top surface) for different peak power and scan speed. The
plots indicated that in the base material region, the microhardness values are in the range of 323 ± 8 HV0.025, and a
relatively higher hardness value was recorded at the melt
pool zone. Assessment of all the plots revealed that for
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base material. The hardness value reduced almost sharply
when measured from the center region towards the base
material and becomes almost stable at a distance of
approximately 0.8 mm from the center of the weld melt
pool. However, for the weld joint produced at higher peak
power (4 and 5 kW), the hardness values at the center
region of the weld melt pool are relatively low. Further, the
hardness value was reduced almost gradually towards the
base material and become steady at a distance of approximately 1.2 mm, and beyond 1.4 mm for the weld joint
produced with 4 and 5 kW peak power, respectively.
Figure 5a also indicated that at the weld melt pool zone,
the maximum hardness value is approximately 900 HV0.025,
which is obtained for the lowest scan speed (1 mm/s), and
this value gradually reduced for the weld joint performed at
higher scan speed. However, for the weld joint produced at
4 kW and 5 kW peak power, no signiﬁcant impact of the
scan speed on the hardness value was perceived.
The pulsed nature of the laser beam causes reasonably
short interaction with the work material, which resulted in
rapid cooling of the weld melt pool after the execution of
the laser pulse. Consequently, ﬁne-grained microstructure
was developed in the melt pool zone, which leads to high
hardness in the weld region. On the other side, near to the
base material owing to the presence of columnar structure,
a relatively lower hardness value was recorded as compared
to the center region.
Figure 6 illustrates the magniﬁed images of the melt pool
at the central region and adjacent to the base material. The
images show that very ﬁne cellular shaped grains were
formed at the center region due to the uniform removal of
the heat during the cooing cycle. The edges of the melt
pool, which is adjacent to the base material undergone a
rapid cooling considering the base material as a heat sink,
consequently, the columnar structure appeared, and a relatively lower hardness value was recorded as compared to
the center region.

3.3 Tensile strength

Figure 5. Variation of hardness value from the center of the
weld zone at the cross-section of the weld pool for the sample
prepared at peak power (a) 3 kW, (b) 4 kW and (c) 5 kW.

3 kW peak power, the hardness values at the center region
of the melt pool zone are in the range of 600–900 HV0.025,
which is extensively higher compared to the unaffected

The tensile strength of the weld joint was evaluated through
a universal testing machine, and the tensile strength values
were plotted concerning the laser scan speed for different
peak power conditions, as illustrated in ﬁgure 7. The plot
indicated that for employing 3 kW laser peak power, the
weld specimens are exhibited extensively lower tensile
strength (40–220 MPa). These readings are much lower
than that of the as-received material, which retains tensile
strength value are in the range of 500–530 MPa. The plot
also shows that as the laser peak power increased to 4 and
5 kW, the tensile strength of the weld joint enhanced
drastically. From the plot, it is also perceived that the
tensile strength of the weld joint is higher for the weld joint
produced at low scan speed, and the value decreases with
the increase of scan speed under various laser peak power
settings.

Sådhanå (2021)46:13

Page 7 of 8

13

Figure 6. High magniﬁed optical microscopic image of the melt pool (produced at 5 kW peak power and 2 mm/s scan speed) at the
center zone and near the base material.

Figure 7. Variation in tensile strength of the weld joint for laser
scan speed under different peak power.

At lower peak power, owing to incomplete penetration, a
reasonably low tensile strength in the weld joint was
obtained. Again, for increasing the laser scan speed, the
overlapping between two consecutive pulses also reduced,
which consequently reduced the welding strength further.
However, welding performed at 5 kW peak power and
2 mm/s scan speed, the tensile strength is much lower than
that obtained for the weld joint with 5 kW peak power and
2.5 m/s scan speed. A careful observation of the weld melt
pool showed that for this particular specimen, a prominent
crater was formed on the top surface, possibly due to
misalignment during the welding process and reduced its
actual welding depth considerably. As the tensile strength
of the weld joint relies on the weld melt pool depth, due to
the formation of the crater, joining or melting depth became
lower than the thickness of the sheet material, which causes
a partial reduction in the strength of the weld joint.
The maximum tensile strength of the weld joint was
obtained for 5 kW peak power and 1 mm/s scan speed. The
maximum tensile strength for the weld joint under the

present experimental domain was 438 MPa, which is
almost 85% of the base material strength. From the plot, it
may be evident that for 5 kW peak power, the tensile
strength of the weld joint is not reducing uniformly for
increasing the scan speed. At 5 kW peak power, owing to
high heat input, complete melting occurred in the sheet
material, which offered a strong bond between the sheet
material joined. However, owing to the small thickness of
the material, at this high heat input condition, for some
instances, defects like crater at the top surface, cracks, or
pore formation occurred, which restrain the tensile strength
to reach the value of the base material.
Although no detailed study on the fracture mechanism of
the welded specimens was conducted for the present study,
it was evident that for partially penetrated weld joints,
which were obtained for using 3 and 4 kW peak power, the
fracture occurred centerline of the fusion zone. However,
for the full-penetrated weld joint, when 5 kW laser peak
power was used, the fracture occurred within the fusion
zone (not precisely at the centerline).

4. Conclusions
Pulsed Nd:YAG laser welding of high carbon alloy steel
mainly used in band saw blade, of thickness 0.9 mm was
performed successfully.
The experimental results revealed that the maximum
welding depth and the width measured at the top surface
largely depends on the heat energy input in the weld, which
further depends on the laser peak power and the scan speed.
At 5 kW laser peak power, a full penetration weld joint was
attained for laser beam diameter of 0.7 mm, pulse duration
of 7 ms, and laser pulse frequency of 5 Hz.
The tensile strength of the weld joint mostly depends on
the welding depth, which is further governed by the laser
peak power and scan speed. The tensile strength of the weld
joint increases with the peak power and decreases with the
increase in scan speed.
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The laser welding joint performed at 5 kW peak power
and 1 mm/s scan speed showed a full penetration welding
and highest tensile strength (85% of the parent material).
Owing to the formation of a ﬁne-grained structure for
rapid quenching of the molten material, the micro-hardness
value recorded at the weld melt pool zone is reasonably
higher than the base material.
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