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Abstract

Laser welding was carried out in pulsed wave mode to analyze the effect of intermittent heating on the molten-pool thermal
history, and metallurgical and mechanical properties of the welded joints of Nb-Zr-C alloy, a prospective structural material
for coolant channels in compact high temperature reactors. This study deals with many-objective optimization aiming at
improving the mechanical properties of laser welded joint. Duty cycle, welding speed and laser beam diameter were con-
sidered as the design variables during the many-objective optimization carried out using traditional composite desirability
approach, Bonobo optimizer with weighted sum method and Non-Dominated Sorting Genetic Algorithm (NSGA-III). It
led to yield the desirable strength, ductility and hardness properties of the welded joint. Experiments were carried out to
validate the suggested optimal parameters obtained using the three techniques. Weighted sum approach combined with
Bonobo Optimizer being an intelligent algorithm was able to more closely predict the experimental results compared to other
techniques. Welded joint obtained using the energy density of 194.44 J/mm? could yield the highest strength and elongation.
Strength and ductility increased with an increase in energy density. Ultimate tensile strength of the optimized welded joint
almost matched with that of the base metal. Moreover, a threefold enhancement in micro-hardness value was observed in
the welded joint compared to that of the base metal.

Keywords Laser welding - Nb-Zr-C alloy - Mechanical properties - Many-objective optimization - Desirability approach -
Bonobo optimizer - NSGA-III

1 Introduction

Fabrication of alloy having application as structural mate-
rial at high temperature is required to achieve an increase
in the operating temperature, which would improve over-
all efficiency of the nuclear reactors, engines of aviation
industry and space craft. Earlier nickel-based alloy was
extensively used in the nuclear reactors, aviation industry
and engines of spacecraft [1], but the requirement of the
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improved efficiency and payload by increasing the operat-
ing temperature about 1250 °C, entails the need of alloy
having high melting point, good weld-ability and formabil-
ity, resistant to high temperature corrosion, strength at high
temperature and resistant to oxidation. Therefore, primary
emphasis in the early stages of development was to obtain
alloys having high tensile strength at elevated temperature
(> 1000 °C), good creep-rupture strength and oxidation
resistance. Niobium being a refractory metal has the prop-
erties, such as high melting point, corrosion resistant to lig-
uid metals and strength at high temperature [2]. Niobium
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having low density, easily fabricable, insusceptible to liquid
corrosion offered an advantage over other refractory materi-
als like tungsten, molybdenum and tantalum [3]. Niobium-
based alloy essentially relied on Tungsten, Molybdenum
and Tantalum for strengthening by solid solution to have
its application at elevated temperature. Zirconium has low
coefficient of thermal expansion and hence, there is very
less deformation after welding or change in dimension is
minimal in components used in high-temperature appli-
cations. However, titanium and zirconium were added to
the niobium to improve its oxidation resistance and creep
strength. The addition of zirconium should be not be more
than 6%, as it increases the diffusion of oxygen near the
surface resulting into an increase of hardness [2]. These
niobium-based alloys were termed as first-generation alloys.
As first-generation alloy, Nb-1Zr was primarily used in the
earlier generations of nuclear reactors, but as the operating
temperature increased, it was required to further improve the
high temperature strength. Carbide was used for precipita-
tion hardening that helped in achieving the required strength
[4, 5]. Thus, an alloy of niobium (Nb-Zr-C) was casted, in
which a solid solution of niobium and zirconium was further
strengthened by carbide addition having an applicability as
structural material for temperature range above 1000 °C.
Nb-Zr-C alloy has been researched as possible structural
material for control rods and heat pipes used in compact
high-temperature reactor (CHTR) [6-8].

Niobium and other elements of group V categorized as
refractory metals are highly sensitive to contamination by
interstitials elements. The resultant effects of contamination
can result into catastrophic failure of a structure by degrad-
ing the mechanical properties. Hence, high energy welding
process in a vacuum operating condition is the suggested
technique for niobium-based alloys due to its higher ther-
mal conductivity and melting point. Niobium was used as
interlayer to conduct the laser dissimilar welding of Ti alloy
and Copper. It was also stated that Nb used as interlayer
prevented the mixing of Ti and Cu in the molten pool to
avoid formation of any brittle phase [9]. Torkamany et al.
[10] attempted pulsed laser welding of Nb and Ti alloy, and
the effects of pulse energy, duration and repetition rates
were investigated on the melt profile. They also found dif-
ferent phases of Nb and Ti in the weld zone and that might
be the cause of degradation of mechanical property. Full
penetration welds of Nb-1Zr with optimum bead-geometry,
grain structure and mechanical strengths are achieved by
electron beam welding (EBW) by holding the beam cur-
rent fixed at 30 mA. Hardness of the fusion zone (FZ) and
heat affected zone (HAZ) zone was found to be significantly
lower than the parent alloy. Reduction of tensile strength of
the joint was also observed in the optimized 30 mA beam
current [11]. The effects of the interstitials, precipitates and
secondary alloying elements had been studied for different

@ Springer

niobium-based alloys both at room temperature as well as
for the temperature range of 650 °C-900°C [3]. EBW of Nb-
1%Zr-0.1%C (PWC-11) having full penetration depth could
be obtained by keeping power and scanning speed at high
level [12]. Creep testing of welds joined by EBW presented
the better strength in comparison to the welds, which were
annealed and aged post-welding [13]. Dissimilar EBW of
alloy of niobium-hafnium-titanium (C-103) and Ti-6Al-4 V
had failure location in fusion zone and grip section of the
tensile and fatigue samples, respectively [14]. Bead-on-plate
welding of Nb-Zr-C alloy was conducted by laser source and
found the different traces of oxygen and nitrogen in the weld,
which were migrated from the ambient air during welding.
They had suggested a proper shielding technique for con-
ducting laser welding of reactive Nb-Zr-C alloy [4]. How-
ever, when the ambient condition exists during welding of
these alloys using automated welding head with inert shield
of argon and helium in the periphery of fusion zone helps in
avoiding the contamination of joints [15, 16]. The niobium
alloy, when welded using laser beam welding (LBW) tech-
nique, failed in HAZ during uniaxial-tensile tests conducted
in normal ambient condition [17].

Laser beam welding of 316 grade of stainless-steel
plate with central composite design was conducted to opti-
mize strength, hardness and weld area through desirability
approach. Confirmation experiment was also conducted to
check the accuracy of the optimized result [18]. The spiking
defect in electron beam welds was studied through central
composite design-based experimentation. An optimization
study had been carried out to minimize the spiking phe-
nomena in these welds through different traditional and
metaheuristic approaches. Desirability approach and genetic
algorithm (GA) and particle swarm optimization (PSO)
tuned weighted sum approach were used to conduct the
study and PSO-based weighted sum approach was found to
be in superior in terms of predicting the optimized combina-
tion. Weighted sum approach is the technique to convert the
multi-objective optimization problem into single objective
optimization by assigning the weight to individual objective
and use them as a whole [19]. Central composite design
(CCD) is a statistical approach, which helps in designing the
required number of experiments to be carried out. Study on
process parameters with respect to the mechanical proper-
ties of pulsed laser welded joint had been attempted in this
article. CCD was followed for experimentation and response
surface methodology (RSM) was used for the parametric
study [20]. Jaypuria et al. [21] studied the input—output
modelling of electron beam welding through metaheuris-
tics-tuned neural network and found the metaheuristic
approaches to be effective in modelling the process in addi-
tion to optimizing it. Response surface methodology along
with central composite design were applied for the laser
welding to develop prediction model of the responses. The
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developed model had good consistency between experimen-
tal and predicted results [22]. The input—output modelling of
hybrid laser welding was conducted by following the central
composite design experimentation, which is the statistical
alternative to reduce the replication and cost associated with
full-factorial design [23]. Here the authors discussed and
compared the prediction capability of metaheuristic tuned
algorithm in laser welding and found that particle swarm
tuned algorithm found to be superior as compared genetic
algorithm-based model. The local and global search capabil-
ity of PSO made the algorithm more suitable for prediction
[24]. Bonobo and other two swarm-based algorithms were
used for optimizing the mechanical properties of electron
beam welded copper alloy and the bonobo optimizer (BO)
was found to be effective in predicting the optimized pro-
cess parameters’ combination. The proper balance of selec-
tion pressure and population diversity in the BO algorithm
through fission—fusion social behaviour make it an efficient
algorithm [25].

If the number of objectives becomes more than three,
the many-objectives optimization comes into play and for
this, a few metaheuristics approaches have been developed
in the recent past. The use of these algorithms is more ben-
eficial in handling the individual objective of the response
[26]. Multi-objective optimization problem was solved to
obtain desirable properties using mathematical equations.
Input parameters were optimized to obtain strength, ductility
[27] using multi-objective genetic algorithm. Mass removal
rate, roundness error and mean diameter-to-height ratio
were the output characteristics for electro-jet drilling, that
was optimized using grey relation analysis [28]. Dilution in
laser cladding was optimized to ensure proper bonding and
desired clad bulk property [29]. One of the recent and popu-
lar algorithms is NSGA-III [30], which was widely used
to solve various engineering problems. Response surface
methodology along with NSGA-II was used to optimize the
multi-objectives of laser biological tissue welding. The opti-
mized results led to maximum bonding strength and peak
temperature of the tissue in this study [31]. Hybrid laser
arc welding was optimized by NSGA III to maximize the
depth of penetration and tensile strength. The Pareto-front
obtained from the NSGA III demonstrated efficiently many
solutions to improve the responses as required [32].

In the present study, double sided inert gas shielded
pulsed laser welding of Nb-Zr-C was attempted. Analyti-
cal study for the selection of optimum process parameters
for laser welding of reactive niobium-based alloy is limited,
and hence, a systematic study using modern optimization
technique is required for deciding the set of input parameters
to obtain desirable mechanical and metallurgical proper-
ties. In this study, tensile strength, yield strength, ductil-
ity and hardness of the welded joints were considered as
response variables, while the duty cycle (D.C.), scanning
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Table 1 Chemical composition of alloy in weight percentage
Element C Zr Ta Fe Nb
wt. % 0.06 0.77 0.03 0.30 Balance
Table 2 Properties of parent metal
Hardness (VHN) Y.S (MPa) U.T.S (MPa) EL (mm)
108.0 251.6 375.1 11.1

speed (S) and beam diameter (D) were regarded as process
variables. These four objectives of the study were optimized
using traditional composite desirability approach, recently
developed Bonobo algorithm with weighted sum approach
and a many-objective optimization algorithm, namely,
NSGA-III. In addition to this, metallurgical studies, that is,
Scanning Electron Microscope (SEM), Energy-dispersive
X-ray spectroscopy (EDAX) and X-Ray diffraction analysis
(XRD) analyses were used to correlate the microstructure
and phases of fusion zone with the mechanical properties
of the joints. Additionally, molten pool behavior (cooling
rate, peak temperature and molten pool life time) of the
pulsed laser welded Nb-Zr-C alloy was studied to establish
the relations among energy density and different aspects
of grain refinement and associated mechanical behavior
of the joint. A confirmation study for the suggested results
obtained using the algorithms was also conducted to identify
the suitable algorithm with minimum deviation from the
predicted values.

2 Material and methods
2.1 Materials

Nb-Zr-C alloy was characterized using X-ray fluorescence
(XRF) and carbon—sulphur analyzer (G4-ICARUS) to quan-
tify the weight percent of the alloying elements. The com-
position and mechanical properties of the alloy has been
detailed in Table 1 and 2.

2.2 Experimental procedure

The parent metal of 0.5 mm thickness was cut to 35 X 20 mm
dimensions using wire electrical discharge machine
(WEDM) followed by edge preparation and cleaning, which
includes removal of oxide layers from each surface. Light
etching in the solution of HF, H,0, H,SO, and HNO; (mixed
in the ratio of 22:55:15:8) and ultrasonic cleaning with pro-
panol had been done to remove impurities that can deterio-
rate material properties during the welding. Cleaned sheets
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were then clamped on the both sides and provision for argon
shielding was made on the top and bottom of the sheets at the
joining interface. The argon flow was maintained at 5 L/min
to avoid contamination of FZ by atmospheric gases, such as
oxygen, nitrogen and hydrogen [7]. Laser welding had been
performed in butt configuration using Yb-fiber laser (IPG
YLR-2000), having an operational wavelength of 1.064 pm
with 2 kW maximum output power. Laser focal length
was kept fixed to 200 mm during the experiment, and spot
diameter had been varied by adjusting stand-off distance.
Pyrometer was used to capture the molten-pool’s thermal
history, which helped in the calculation of cooling rate.
Figure 1 shows the experimental setup of the laser welding
used for this work. Duty cycle, welding speed and beam
diameter were considered as the analytical input parameters
in the laser welding. Variation in these parameters affects
the micro-hardness, yield strength, ultimate tensile strength
and elongation. To optimize these parameters, three levels
of selected input parameters were taken in the present study.
The levels for each parameter have been shown in Table 3.

2.3 Characterization process

The mechanical and metallurgical properties were analyzed
to study the effect of the input parameters on the welded
sheets. The characteristics of the welded samples were
studied by considering the micro-hardness, yield strength,
ultimate tensile strength and elongation. The weld charac-
teristics were also compared to the parent metal. The welded
joints were sectioned along weld cross-section using WEDM
for metallographic analysis. The sectioned part was polished
and then, etched using a solution of HF, H,SO, and HNO,
mixed in the ratio of 1:3:1. Micro-hardness of the FZ, HAZ
and base metal was determined using OMNITECH MVH-
S-AUTO machine with load maintained at 50 gm and dwell
time was kept equal to10 seconds. Optical microscope and

Fig. 1 Experimental setup for
laser welding
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Table 3 Input process parameters for laser welding of Nb-Zr-C alloy

Input parameters Symbol  Lower Level  Upper Level
Duty Cycle (%) D.C. 50 70

Welding Speed (mm/min) S 600 1000

Beam Diameter (mm) D 0.66 0.82

SEM coupled with EDAX was used for studying the grain
morphology, micro features and to quantify the elemental
variations in the BM, FZ and HAZ. X-ray diffractometer
manufactured by PANalytic Empyrean generating Cu Ko
radiation were the mask and divergence size was 5 mm and
3 mm. Counting time and step size was held constant at
293.50 s and 0.052 for the measurement. The phase iden-
tification was carried out by maintaining the voltage and
current at 45 kV and 40 mA respectively. The Uni-axial
strength was measured using INSTRON 5500 with a cross
head speed of 0.2 mm/min. The tensile specimens were cut
using WEDM by following ASTM ES8 standard. The sam-
ple was sub-sized and depicted in the Fig. 2. A comparison
study was carried out based on mechanical and metallurgi-
cal properties of (a) base metal, (b) weld with optimized
input parameters, (c) weld with high micro-hardness and low
strength and ductility, (d) weld with low micro-hardness and
high strength and ductility. Pyrometer was used to record
molten pool life-time of the welding experiments. The data
of the welding experiment were optimized using meta-heu-
ristic optimization techniques and then, confirmation test
was done by carrying out the welding experiments using the
optimized input parameters.

The welding experiments were carried out by following
central composite design (CCD) with 3 centre points (as
given in Table 4). The center points enable us to achieve
precision in the results by replication. A total of 17 set of
experimental combination was conducted according to the

Welding Head

Infrared Pyrometer
Top Argon Shielding

Bottom Argon Shielding
Fixture
Clamps
Sample
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Fig.2 Tensile specimen for uni-axial test
Table 4 Central Composite Design for laser welding of Nb-Zr-C alloy with corresponding output values
Input process parameters Outputs
SI No Duty Cycle Welding Speed  Beam diameter Energy density Hardness (VHN) Y.S (MPa) U.T.S (MPa) EL (mm)
(D.C) (%) (S) (mm/min) (D) (mm) (J/mm2)

1 50 600 0.72 138.88 381.1 205.9 371.3 7.1

2 70 600 0.72 194.44 378.8 210.1 360.6 7.9

3 50 600 0.82 121.95 388.1 212.8 371.9 7.1

4 70 600 0.82 170.73 370.3 216.6 360.7 7.7

5 60 600 0.66 181.81 378.4 2124 351.9 6.8

6 50 800 0.66 113.63 410.5 206.3 306.4 33

7 60 800 0.66 136.36 390.4 209.6 3224 54

8 60 800 0.66 136.36 394.9 204.5 324.8 53

9 60 800 0.66 136.36 390.7 210.1 3252 5.4

10 70 800 0.66 159.09 386.3 2104 351.7 6.2

11 60 800 0.72 125.00 396.7 206.8 3249 52

12 60 800 0.82 109.75 383.4 206.1 3233 5.4

13 60 1000 0.66 109.09 413.8 203.6 301.6 3.6

14 50 1000 0.72 83.33 424.5 202.6 293.2 3.8

15 70 1000 0.72 116.66 403.1 207.5 312.3 4.8

16 50 1000 0.82 73.17 426.7 202.3 304.4 33

17 70 1000 0.82 10243 406.4 208.1 315.7 5.1

response surface method. The experiments as tabulated were
carried out thrice for each combination of input parameters
to check the agreement of the result of each individual run.
The output data presented in the Table 4 are the average
calculated value corresponding to each experimental run.

3 Tools and techniques used
for optimization

In this study, three different algorithms, such as traditional
composite desirability approach (CDA), recently-proposed
Bonobo Optimizer (BO), and Non-Dominated Sorting

Genetic Algorithm (NSGA-III) had been implemented to
solve the optimization problem of interests. Here, the brief
descriptions of the algorithms BO and NSGA-III are given
below.

3.1 Brief description of BO

Recently, an intelligent and adaptive metaheuristic tech-
nique, named as Bonobo optimizer (BO) [33] was proposed
in the literature. It was designed based on the lifestyle and
mating strategies of Bonobos. Similar to a few other animals,
like Chimpanzees, Elephants, etc., Bonobos are also found
to follow the fission—fusion type of social-behavior. In this
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type of social-style, Bonobos are observed to form several
small parties with varying sizes and compositions and they
roam about their living places for doing various activities,
like exploring new food sources, safe places for staying,
etc. This process is termed as fission. After a certain period
of time, they again reassemble (fusion) to serve some spe-
cific purposes, such as sleeping together at night, combined
attacking against the rivals, etc. This adopted lifestyle of
fission—fusion helps Bonobos to find out new food sources
and other living-requirements, efficiently. Besides this,
Bonobos are also seen to go through four different mating
strategies, such as promiscuous, restrictive, consortship, and
extra-group mating in different situations. This is essentially
done to maintain a good balance between the capabilities of
the Bonobos and diversity in the community. These natu-
ral instincts of Bonobos were copied and mathematically
expressed to solve an optimization problem in BO.

BO is a population-based method and it starts with a set
of solutions created at random in the search space. It finds
the alpha-bonobo, which is nothing but the best solution
available in the current population in terms of fitness value.
It also distinguishes two different phases, named as Positive
phase (PP) and Negative phase (NP). In a PP, the fitness
value of the alpha-bonobo is found to improve compared to
its previous one. However, there is no improvement observed
in the fitness of alpha-bonobo during a negative phase. Here,
one adaptive parameter, namely phase-probability (p,) is
used to determine the phase during modification of any
solution. According to the type of phase, the strategy for
modifying a solution is selected. Moreover, in each phase,
two types of modification strategies are used. However, in
a PP, exploitation of the solutions is more focused, whereas
exploration of the search space is become the prime concern
during the NP. During the modification of each bonobo, one
more solution, called as p™-bonobo is selected using fis-
sion—fusion selection method for participating in mating.
BO has five user-specific parameters, such as scab (sharing
co-efficient for the alpha-bonobo), scsb (sharing co-efficient
for the selected-bonobo or p-bonobo), repp (rate of change
in phase-probability), p,,,, miq(initial probability of extra-
group mating), and 185 cor_mq, (Maximum value of tem-
porary sub-group size factor). Moreover, the controlling
parameters of BO are designed to be adaptive in nature, so
that the algorithm is become capable of managing a variety
of situations with ease and efficiency. The source code of BO
is obtained at: https://in.mathworks.com/matlabcentral/filee
xchange/104275-bonobo-optimizer-bo.

3.2 Brief about NSGA-III
The basic structure of NSGA-III [34] is found to be the simi-

lar to that of NSGA-II [35]. However, there are significant
differences in between them. In NSGA-III, a set of reference
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points is created. It helps in maintaining a good balance
between convergence and diversity of NSGA-III.

This many-objective optimization algorithm begins with
an initial population of size N generated at random within
the search space. It also creates M-dimensional reference
points in the objective space and their positions are deter-
mined in the normalized hyper-plane using the method pro-
posed by Das and Dennis [36]. For an M-objective problem
(M > 2), the total number of reference points (H) to be gen-
erated is calculated as given in Eq. (1).

M+p—-1
H:
( p > ey

where p is the number of divisions. The diversity in the
population is maintained by a set of reference directions. In
each reference direction, at least one solution is expected to
be present. A reference direction may be seen as a ray, which
begins from the origin point and passes through a reference
point, as shown in Fig. 3.

Let us assume the parent population of size N at the ¢-th
generation is denoted by P,. Applying crossover and muta-
tion, a children population (designated as,Q,) of size N is
created from the parent ones. After combining the parent and
children population, a mixed population (let’s say,C,) of size
2N is obtained. This mixed population is then sorted into
several non-domination ranks. From this population, a new
population of size N is selected based on the assigned ranks
and reference-direction based niching strategy. A flow-chart
for NSGA-III is given in Fig. 4.

3.3 Regression analysis
Regression equation represents the dependency of output vari-

able over the input variable represented on a scatter diagram.
In the present study, the linear regression analysis was carried

fa

_____ Reference point 1

.-
.-
.-
.-
-

v

Origin f1

Fig.3 On a normalized reference line, three reference points are
given for an optimization problem with two-objectives
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Fig.4 Flowchart for NSGA-III

out. The direction of slope of line depends upon the relation-
ship of input with the output. Here, Micro-hardness of FZ,
yield strength, ultimate tensile strength and elongation depend-
ency were expressed as the functions of duty cycle (D.C.),
welding speed (S) and beam diameter (D), as given in Egs. (2),
(3), (4) and (5). The relationship of energy density with micro-
hardness was negative, as there was decrease in hardness with
the increase in the energy density, which can be interpreted
from the slope of regression line which descends from left
to right and presented in Fig. 5 (a). However, the regression
line ascends from left to right for yield strength, ultimate ten-
sile strength and elongation as shown in in Fig. 5 (b), (c) and

(d), which represents positive correlation. Figure 5 illustrates
the trend of micro-hardness, yield strength, ultimate tensile
strength and elongation with energy density. The R-squared
value of each response was found to be closer to 1, which
represents the suitable prediction capability of the developed
equations. Figure 6 illustrates a comparison between experi-
mental and predicted results. The predicted results of regres-
sion equations could closely follow the experimental results
and the difference between the predicted and experimental
results was acceptable.
The regression equations were obtained as follows:

FZ Hardness = 210.670 + 2.801 x D.C. + 0.095 X S — 103.360 x D
(@)

R - S, = 88.72%

R-Sq=288.72%

UTS =594.490 — 3.000 x D.C. — 0.089 x S — 15.530 x D
3

R - S, =82.55

YS =194.160 4+ 0.642 x D.C. + 0.017 x S — 58.980 x D
@

R - S, = 82.0%

El=22.500-0.183 X D.C. —0.005 xS —2.997xD (5)

R - S, = 80.3%

3.4 Problem Formulation

A study was carried out for the optimization of the process
parameters for laser welding. The input parameters were
duty cycle (D.C.), welding speed (S) and beam diameter
(D). The input parameters: duty cycle (D.C.) and welding
speed (S) were of integer types and beam diameter (D) was a
continuous variable with the rounded value up to the second
decimal point. Moreover, duty cycle (D.C.) could take values
in the range of (50, 70) with an interval of five. The many-
objective optimization problem was formulated to maximize
yield strength (YS), ultimate tensile strength (UTS), elon-
gation (EL) and minimize the difference of micro-hardness
(VHN) of the welded sample from that of the base-material,
as given below in Eq. (6).

Maximize (YS, UTS, EL)

and
Minimize |VHN — 108]|

50 < D.C. < 70, ©
subject to 600 < S < 1000,

0.66 <D <0.82,
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Fig.6 Comparison between experimental and predicted results of (a) micro-hardness, (b) yield strength, (c) ultimate tensile strength, (d) elonga-
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where micro-hardness of the base-material (VHNg,,) was
found to be equal to 108.

This many-objective optimization problem was solved
using different approaches. The first method used for solv-
ing this problem was the traditional composite desirability
approach (CDA). Then, the same problem was formulated
as a single objective optimization one utilizing the weighted
sum approach and solved using Bonobo Optimizer (BO).
This many-objectives optimization problem was also solved
using the evolutionary Non-dominated Sorting Genetic
Algorithm (NSGA III), which was one of the recent and
effective algorithms to handle many objectives.

4 Results
4.1 Results using composite desirability

Minitab was used to calculate the desirability for all the
predicted responses. The desirability function is mainly of
two types, that is, individual desirability, which assesses the
variables used to optimize a single response and other is
composite desirability that evaluates the variables to opti-
mize more than one response. Composite desirability is the
cumulative result of the values of the individual desirabil-
ity and presents the relative emphasis of the responses. The
desirability value presents how close the predicted result is
to the target value. The optimal values of the parameters are
identified and desirability value ranges from O to 1. If the
value is found to be closer to 1, it signifies that desirability
is high. Minitab due to default settings gives desirability
value of 1 to each response in the problem. The value of
desirability function informs how well the optimal param-
eters result into the desired responses. In the present study,
the objectives were to obtain high strength (YS and UTS)
and maximum elongation (El) and to minimize the micro-
hardness (VHN) in the laser welded Nb-Zr-C alloy. Minitab
helps in selecting input variables (D.C., S and D) to obtain
the desirable responses. Figure 5 displays the variations of
(a) micro-hardness, (b) yield strength, (c) ultimate tensile
strength, (d) elongation with energy density. It is observed
that there is decrease in the micro-hardness with increase
in the energy density. Micro-hardness decreases due to the
increase in the grain size, i.e., columnar grains. The welds
having fine equiaxed grain have high hardness as compared
to columnar grains which are observed in the welds joined
using high energy density. The coefficient of determina-
tion (R?) for micro-hardness with lie energy is 80.55%.
The variation of yield strength, ultimate tensile strength
and elongation presents an increasing trend with increase
in energy density. The R? value of YS, UTS and elongation
are 85.49%, 81.91% and 87.49% respectively. The corre-
lation of property with energy density is significant. The

experimental and predicted results of (a) micro-hardness, (b)
yield strength, (c) ultimate tensile strength, (d) elongation
are compared in Fig. 6. The predicted values as obtained
by composite desirability closely follows the experimental
results. The variation of predicted results has a good agree-
ment with the experimental results.

4.2 Results using BO and NSGA-III

Figure 7 showcases the results of the NSGA-III algorithm
for the LBW problem using a 4-objective value path repre-
sentation. The horizontal axis represents the four objectives,
while the vertical axis displays their normalized values. This
visualization allows for a comprehensive analysis of objec-
tive interrelationships and trade-offs. The distribution and
density of points indicate the diversity of solutions and the
achievement of balanced objectives. Normalized values on
the vertical axis facilitate direct objective comparisons, aid-
ing in trade-off identification and optimization analysis. The
plot also highlights the Pareto-optimal solutions, that can-
not be improved in all objectives simultaneously, providing
insights for decision-making. In summary, Fig. 7 offers a
valuable and concise representation of the LBW problem's
many-objective optimization results using the NSGA-III
algorithm.

At first single-objective optimization problem was solved
by considering each one of the four objectives separately
using BO. In the experiment, each problem was solved
for a maximum of 100 iterations and the population size
was kept equal to 30. The parameters of BO were selected
using some trials and error method and these were found
to be as follows: scab = 1.25, scsb = 1.3, repp = 0.0035,
Pugm_initiat = 0-0L, and 585,10 = 0.05. In addition to this,
the mentioned four objectives of the laser weld joints were

1.0+

0.8 4

0.6 4

0.4 4

0.2 1

Normalized Objective Value

0.04

T T T T
Objective 1 Objective 2 Objective 3 Objective 4

Fig.7 NSGA-III solutions depicted using 4-objective value path for
the LBW problem
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combined together to convert the same into a single objec-
tive optimization utilizing the weighted sum approach. Here,
equal weightage was provided to each of the four objec-
tives and it was converted into a single objective optimiza-
tion problem and solved using BO algorithm. The optimal
solutions obtained using BO are reported in Table 5. It also
contains the result of BO-tuned weighted sum approach.
This many-objective optimization problem had also been
solved using NSGA-III. Figure 7 depicts the value path plot
of all yielded solutions for this problem with four objectives
obtained using NSGA-III. Here, all the objectives had been
represented using their normalized values in the range of
O, 1).

4.3 Confirmatory results of the meta-heuristic
algorithms

The input parameters were optimized using the proposed
meta-heuristic algorithms to obtain the desired results. The
confirmation experiments were carried out using the differ-
ent combinations of optimized input parameters. The differ-
ent approaches used for optimization along with their pre-
dicted results and the corresponding experimental results are
tabulated in Table 6. YS, UTS, El and VHN are the desired
results and YS (e), UTS (e), El (e) and VHN (e) are the
obtained experimental results through confirmatory tests.
Figure 8 depicts the experimental results of stress vs. strain
results yielded using different optimization algorithms. Fig-
ure 9 illustrates the variation of the micro-hardness of the
confirmatory tests from the weld center-line towards the base
metal obtained using different optimization techniques. BO-
tuned weighted sum approach could yield the better perfor-
mance compared to NSGA-III and composite desirability
approach. Composite Desirability performed better than BO
and NSGA-III in terms of percentage error calculated for
yield strength (YS). However, BO-tuned method could yield
1.13%, 1.51% and 6.56% percentage deviation in micro-
hardness (H.V), UTS and El, which was in good agreement
with the respective experimental results as shown in Table 7.
BO-tuned weighted sum approach was found to be more
accurate, which indicates its superiority compared to the

other algorithms used in this study. Therefore, in further
texts comparison will be made with BO and welds joined
with different heat-input.

4.4 Comparison of results of Bonobo optimizer
with welds joined using different energy
density

Corresponding to the input parameters yielded by BO, the
input parameters identified was 50% D.C., 600 mm/min
welding speed and beam diameter was 0.82 mm. BO sug-
gested input parameters corresponds to energy density of
121.95 J/mm?. From Table. 4 experiments 3 presents the
input parameters for BO and experiment 2 and 16 presents
input parameters for highest and lowest energy density.
73.17 J/mm? and 194.44 J/mm? corresponds to lowest and
highest energy density used for welding as shown in Table 4.
To evaluate the prominence of BO predicted results in terms
mechanical and metallurgical properties, comparison of the
cooling rate of corresponding energy density for BO and
experiment 2 and 16 was carried out. Cooling rate controls
the microstructural and metallurgical changes occurring in
the FZ. Microstructural changes regulate the metallurgical
and mechanical properties of the welded joints. Therefore,
further study was based on the evaluating and comparing
mechanical and metallurgical properties i.e., cooling rate,
grain morphology, phase change, micro-hardness and tensile
strength of 73.17 J/mm?, 121.95 J/mm? and 194.44 J/mm?.

In Fig. 10, curve AB depicts the heating cycle of the
desired weld zone, when the laser beam and Infrared pyrom-
eter spot coincides or overlaps. The descending curve BE is
the cooling curve, as the laser advances away the spot of the
pyrometer. The cooling curve can be divided into three dis-
tinct regions: BC, CD and DE, the region BC is the liquid or
molten state that is marked as ‘L’. Nucleation initiates from
C above the melting point of 2470 °C, the nucleation sites
are the un-melted zone or the HAZ. CD is the region, where
both liquid and solid co-exists, ‘S’ signifies solid fraction
of the molten pool. D is the temperature, at which whole
molten-pool solidifies. The zone BD is the molten-pool life
time of the experiment. The molten-pool thermal history has

Table 5 Obtained results of the single-objective problems using BO algorithm

Equation No Objective function Optimal parameters Optimal objective value(s)
Equation (1) MaximizeYS D.C. =70, S = 1000,D = 0.66 YS = 217.800 MPa
Equation (2) Maximize UTS D.C. =50, S = 600,D = 0.66 UTS = 379.890 MPa
Equation (3) Maximize EL D.C. =50, S = 600,D = 0.66 EL = 8.104 mm

Equation (4) Minimize |[VHN — 108| D.C. =50,S = 600,D = 0.82 VHN = 323.780

Equation (5) Minimize 0.25 * (% + ok &+ [VEN - 103\)

D.C. =50,S = 600,D = 0.82

YS = 188.400 MPa, UTS = 377.410
MPa, EL = 7.624mm
,VHN = 323.780
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Table 6 Comparison of the experimental results of laser welding with that obtained using different optimization techniques

S (mm/min) D (mm)  YS(MPa)  YS(e)(MPa)  UTS (MPa)  UTS(e) (MPa)  El(mm)  El(e) (mm)  VHN VHN(e)

D.C.

Approach

383.55

368.10

8.24
7.12
8.46

6.09
7.62
7.40

347.78 362.43

203.43 208.32

0.68
0.82
0.66

620
600

60
50

50

NSGA-III

286.57

323.78

37741 371.71

212.80

208.40

Composite Objective (BO)
Composite Desirability

320.01

369.84

365.62 373.81

209.67

209.86

1000

two solidification shelves due to alloying metal zirconium
added to improve strength and resistance towards corrosion
and oxidation.

Figure 11 presents the comparison of the thermal history
of the experiments carried out at energy density of 73.17 J/
mm?, 121.95 J/mm? and 194.44 J/mm?. The peak tempera-
ture of the experiments increases with the increase of the
energy density. However, the cooling rate presents a decreas-
ing trend with an increase of the energy density. The time
required to solidify the molten pool is less for weld carried at
low energy density as compared to the experiments carried
at high energy density [37]. The experiments carried out at
energy density of 73.17 J/mm? and 121.95 J/mm? had the
same value of duty cycle, i.e., 50%, therefore, the control-
ling parameter for microstructural properties is the welding
speed. However, the welding speed was kept constant and
duty cycle and beam diameter was varied, when the com-
parison was done based on the properties of the weld carried
out at energy density of 121.95 J/mm? and 194.44 J/mm?>.
The increase in duty cycle could intensify the amount of
energy density in localized area. Thus, the highest peak tem-
perature occurred at the largest value of energy density per
unit length. The effect of the cooling rate can be observed
in Fig. 12, the grain size of the fusion zone decreased with
the decrease in energy density. The grain morphology was
found to be equi-axed, beaded shaped and trapezoidal for
the energy density values of 73.17 J/mm?, 121.95 J/mm?
and 194.44 J/mm?, respectively. The maximum temperature
and cooling attained at different energy density are shown in
Table 8. The joints welded at low energy density solidifies
in between the laser pulses, due to high thermal conductiv-
ity of niobium and with the rise in temperature, the thermal
conductivity increases during welding [38, 39].

4.4.1 Microstructure Analysis

The effect of energy density on grain size of the laser-welded
samples could be analyzed by images of optical microscope,
as shown in Fig. 12. The grain size refinement could be
observed with a decrease in the energy density. High energy
density resulted into the larger grains compared to that of
the welds joined at the lower energy density. In Fig. 12(a),
(b) and (c), the grains morphology changes from equi-axed
to the beaded structure and then, epitaxial grain growth was
observed, at the energy density of 73.13 J/mm?, 121.95 J/
mm? and 194.44 J/mm?, respectively. The finer grains were
observed at the lower energy density, since the extent of
thermal gradient was of short duration, and with the increase
in energy density, there was heat accumulation in the FZ,
which resulted into the larger grains aligned along the ther-
mal gradient. The larger grain in the center of the weld-
bead was accommodated by sub-grains that generally was
equiaxed in nature The molten-pool’s lifetime increased
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Fig.8 Stress vs. Strain results
yielded by different optimiza- 450
tion techniques
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with the energy density, and thereby resulted into FZ of the
larger area of cross-section. The increase in energy den-
sity increased the temperature in the FZ, however, thermal
conductivity of niobium decreases with temperature above
3000 K. The obtained maximum temperature increased with
the increase in duty cycle, as shown in Table. 8. The solidi-
fication of molten pool occurred at the higher rate at low
energy density due to high thermal conductivity, as com-
pared to that of the higher energy density [38, 39].

4.4.2 Micro-hardness and phase analysis
The variation of the micro-hardness from the weld centre-

line towards the base metal is presented in Fig. 13. The
micro-hardness decreased, while measuring it from the weld
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centre-line towards the base metal. The size of these sub-
grains increased with an increase in energy density. Increase
in hardness was also observed in the HAZ, as compared to
the base metal [40, 41]. The highest values of micro-hard-
ness observed at the weld centre-line were 455.8, 406.5 and
398.7 welded at energy density of 73.17 J/mm?, 121.95 J/
mm? and 194.44 J/mm?, respectively.

The average micro-hardness values of the FZ were
observed to be equal to 378.8, 388.1 and 426.5 for the
energy density of 194.44 J/mm?, 121.95 J/mm? and 73.17 J/
mm?, respectively, as shown in Fig. 14. The average micro-
hardness presented a decreasing trend, as there is an increase
of energy density, and this trend could be attributed to a
decrease in cooling rate that ultimately decides the size of
the grain in the FZ. Grain refinement is more at the lower
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Table 7 Percentage error between experimental results for confirmatory tests of laser welding with that of forecast results using different optimization technique

% Error  El (mm) El(e) (mm) % Error ~ VHN VHN(e) % Error

UTS(e) (MPa)

% Error  UTS (MPa)

YS(e) (MPa)

YS (MPa)

Approach

19
13

368.10  383.55 4.

35.30

8.24

6.09
7.62
7.40

4.21
1.51
2.24

362.43

347.78

2.40

2.11

0.09

208.32

203.43

NSGA-III

383.78  388.15 1.

56

6.
14.32

7.12
8.

371.71

377.41

212.80

208.40

Composite Objective (BO)
Composite Desirability

13.47

320.01

369.84

46

373.81

365.62

209.67

209.86

energy density, as there is less time available for the grain
growth during recrystallization from the molten state. The
weld carried at the higher energy density has the larger grain
size than that of the weld carried out at the lower energy
density. Laser welding is popularly known for high cooling
rate [42]. Moreover, niobium having high thermal conduc-
tivity aggravates the cooling phenomenon and therefore,
energy density decides the hardness value attained by FZ
post-solidification. Since, thermal conductivity of metal is
temperature dependent property and niobium having high
thermal conductivity aggravates the cooling phenomenon
for the weld joined using energy density of 73.17 J/mm?>.
However, it has been observed that thermal conductivity of
niobium decreases with temperature after 2800 K (3073 °C)
[39]. From Table.8 it can be concluded that the welds joined
using energy density of 121.95 J/mm? and 194.44 J/mm?
experienced fall in thermal conductivity and thus increase
in molten-pool life time of the welds helped in grain growth
at high energy density and therefore, heat energy density
decides the hardness value attained by FZ post-solidification.

The X-ray diffraction analysis was done to study the
phase changes occurring in the FZ after laser welding, as
shown in Fig. 15. The observable change occurred in the
formation of new carbides of niobium, such as Nb,C5 and
NbC. The formation of carbides took place due to the disso-
lution of the unstable carbide precipitates occurring because
of intense heat of the laser. The carbide phases of niobium,
i.e., NbC formed in the FZ of all the welds, however, Nb.C;
occurred in the FZ of the joints carried out at energy density
of 73.17 J/mm? due to increase in the welding speed and
thermal conductivity, thereby high cooling rate, which was
favorable for the formation of these phases. The high cool-
ing rate did not allow the phase change from NbC to Nb,C.
Moreover, the presence of zirconium in the alloy facilitated
the formation of the NbC in the FZ at the expense of Nb,C.
Nb,C being an unstable phase acted as a preferential site
for the diffusion of Zr. The diffusion of Zr into the carbide
phase of niobium (a-Nb,C) imparted instability to the phase.
Ab-initio calculations approved the destabilization caused
due to the presence of zirconium [43]. During solidification,
stable phase of (Nb,Zr)C precipitates out at the expense of
the Nb,C phase. Gibb’s free energy for the formation of
ZrC, NbC and Nb,C phases have demonstrated that (Nb,Zr)
C carbide phase is more stable compared to Nb,C in Nb-
1%Zr-0.1%C alloy. The carbide phase of niobium, i.e., Nb,C
forms possibly at low temperature during the process of slow
cooling. The formation of Nb,C phase is suppressed by high
cooling rate, which is favored by low heat-input [44]. The
formation mechanism is given in Eq. (7)[43].

Zr + Nb,C = (Nb, Zr)C + Nb )
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Fig. 10 Molten-pool thermal
history depicting distinct phases
of melting and solidification
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Fig. 11 Molten-pool thermal history of welds joined using energy density of 194.44 J/mm?, 121.95 J/mm? and 73.17 J/mm?

4.4.3 Tensile test analysis

In the earlier studies, it was observed that welds of niobium

@ Springer

mostly failed in HAZ or FZ [17]. The evaluation of weld
strength of laser-welded joints of niobium is required
because an intense localized heat of laser causes detrimental
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Fig. 12 Grain morphology obtained at energy density of (a) 73.17 J/mm? (b) 121.95 J/mm? (c) 194.44 J/mm?>

Table 8 Maximum temperature and cooling rate for laser welding
observed at different energy density

Energy density (J/mm?) Maximum Tempera- Cool-
ture (°C) ing Rate
(°Cls)
73.17 3007.2 3011.3
121.95 (BO) 3102.6 2609.1
194.44 3172.4 2081.0

change in the weld. The degradation of mechanical and met-
allurgical properties of the weld joints can be studied by
assessment of tensile strength, micro-hardness and micro-
structure. Uniaxial tensile test of the laser welded sample
was carried out to find the yield strength, tensile strength and
elongation of the joints. High cooling rate is characteristics
of the laser welding, which is evident from the molten pool’s
lifetime measured in milli-seconds. Inert gas is suggested
for shielding of the weld zone of highly reactive metals,
such as niobium. Optimization of flow of shielding gas is
required to maintain a proper balance between cooling rate
and availability of inert environment around the weld zone.
The strength and ductility of the welded joints were quanti-
fied by uniaxial tests. From Fig. 16, it is evident that strength

(YS and UTS) and plasticity of the joints improved with the
increase in the energy density of the joints. The area under
stress—strain curve of the welded joints explains the defor-
mation incurred by the joints before failure. The decrease in
the strength, i.e., yield strength and ultimate tensile strength
could be attributed to the molten-pool’s thermal history that
determines the grain size and micro-hardness. The welded
joints presented grain refinement with the decrease in energy
density due to an increase in the welding speed, i.e., cooling
rate. The grain size refinement resulted into an increment of
micro-hardness of the joints. Increment of micro-hardness
further escalates the chances of brittle fracture. Grain with
small area could accommodate a smaller number of disloca-
tions during the uni-axial test. Grain boundary could impede
the movement of the dislocation, therefore, dislocation pil-
ing up occurred at the grain boundary. When the threshold
of the stacking of the dislocation was reached, the failure got
initiated by crack formation. The threshold was determined
by the strength of the grain boundary.

Nb-Zr-C welds were susceptible towards loss of strength
and plastic deformation, when joined to attain full-penetra-
tion welds using laser. High thermal conductivity and melt-
ing point of niobium necessitate the use of high energy den-
sity for fabrication. Figure 17 presents the fracture surface
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Fig. 13 Variations of micro-

hardness from the weld

centre-line towards the base 600
metal for the welds joined using

energy density of 194.44 J/mm?,
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of welds obtained using energy density of (a) 194.44 J/mm?

(b) 121.95 J/mm? and (c) 73.17 J/mm?. These dimples, as
observed in Fig. 17 (a) and (b) are the spherical micro-voids
that acts as the centre point for the initiation of the crack.
The extent of ductility can be interpreted by analyzing the
size of the dimples. Since the welds of 194.44 J/mm? and
121.95 J/mm? have difference in ductility of 0.8 mm, the
difference in dimple size reflects the variation in elonga-
tion achieved during uni-axial tests. The size of the dim-
ple signifies the extent of plasticity a sample has endured,
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before the failure or fracture occurs. The fractured surface
of the welded samples with the energy density of 73.17 J/
mm? presented trans-granular mode of fracture. The brittle
fracture occurs due to sudden drop of load as depicted in
Fig. 16. Figure 18 depicts the fracture location sites of the
welds where the encircled region indicate the location of the
failure. The fracture location of the welds of 194.44 J/mm?
and 121.95 J/mm? are located in the base metal whereas
the fracture location if the weld of 73.17 J/mm? is located
in the FZ. The difference in the average micro-hardness of
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Fig. 16 Stress v/s strain for
welds joined using energy den-
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Fig. 17 Fracture surface of
welds joined using energy
density of (a) 194.44 J/mm? (b)
121.95 J/mm? and (¢) 73.17 J/
mm?

the welds of 194.44 J/mm? and 121.95 J/mm? is 9.3 H.V.
Therefore, the fracture sites are located in BM and both the
samples presents ductile mode of failure during uni-axial
tensile test which is confirmed by the analysis of fracture
surface as shown in Fig. 17. The FZ of the weld 73.17 J/
mm? consists of small equi-axed grains whereas the welds
of 194.44 J/mm? and 121.95 J/mm? consists of equi-axed
grains in the centre of FZ, large beaded grains and elongated
or trapezoidal grains at the interface of FZ and HAZ. These
elongated grains helped in the plasticity. Hence, microstruc-
ture and micro-hardness, which are controlled by cooling

7 ,‘Gr§|in Boundary' E

rate and energy density, influence the tensile strength and
ductility of the weld metals.

5 Discussion

Energy density determines the molten-pool history and over-
all, controls the mechanical and metallurgical properties of
the welded joints. Laser being high intensity power source
for joining of the alloy, the probability of dynamic recrys-
tallization and grain refinement in FZ will result into the

Fig. 18 Location of fracture sites of welds joined using energy density of (a) 194.44 J/mm? (b) 121.95 J/mm? and (¢) 73.17 J/mm?
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change of mechanical and metallurgical properties. Increase
in hardness of joints can be primarily attributed to grain size.
The center of the FZ of the welded samples is composed of
the fine equi-axed grains. The equi-axed grains size varies
from 1 to 2 um. Beaded shaped grains could be observed
adjacent to the equi-axed grains in the FZ. These micro-
features vary between 10 and 15 um, and lamellar structures
having the size of 20-22 um are generally located at the
transition zone of FZ to HAZ. The lamellar structures sig-
nificantly contribute in the plastic deformation during tensile
tests. There is a gradual increase in the grain size from cen-
tre of the FZ towards the BM, the increase in grain size is
reflected on the micro-hardness of the FZ. Increase in grain
size results into a decrease in the micro-hardness. The ulti-
mate tensile strength of the joints was found to increase with
the increase in the energy density. The lowest strength and
ductility were observed for the weld joined at 73.17 J/mm?.
The welded joint obtained using the optimized parameters
yielded by Bonobo Optimizer, i.e., at 121.95 J/mm? could
perform better compared to the weld joint with 194.44 J/
mm?. The yield strength of the welded joint obtained using
121.95 J/mm? matches with that of the same at 194.44 J/
mm?. The ultimate tensile strength of the weld of 121.95 J/
mm? was found to be more compared as to that yielded
194.44 J/mm?, and the difference in their ultimate tensile
strength was 10.91 MPa. The elongations obtained for the
energy density of 73.17 J/mm?, 121.95 J/mm? and 194.44 J/
mm? were 3.28 mm, 7.11 mm and 7.93 mm, respectively.
The values of percentage of elongation were seen to be
equal to 29.41%, 64.05% and 71.44% in comparison with
base metal. Ductility and percentage elongation of the weld
joined at 121.95 J/mm? were less as compared to that yielded
at 194.44 J/mm?. The difference in plastic deformation and
percentage elongation could be attributed to grain morphol-
ogy. Therefore, elongation and strength could be maximized
by controlling the cooling rate and evolution of microstruc-
ture. The ductility in the samples improves due to the for-
mation and coalescence of dimples. The larger voids are
formed due to the coalescence of dimples. The size of these
voids gets reflected on the ductility of the samples. Overall,
Bonobo optimizer almost conforms to mechanical and met-
allurgical properties of the weld joined using the highest
heat input. Hence, Bonobo optimizer suits for solving the
present many-objective optimization problem.

6 Conclusion

Pulsed laser welding of Nb-Zr-C alloy had been conducted to
optimize the process parameters in order to obtain maximum
joint strength, ductility and a desirable hardness in the joint.
The many objectives optimization problem had been solved
using traditional composite desirability approach, Bonobo

optimizer-tuned weighted sum approach and metaheuristic
NSGA-III algorithms.

1. Bonobo optimizer-based weighted sum approach with
the least value of mean absolute deviation seems to be
more efficient in predicting the optimized result among
all algorithms because of adaptive nature of BO in terms
of parameter handling. A pulsed laser beam diameter of
0.82 mm with a scanning speed of 600 mm/min and duty
cycle of 50% was found to be the optimized parameters
for maximizing the strength and ductility. The weld joint
fabricated using the input parameters or corresponding
energy density as yielded by bonobo optimizer almost
conforms the mechanical and metallurgical properties
of the weld joined using highest heat input.

2. The micro-hardness, yield strength, ultimate tensile
strength and elongation of the weld were observed to be
dependent on the energy density. UTS value of the opti-
mized combinations almost reached as that of the parent
alloy. However, there was reduction of yield strength and
elongation in the optimized combination as compared
to the base metal. This could be due to the significant
enhancement of hardness in weld due to grain refine-
ment.

3. The average hardness for the optimized weld joint was
almost four times of that of the parent material’s hard-
ness. Inherent high cooling rate of laser welding, high
thermal conductivity of Nb-Zr-C alloy and grain struc-
ture evolution during the post-solidification of welding
could be the possible reasons for the aggravated result
of micro-hardness in FZ.

4. The pulsed welded joint of Nb-Zr-C alloy exhibit the
higher strength and elongation with reduction of grain
refinement. Trapezoidal grains presented maximum
strength and elongation as compared to equi-axed and
beaded grains. This phenomenon could be attributed by
the enhancement of molten pool’s life time and decrease
in cooling rate with the increase of energy density.
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