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Abstract In the present research, fiber laser beam weld-
ing (FLBW) of thin nickel sheets in two different mediums,
i.e., air and water, has been investigated. In air medium,
the fiber laser welding operations are performed at different
laser powers (60, 80 and 100W) and scanning speeds (40,
60 and 80mm/min). Underwater welding operations have
also been investigated at three different laser powers (330,
350 and 370W) and two different scanning speeds (20 and
40mm/min). The results show that welding of Ni sheet with
higher laser power results in prominent heat-affected zone,
increase in both microhardness and wt% of oxide formation
in theweldment in both air andwatermedium. It is found that
the increase inmicrohardness ofweldment leads to the reduc-
tion in grain size. The heat-affected zone is reduced when
scanning speed is increased. The wt% of oxygen increases
with an increase in power during FLBWoperation at constant
scanning speed, and the oxide formation can be controlled
by varying the laser power and scanning speed. The welding
medium has significant influences on the properties of the
weldments.
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1 Introduction

Thin nickel sheets are commonly used in many industries for
producing products such as medical and electronics com-
ponents, aircraft and missile components, food handling
systems and heat exchangers, due to its high corrosion resis-
tance and superior electrical and thermal conductivity than
its superalloys. Nickel-based superalloys like IN-738 and
K418 are developed mainly for high-temperature applica-
tions, excellent elevated temperature creep-rupture strength
and for superior corrosion resistance in high-temperature
applications [1,2]. Although, a considerable number ofweld-
ing processes [3] and hybrid welding processes [4] have
been performed and investigated for nickel-based superal-
loys, very less literature is available on the welding of thin
nickel sheet using a fiber laser. Welding in water medium has
been reported to carry out the underwatermaintenance in var-
ious industries such as in ship industries and nuclear power
plants. [5,6]. Underwater laser beam welding processes face
two common difficulties: first, the absorption of laser power
in water and, second, the effect of water on mechanical and
morphological behavior of theweldment [7]. Themechanical
and microstructural properties of a weldment are depen-
dent on the heating and cooling rate [8]. Laser power and
welding speed are themain parameterswhich affect themate-
rial properties of the weldment [9]. Low power and high
scanning speed is preferred for laser welding to minimize
the residual stress in the weld zone [10–12]. Underwater
fiber laser welding is feasible due to the low absorptivity
(0.014mm−1) of the fiber laser (1.070µm wavelength) in
water medium [13–15]. Laser welding is a high-power den-
sity, low heat-input process with specific advantages over
traditional welding processes. These include narrow heat-
affected zone, high welding speed, low distortion of the
work piece [3], single-pass thick section welding capability,
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enhanced design flexibility and ease of automation. Weld-
ing without filler material is one of the features of laser
welding which offers distinct advantages [16–19]. Welding
of thin sheet metals is a big challenge for various indus-
tries, mainly due to two problems: one is very fine edge
requirement, and the other is the fixture for holding thin
sheets with perfect alignment, since thermal distortion dur-
ing laser welding may cause a joint gap or mismatching.
In terms of weldability of metallic materials, fiber laser has
various advantages, such as high-energy absorption rate due
to low reflectivity, a high welding speed and a low residual
stress compared to CO2 laser. Thus, the application of fiber
laser to weld the metallic parts is increasing steadily and
now it is widely implemented in various industrial applica-
tions.

In this paper, lap joints from nickel sheets of 0.23mm
thickness have been prepared by using fiber laser, in both air
and water medium, and various characterization techniques
have been carried out to observe the microstructure, heat-
affected zone (HAZ), weight percentage of oxygen content
and microhardness of the weldments.

2 Experimental Procedure

2.1 Experimental Setup Preparation

A continuous wave fiber laser work station was used to
carry out the welding experiments. The setup consists of
fiber laser source (make: SPI, UK, model: SM-S00051)
with maximum power 400W and wavelength 1070nm. A
laser welding head (make: Precitec, Germany) with 80mm
focal length is retrofitted to a 3 axis CNC work table.
The work holding vice was fabricated from perspex sheet
(6mm thickness), to hold the nickel sheet during the weld-
ing experiments. The thin nickel sheets were mounted in
the work holding vice so as to reduce the angular deforma-
tion due to the holding pressure. The whole arrangement
was kept in a closed welding chamber, and the argon gas
was purged for few moments (time: 30 s) before conduct-
ing the welding experiments, to prevent the formation of
metal oxide. The experimental setup arrangement is shown
in Fig. 1.

2.2 Preparation of Work Piece

Nickel sheets with dimensions 20mm × 10mm × 0.23mm
were selected for laser welding experiments. Wire-EDM
process with low energy was used to cut the nickel strips
[20] from pure nickel sheet as very fine edges are required
for the laser welding process. Figure 2 represents the
results of EDS examination of the pure nickel sheet.
After cutting, the strips were cleaned in an acetone bath

Fig. 1 Fiber laser work station with an arrangement for welding oper-
ation

Fig. 2 EDS analysis of pure nickel sheet

which was exposed to ultrasonic vibration. Then, the sheets
were dried and mounted in the fabricated welding fix-
ture so as to minimize the air gap between the two
lapping edges. In underwater welding process, a water
level of 1mm height was maintained during the welding
process.

2.3 Experimentation

The fiber laser beamwelding (FLBW) experiments were car-
ried out in both air and water medium. The laser power and
scanning speed have been taken as variable input parame-
ters keeping other parameters, i.e., standoff distance, inert
gas flow rate as constant. Table 1 represents the parameter
settings for different experiments in air medium. The pure
argon gas with a flow rate of 20 l/min was purged in air
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Table 1 Summary of the experimental parameter settings in air medium

Sample No. Power (W) Scanning speed
(mm/min)

Spot size (mm) HAZ (µm) wt% of oxygen Microhardness
(HV)

1 60 40 0.4 532.22 8.23 104.1

2 60 433.33 5.98 117.1

3 80 347.83 3.06 124.5

4 80 40 652.66 19.36 112.5

5 60 487.06 17.53 126.3

6 80 371.83 9.35 136.3

7 100 40 1009.8 24.16 118.8

8 60 815.33 19.58 132.4

9 80 519.8 21.26 164.8

Table 2 Summary of
experimental welding
parameters in water medium

Sample No. Power (W) Feed
(mm/min)

Water depth
(mm)

HAZ
(µm)

wt% of
oxygen

Microhardness
(HV)

1 330 20 1 454.02 13.82 118.4

2 40 287.73 10.35 128.3

3 350 20 460 14.68 124.6

4 40 338.1 11.44 132.8

5 370 20 535.12 20.33 128

6 40 558.55 18.72 156.2

medium to reduce the oxide formation during the welding
operation. Inwatermedium, comparatively higher power and
low scanning speed was selected, and the details of the para-
meter settings are presented in Table 2. Above parameters
are selected in order to obtain the full welding penetra-
tion along the thickness of the joints. The argon gas was
purged at flow rate of 5 l/min in water medium to prevent
the entry of water vapor into the welding head. After the
welding operations, the weldment was polished to mirror
finishing by a polishing machine (make: Chennai metko).
Then, the weldment is etched using an etchant which is
composed of equal parts of HCL, HNO3 and acetic acid.
Different characterization techniques were followed to study
the heat-affected zone (HAZ),microstructure,microhardness
and weight percentage (wt%) of oxygen formation in the
weldments. Metallurgical microscope was used for measur-
ing the width of HAZ of the welded samples and to observe
the physical features of the weld zone and presence of sur-
face and under surface defects (such as blow holes, pin holes,
and porosity). For microstructure of the weldments, FESEM
(SUPRA 55 Germany with Air Lock, EDS, EBSD) was used
and EDS analysis was carried out on top surface of the weld
bead for finding the weight percentage of oxygen formation
in the weldment.Microhardness of weldments wasmeasured
on the top surface of weldment using Vickers microhard-
ness tester (Economet VH-1 MD, MAKE: Chennai Metco,
India).

3 Results and Discussion

3.1 Analysis of Laser Welding of Nickel Sheets in Air
Medium

3.1.1 Influence of Laser Power and Scanning Speed on the
Width of Heat-Affected Zone (HAZ)

After welding, the prepared samples were cleaned and pol-
ished to observe themicrostructural changes in theweld zone.
Figure 3 indicates that the optical images of the three differ-
ent welded samples showing the microstructure at the weld
zone and the different zones are shown in the figure. It is seen
that the grain sizes are different in base metal, weld bead and
HAZ. The average value of the width of HAZ is taken into
account. With increase in the feed rate or scanning speed, the
width of HAZdecreases at constant power [21]. At a constant
power level, with the increase in the feed rate the amount of
heat generated on the weldment reduces whereby width of
HAZ is reduced which means the welding of Ni sheets fol-
low the same trend as other material do with laser welding.
Figure 4 shows the influence of laser power and laser beam
scanning speed on thewidth of HAZwhich is formed during
laser welding operation. It has been reported that in the weld-
ing of different metals, i.e., steel, Ti alloys, with the increase
in laser power at constant scanning speed, the width of heat-
affected zone increases, and with increase in scanning speed
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Fig. 3 Optical microscope images for three different laser parameter combinations after polishing and etching. a 60W, 80mm/min, b 60W,
60mm/min and c 60W, 40mm/min
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Fig. 4 Variation of HAZwith laser power for different scanning speed

at constant laser power, HAZ reduces [22–24]. Laser power
and scanning speed have a vital role on the HAZ. With the
increase in laser power at constant scanning speed, the tem-
perature of workpiece rises to its melting point and the metal
sheets get welded. With further increase in laser power, the

temperature of metal nearby the weld zone increases, and
thus, the width of HAZ increases [25].

3.1.2 Effect of Laser Power on Weight Percentage of
Oxygen Content in the Weld Zone

During the welding process, constant argon gas flow rate
was maintained to shield the surface and reduce the oxide
formation on the weld bead. But, after welding operation it
was observed that the color of surface material near the weld
bead was different from the parent material (Fig. 5). It may
be due to the formation of oxide layer, so the EDS examina-
tion was carried out to see the presence oxygen in the colored
surface. Figure 6 represents the results of EDS test on one of
the prepared samples. Similarly, for each sample the wt% of
oxygen content was tested through EDS examination. Fig-
ure 7 represents the variation in wt% of oxygen content with
different combinations of laser power and scanning speed.

The presence of oxygen is directly related to the oxide
formation on the surface. Oxide formation in the weldment
reduces the strength and also increases the hardness of joint
ofmetal sheets. As the laser power increases, the temperature

Fig. 5 Optical microscope
images of oxide layer for two
different samples at a 80W,
40mm/min and b 80W,
100mm/min
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Fig. 6 wt% of oxygen in the weld zone prepared with laser power of
80W and scanning speed of 80mm/min
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Fig. 7 Variation of wt% of oxygen in weld bead with power

of the samples to be welded goes high which activates the
nickel to react with the atmospheric oxygen and leads to the
increase in oxide formation.

3.1.3 Effect of Laser Power on Microhardness

The samplewas held in the vice of theVickersmicrohardness
testing machine. The indentations were carried out along the
weld bead, and the values were recorded. During the test-
ing, a weight of 0.5kg was applied for dwell time of 10s.
For each sample, 10 indentations were performed and aver-
age value was considered. Figure 8 shows the variation of
microhardness with laser power. As the power increases, the
microhardness increases at constant scanning speed. It can be
justified by the Newton’s law of cooling that states that con-
vection heat transfer increases with increase in temperature
difference between weld bead and surrounding; therefore,
with increase in welding power, cooling rate of weldment
increases, whereby microhardness of welded part increases
[26]. Increase in hardness value of theweld joint would result
in a decrease in the load-bearing capacity of the joint [27].
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Fig. 8 Variation of Vickers microhardness (HV) with power (W) for
three different scanning speeds

Average microhardness of pure Nickel sheet of thickness
0.23mm is 96.9HV, so from Table 1 it is observed that the
microhardness values in the weld bead are increased sig-
nificantly after welding. FESEM images (Fig. 9) and the
microhardness data in Table 1 prove that microhardness of
sample increases as the grain size reduces.

3.2 Laser Welding of Ni Sheet in Water Medium

Underwater lap welding of thin nickel sheet is a very chal-
lenging job. Comparing with the other underwater welding
methods, underwater fiber laserweldingprovides remarkably
low heat input, high cooling rate, narrow HAZ and produces
low residual stress. These properties are of prime impor-
tance in underwaterweldingprocesses. In addition, fiber laser
beamcanbe easily transmitted to anypositions thoroughfiber
optics. The process is easy to control and flexible for precise
repair welding. In general, two aspects should be considered
for the assurance of weld quality in underwater LBW: one
being the effect of water on the metallurgical behavior of the
materials to be welded and the other being the absorption of
laser beam in water medium.

3.2.1 Effect of Laser Power and Scanning Speed on the
Width of HAZ

Figure 10 represents the plot for influence of laser power on
the width of heat-affected zone (HAZ) in underwater weld-
ing. From the figure, it is clear that as the power increases
at constant scanning speed, the heat-affected zone increases.
With increase in power, the temperature of sample increases,
whereby HAZ increases. The prepared samples were pol-
ished and etched with a standard etchant (solution containing
equal proportion of HCl, HNO3 and acetic acid) to examine
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Fig. 9 FESEM Images of the weld zone at different parameter settings a 100W, 40mm/min, b 80W, 40mm/min and c 60W, 40mm/min
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Fig. 10 Variation of HAZ with Power for different scanning speed in
underwater medium FLBW

the microstructure changes in the welded zone. Few of the
optical images are shown in Fig. 11. Table 2 shows the width
of HAZ with variation of laser power and scanning speed.
Most of the laser beam power was lost in heating the sam-

ple up to its melting temperature because water was getting
evaporated and prevents the rise in temperature of the sample.
With further increase in power, the temperature of material
nearby the weld zone increases due to which the width of
HAZ increases.

3.2.2 Effect of Laser Power on wt% of Oxygen Content

EDS analysis of the prepared samples was carried out to
observe the percentage of oxygen present in the surface. Fig-
ure 12 shows the variation of oxygen content in the weld
bead with laser power. The presence of oxygen in the weld
bead is a clear indication of the formation of metal oxide on
the surface. Figure 13 indicates the optical images of few of
the weld bead which shows the change in color which may
be due to the oxide formation, as it is removed after light
polishing. The main reason behind the oxide formation is the
increase in the temperature of metal surface, leading to oxi-
dation reaction and formation of nickel oxide. The probable
chemical reactions are as follows.

2H2O → 2H2 + O2 (Breaking of water)
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Fig. 11 Optical images of underwater welding for three different laser parameter combinations after polishing and etching. a 370W, 40mm/min,
b 350W, 40mm/min and c 330W, 40mm/min
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Fig. 12 Variation of wt% of oxide formation with laser power at dif-
ferent scanning speeds

O2 → 2O (Nascent oxygen)

3Ni + 4O → NiO + Ni2O3 (Ni Oxides)

3.2.3 Effects of Laser Power on Microhardness

Vickers microhardness testing machine was used to measure
themicrohardness inwhich aweight of 0.5kgwas applied for
the dwell time of 10s. Figure 14 represents the variation of
microhardness with laser power. Analysis of microhardness
value of welded sample in bothmedium shows that change in
microhardness in case of water is higher as compared to air
medium as instant quenching action is occurred, while weld-
ing is performed in the water medium. During the operation,
water evaporates and forms water vapor, and further, the for-
mation of hydrogen and oxygen molecules takes place due
to the high temperature. These oxygen molecules react with
heated surface and forms oxide. Change in grain size can be
observed from FESEM images which indicate that the laser
power has significant influence on microhardness as shown
in Fig. 15.

4 Comparison of Results Obtained in Air and
Water Medium

The use of water medium causes a substantial improvement
in the morphological as well as microstructure of the weld-

Fig. 13 Images of oxide layer formation for underwater FLBW samples at a 330W, 20mm/min and b 370W, 20mm/min
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Fig. 14 Variation in Vickers microhardness with laser power at differ-
ent scanning speeds

ment. The physical defects like blowhole are common in case
of welding. Previous researchers have tried to minimize the
blow holes through different parameter settings [28,29]. The
presence of water medium causes the reduction in the forma-
tion of blow holes as shown in Fig. 11 in comparison with
that of air medium as shown in Fig. 3. In air medium, the for-
mation of spatter is observed which leads to the loss of metal
and the molten metal in the melt pole becomes insufficient in
filling up the empty space created during welding [28]. But
in case of liquid medium the presence of liquid prevents the
loss due to spatter which leads to better weld beads. FESEM
images (Figs. 9, 15) show the similar results for the welding
in both air and water medium. The grain size reduces as laser
power increases. It can be due to the high-temperature gain in
the weld pool and subsequently high rate of cooling causing
finer grain formation. The width of HAZ in water medium is
smaller than that of air medium because of different values
of heat transfer coefficient of air and water at nickel surface.
For some parameters, the width of HAZ in water medium is

higher in comparison with air medium which may be due to
the parameters value at which welding has done.

Welding in water medium leads to the increase in oxide
formation in comparison with air medium. In SEM images
Fig. 15, white dots figure out the presence of oxides which
is comparatively less in SEM images in Fig. 9. Increase in
oxide formation is due to the vaporization of watermolecules
on the work piece.

Microhardness of any metals in LBW process is highly
dependent on the laser power, scanning speed as well as sur-
rounding medium. Cooling rate in case of water medium
is higher than in air; therefore, the microhardness is more
in comparison with air medium. Since experiment was per-
formed on different parameters of power and scanning speed
for two mediums, so it is not justified to compare the micro-
hardness values on the basis of these two parameters, i.e.,
power and scanning speed.

5 Conclusion

A number of experiments were performed to prepare lap
joints of thin (0.23mm thickness) nickel sheets using con-
tinuous wave fiber laser in both air and water medium. The
experiments were conducted by varying two parameters such
as laser power and scanning speed, while other experimental
parameters were kept at constant level. Few of the mechan-
ical and metallurgical properties of the weld beads were
investigated. From the experimental observation and char-
acterization of the weld beads, the following conclusion may
be drawn.

The width of HAZ increases with the increase in laser
power in both air and water medium at constant welding
speed. Further, with the increase in welding speed at constant
laser power the width of HAZ reduces. The slope of the plot
for width ofHAZVs laser power is low at the low power level
and the wt% of oxide formation increases with increase in

Fig. 15 FESEM images of underwater FLBW samples at a 330W, 20mm/min and b 370W, 20mm/min
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laser power in both air andwatermedium at constant welding
speed. So, it is suggested that optimum laser power may be
selected without affecting the weld quality, for achieving the
narrowHAZ andminimum level of formation ofmetal oxide.

The value of microhardness of the weld zone increases in
both the medium as compared to the parent surface, when
laser power increases while maintaining the constant scan-
ning speed.

The formation of blow holes in water medium is very low
in comparison with air medium, so the underwater welding
of thin metal sheets may be a preferred choice for many
industries. However, further investigations are required on
the underwater welding of thin metal sheets.
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