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Nb-1%Zr-0.1%C alloy is mostly used in high-temperature reactor (HTR) as a structural material, due to its
high-temperature strength, resistance to irradiation and nuclear environment. In the present study, the
issues related to control and optimization of laser welding parameters are dealt in order to obtain the
welded joints with satisfactory strength and ductility. Laser butt welding of 0.5 mm thin sheets is conducted
in continuous wave mode to analyze the significance and influence of process parameters, i.e., beam
diameter, welding speed and laser power on the mechanical and metallurgical properties of the joints.
Welding speed is found to be the most significant process parameter, which controls the changes in the
mechanical and metallurgical properties. Bead profile, hardness, tensile strength, microstructural and
phase variations in these joints are evaluated to study their dependence on the welding speed varied in the
three levels of 1000 mm/min, 1250 mm/min and 1500 mm/min. Welding speed alters the cooling rate;
cooling rate regulates the grain refinement, phase change and ultimately alters the hardness, and tensile
strength of the fusion zone (FZ). The increment in hardness value in the FZ and loss of ductility as
compared to base metal can be attributed to some hard and brittle phases (Nb6C5 and NbC) formed due to
increased welding speed. The failure of the welded joints after the tension tests is observed to be located in
both FZ and the base metal, that indicates both the brittle and ductile modes of failure in the FZ of the
samples having hardness value (VHN)>410 and base metal, respectively.
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1. Introduction

Niobium is often termed as valve metal, which is mostly
used in steels, which is added in small percentage (Ref 1) to
enhance the mechanical properties of ferrous alloys. Niobium
and its alloys are identified for their various combinations of
properties that result into their selection for a variety of
applications. In the recent time, Inconel, a nickel-based
superalloy, is being replaced (Ref 2) due to the development
of high-temperature structural materials like niobium and
niobium-based alloy. Niobium and niobium alloy have the
lowest density among all the refractory metals (Ref 3), and
thus, it proves its suitability in nuclear reactors, chemical
industry and aerospace applications. Increase in the flow stress
when the temperature window is 800-1000 �C during the

deformation of Nb alloy affirms its stability and application as
high-temperature structural material. High melting point and
favorable creep strength of niobium-based alloys enable the
researchers to study its suitability in the nuclear reactors (Ref
4). Ductility, relative strength and low density help niobium and
niobium-based alloy to find its application in bio-engineering
devices. These alloys show the property of superconductivity
which can be attributed to high critical temperature when
compared to other metals. Superconductivity is exhibited by
niobium at the temperature of 9 K that matches with that of
liquid helium temperature. It is a superconductor and therefore
finds its application as a base for superconducting systems,
including NbSn compounds, NbTi alloys and NbAI alloys.
Niobium proves its adequacy to be used as structural material
(Ref 5) in nuclear reactors as its inherent property for minimal
cross-sectional area for the absorption of neutron to avoid
embrittlement during service period. Zirconium application as
an alloying element in the alloy used in nuclear material as
structural material can be attributed to properties like hardness
at elevated temperature, superior corrosion resistance and
neutron cross section is quite low. The improvement in the
hardness is desired for the structural material (Ref 6) which
have application at elevated temperature. Zirconium also
enhances the ductility of the niobium-based alloy without
much of change in the weight. Zr-2.5Nb alloy is widely used as
cladding material for fuel tubes (Ref 7) and as structural
material for its slow creep rate, compatibility with fuel and
resistance to neutronic embrittlement that results longer service
life of high-pressure tubes.

Niobium is gaining importance in the field of bio-engineer-
ing (Ref 8) due to its bio-compatibility properties. Niobium also
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finds application in several biological fields such as shape
memory alloy. Titanium-based alloy which is widely used to
build implants contains vanadium as its one of the constituents.
However, if niobium is used in place of vanadium it results into
higher corrosion resistance and improved bio tolerance. NiTi is
a nickel- and titanium-based shape memory alloy; small
percentage of niobium is added to reduce the cost and
enhancement of properties. Niobium has favorable expansion
property and satisfactory workability. Niobium addition as an
alloying element in the shape memory alloys improves peak-to-
peak transformation hysteresis. This improvement in hysteresis
results into improvement of shape memory effect of the NiTi
alloy. Moreover, corrosion resisting properties of niobium are
highly superior to those of titanium and zirconium. Niobium
and its different alloys are easily fabricable and embrittlement
due to neutron absorption is relatively lower in comparison
with other materials used in nuclear reactors. Niobium zirco-
nium (Nb-1Zr) is a solid-solution strengthened alloy (Ref 9)
having superior properties as compared to that of pure niobium.
Nb-1Zr is modified by adding 0.1% of C (Ref 10) to increase
the operating life and improve the high-temperature strength
(Ref 11) which is required for SP100 reactors. Adequacy in
nuclear environments and availability makes it a potential
candidate to be used as a structural material in Compact High-
Temperature Reactor, (Ref 12) aerospace engines and space
nuclear reactors. High creep rupture property is one of the
prerequisites for the structural material used for the building
nuclear plants. It is seen from the literature that niobium-based
alloy finds wider application as structural components in most
of the nuclear reactors.

Titran reported that the creep test of electron beam welded
joints is conducted at the temperature of 1350 K that shows
fusion zone (FZ) to have better creep strength in both the
conditions of heat treatment, i.e., annealing and aging (Ref 13).
Kramer carried out welding of thin sheets of niobium alloy
using laser and electron beam welding technique and presented
that niobium weld joint failed in the HAZ when fabricated with
laser. The grain size and width of the HAZ as obtained in laser
welding is smaller as compared to the electron beam welding
(Ref 14). Welding of niobium and niobium-based alloy is often
carried out in vacuum condition, i.e., controlled condition. The
fabrication of the alloy has been attempted mostly in the
vacuum environment to prohibit reactivity and contamination
during welding (Ref 15, 16). However, welding of niobium
(Ref 17) can be carried out in the open atmosphere by using
inert shield of argon or helium. Scott (Ref 18) reported that
machine welding is favored over manual when open air
fabrication due to better steadiness and speed of the torch can
be varied leading to less contamination. Badgujar (Ref 6)
carried out electron beam welding of Nb-1% Zr-0.1% C and
studied the effect of power and welding speed on penetration
depth, weld width, aspect ratio, joining and thermal and joining
efficiency. Hajitabar et al. (Ref 3) reported that the optimum
level of mechanical and metallurgical properties can be attained
by maintaining welding current at 30 mA during electron beam
welding (EBW) of Nb-1Zr alloy. Tungsten inert gas welding is
one of the popular welding techniques known for giving
smooth root of the weld-bead but still it is a less preferred
technique for the welding of niobium, because entrapment of
air in the FZ cannot be avoided (Ref 19). Defocusing of
electron beam is done to minimize the energy density and thus
to achieve smooth weld root. However, a proper control of
material thickness is required to avoid blowholes in the FZ.

Conventional welding techniques like gas metal arc welding
(GMAW) and gas tungsten arc welding (GTAW) result in grain
growth and recrystallization of heat-affected zone due to high
heat input. This results into a rise of ductile to brittle transition
temperature and susceptibility toward failure in the presence of
cracks, notches and craters. Laser beam welding (LBW) and
electron beam welding help to overcome these issues by
application of low heat input (Ref 20). Gerken reported the
presence of centerline cracks and micro-cracks in the FZ and
HAZ, respectively, in the welded joints of niobium fabricated at
high heat inputs of EBW and GTAW (Ref 21). Santella carried
out welding of Nb-1Zr alloy using manual gas tungsten arc
welding technique in glove box, where argon and helium are
separately used as inert environment. The hardness of FZ is
higher than base metal in both welded and post-weld heat-
treated conditions (Ref 22). Niobium being highly reactive
element toward atmospheric gases at elevated temperature, it is
advisable to carry out its welding in inert environment with
high purity or in vacuum to impede increase in the hardness of
the FZ. Proper cleaning and edge preparation are also suggested
to minimize the decrease in ductility and toughness (Ref 17, 18,
23, 24, 25). High melting point and thermal conductivity of
niobium and its alloy make its welding tedious. EBWand LBW
are the most preferred welding techniques over resistance and
tungsten inert gas welding. These techniques ensure minimum
size of FZ, HAZ and distortion with full penetration welds
because of the lower heat input (Ref 26, 27, 28).

Although the vacuum environment of EBW is recom-
mended for the fabrication of the alloy, the cost associated with
the complex working environment is huge as compared to other
high energy density welding processes. Welding in controlled
atmosphere has less efficiency in terms number of joints made
when compared to high energy density welding process like
laser beam welding. In the earlier studies effect of microstruc-
tural evolution, phase changes and cooling rates on mechanical
and metallurgical properties are very scanty. The effect of the
dissolution of carbide precipitates depending upon the heat
input during welding is unavailable in the earlier studies. Laser
beam welding of reactive metals like niobium and niobium
based is still less explored and requires well establishment of
this autogenous welding process.

Therefore, laser welding of PWC-11 alloy has been
attempted to study the viability of the process. It is also
observed that there is limited literature on laser processing of
the alloy, which is assumed to be undergo significant
microstructural variation due to the reactive nature at elevated
temperature. In addition to this, the available literature on the
laser welding and strength measurement of the welded joints of
Nb-1% Zr-0.1% C is limited. This encourages carrying out a
study on the quantification and comparison of the strength,
ductility and micro-hardness of the laser-welded joints and
interpretation of the observed result in context to the laser input
parameters, i.e., laser power, welding speed and beam diameter.
The present study deals with effect of variation of welding
speed on the mechanical and metallurgical properties of the
welded joints. Precipitation behavior, grain size, morphology
and cooling rate have been considered as the microstructural
characterization criteria of the joint to correlate the hardness,
strength and ductility of the joints.
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2. Materials and Methods

Precipitation-strengthened Nb-1%Zr-0.1%C alloy (PWC-
11) is used for carrying out LBW and other mechanical and
metallurgical tests to decide the quality of the welded samples.
Nb-1%Zr-0.1%C alloy is produced by the addition of zirco-
nium and carbides in the niobium matrix according to the
weight percentages mentioned in Table 1. Powders of niobium,
zirconium and carbides are electron beam melted in a vacuum
condition to avoid contamination by the impurities, as specified
in Table 1. Electron beam melting is followed by isostatic
pressing, sintering, forging, cold/hot rolling and heat treatment,
i.e., annealing. Sheets with the desired properties and thickness
are finally obtained after carrying out the above manufacturing
processes. Bead-on-plate (BOP) welding experiments are
conducted prior to the butt-welding experiments to ascertain
the range of process parameters in order to attain full
penetration welds. The schematic view and photograph of
bead-on-plate (BOP) are shown in Fig. 1(a) and (b), respec-
tively. Butt joints are made with the sheet dimensions of 70 mm
x 20 mm x 0.5 mm, which are polished, etched and
ultrasonically cleaned prior to the welding. The schematic
view and photograph of butt welding are shown in Figure 1(c)
and (d), respectively.

Yb-fiber laser (IPG YLR-2000) operating at 1.064 lm and
maximum power of 2 kW, located at IIT Kharagpur, India, is
used to carry out the welding experiments. The power density is
varied from 2.17 to 5.91 W/cm3. Pre-welding sample prepa-
ration is done by milling of the surface and edges followed by
polishing of the samples, and then, these are etched using H2O,
HF, H2SO4 and HNO3 in the ratio of 55: 22:15:8. Ultrasonic
cleaning of the samples is carried out in propanol bath to
degrease the samples that can result into weld defect. The
different levels of input parameters used for welding of the
niobium alloy are illustrated in Table 2. A suitable clamping
arrangement is provided on the sides of the sheets to be welded
for minimization of the distortion during welding. Shielding gas
is provided on both the top surface and bottom of the weld-pool
to avoid contamination of the melt pool. It is done to eliminate
the possibility of oxides and nitrides formation. However,
optimized argon flow is required to minimize its effect on the
cooling rate and obtain proper shielding conditions during the
welding process. Argon flow is maintained at 20 L/min during
the welding. During the experiments, the variation of the
temperature is recorded using IR pyrometer to determine the
cooling rates. The pyrometer and samples are kept fixed and
laser is moved to carry out the joining process. The pyrometer
and the laser scanning direction are kept perpendicular to each
other to capture the molten-pool thermal history. The effect of
variation of welding speed on the properties of the joints can be
studied by co-relating with the cooling rate. The welding speed
is varied from 1000 mm/min to 1500 mm/min. A transverse
surface of the welded joint is cut using wire electrical discharge
machine (EDM) for the investigation of microstructure, bead
profile and hardness of the laser-welded alloy. The cut

specimen from the joint is subjected to polishing with emery
paper of different grits and then etched in the solution of HF,
HNO3 and H2S04. The concentration of HF, HNO3 and H2S04
is maintained in the ratio of 1:1:3. Etching is followed by
ultrasonic cleaning in 2-proponal bath to reveal microstructure.
Scanning electron microscope (SEM) (EVO 15, Zeiss, Jena,
Germany) coupled with EDAX (AMETEK) helps in capturing
microstructure and estimation of elemental distribution in the
weld zone. X-ray diffractometer (PANalytic Empyrean Cu LFF
HR (9430 033 7310x) DK411025, Netherlands) generating Cu
Ka radiation helps in identification of the phases present in the
fusion zone and in the base metal. Hardness tester (OMNI-
TECH MVH-S-AUTO) is used to estimate the variation in
hardness of base metal (BM), heat-affected zone (HAZ) and
fusion zone (FZ) measured at 50 gf at dwell time of 10 s. The
tensile samples are cut from the welded sample and base metal
using EDM of the dimensions given in Fig. 2. Tensile samples
are sub-sized, designed by maintaining ASTM E8. The strength
measurement was done INSTRON. The cross-head speed is
maintained at 0.2 mm/min for carrying out tensile tests for both
the welded and base metal.

3. Results and Discussion

3.1 Cooling Rate and Molten Pool Thermal History

Welding speed is the key parameter to affect the cooling rate
and molten pool�s life time. In Fig. 3, the curve OP is the time
duration for creating molten pool during the heating cycle. As
the laser advances away, we obtain the curve PC, which
describes the cooling cycle of trailing molten pool created by
high density laser source irradiation of laser. The molten pool�s
life time is calculated from P to E. Nucleation initiates from the
point D, as depicted in the curve, and DE is the region of
solidification of the molten pool. In Fig. 3, during the cooling
cycle, there are two solidification shelves, i.e., A and B, and
this is due to different alloying elements of Nb-1% Zr-0.1% C
with different melting points. The nucleation of the molten pool
starts from A and ends at B.

In Fig. 4(a), (c) and (e), thermal history of three welds
obtained with welding speed of 1000, 1250 and 1500 mm/min
is plotted by keeping the laser power and laser beam diameter
constant, respectively. The cooling rates of the three different
combinations of input parameters are given in Table 3. It is
quite obvious from the data that the cooling rate increases with
increase in the welding speed, which controls linear heat input
per unit length during welding. Aspect ratio values are also
found to be increasing with the increase in welding speed. A
lower welding speed always enhances the probability of plasma
formation, which contributes for a shallow bead profile and
results in reduction of aspect ratio. Plasma formed during
welding is also responsible for the material removal and
ultimately, thinning of the weld zone of the samples. Thinning
of these samples due to plasma causes reduction in strength of
the joint. In addition to this, the high conductivity of niobium
alloy causes significant lateral melting during welding with the
low speed. Niobium alloy with inherent high conductivity and
thickness of 0.5 mm results in significant lateral heat transfer,
and therefore, undesirable weld profile is obtained after the
welding.

Table 1 Composition Nb-1Zr-0.1C of alloy

Zr, wt% C, wt% Impurities, ppm Nb, wt%

0.9-1.2 0.1-0.13 H-4, N-41, O-132 Balance
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Thermal history of molten pool and cooling rate are the key
factors in determining the mechanical and metallurgical
properties. Therefore, further assertion on mechanical and
metallurgical properties of FZ will be primarily based on the
thermal cycles and cooling rate experienced by the weld.
Figure 4(b), (d) and (f) shows the different grain morphologies
evolved in FZ due to different welding speeds or cooling rates.
Grain refinement is experienced with an increase in the welding
speed. With the increase in welding speed in the experiments,
the interaction time of the laser with samples decreases, and
therefore, the peak temperature decreases. However, when the
temperature profile of the experiment welded with input
parameters of 1450 W, 1500 mm/min and 0.66 mm is analyzed,
it is observed that there is very less variation of the peak
temperatures obtained with 1450 W, 1250 mm/min and 0.66
mm. This small variation between the peak temperatures can
attribute to the formation of the new phase Nb6C5, which is
confirmed in the phase analysis, as discussed above. The
enthalpy of the formation of Nb6C5 is less, and it is more
exothermic than other two carbide phases, i.e., NbC and Nb2C.
Therefore, the formation of Nb6C5 phase results in the increase
in peak temperature during the welding.

3.2 Effect of the Input Parameters on the Mechanical
Properties

Hardness variation is found to be quite abrupt, when we
compare the values observed in the base metal and in the FZ.
Micro-hardness of FZ varies from 2.5 to 5 times higher than
that of the base metal. The input-output modeling of the

experiments is carried out to study the significance of the
process parameters on the results. In the present study, the
effect of laser power, welding speed and beam diameter is
studied on the hardness of the fusion zone. It is observed from
Table 4 that the effect of welding speed and beam diameter on
the hardness of the FZ is quite pronounced. The variation of the
hardness with the increase in laser power presents an increasing
trend up to mid value and then a decreasing trend. However,
individual contribution of laser power is not significant.
Therefore, the combined effect of laser heat input is taken into
consideration. When individual effect of the process parameters
is studied from Fig. 5, hardness increases with an increase in
velocity, due to increase in cooling rate. As cooling rate
increases, there is grain refinement, and thus, hardness
improves in the FZ (Ref 35, 36, 37). Hardness decreases with
an increase in beam diameter, as seen from Fig. 5. This increase
in beam diameter results in lowering of energy density (Ref 38),
and therefore, hardness reduction is observed. The squared
coefficient of correlation is found to be 0.89 for regression-
based prediction of hardness with respect to input parameters.
Minitab 15 (Ref 40)is used to obtain the regression Eq 1, which
shows the mathematical dependence of hardness (Ref 39) on
laser power, welding speed and beam diameter.

FZ VHNð Þ ¼ 615� 0:0301� Pþ 0:275� V� 759� D

ðEq 1Þ

The reduction of the elongation, yield and ultimate strength
of the welded joints is experienced, when it is compared to that
of the parent metal�s properties. The welding parameters have
significant contributions on the limit of the elastic and plastic
regime. when the effects of the welding parameters are studied
on the yield strength, tensile strength and elongation and are
presented in Tables 5, 6 and 7. It can be concluded that laser
power is insignificant in all responses, as per the ANOVA
results. In the present study, welding speed and beam diameter
are found to have significant contributions for the outputs, i.e.,
YS, UTS and El. The regression Eq. 2, 3 and 4 relate laser
power, welding speed and beam diameter with YS, UTS and
elongation, respectively. The squared coefficient of correlation
is found to be equal to 83.9, 87.1 and 88.4% for the yield

Fig. 1 (a) Schematic view of experimental specimen for BOP laser welding, (b) photograph of BOP laser-welded niobium alloy sheet, (c)
schematic view of experimental specimen for butt laser welding and (d) photograph of butt laser-welded niobium alloy sheet

Table 2 Experimental runs with response parameters for
continuous wave mode

Input parameters Level 1 Level 2 Level 3

Laser power, Watt 1200 1450 1700
Welding speed, mm/min 1000 1250 1500
Beam diameter, mm 0.66 0.72 0.82
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strength, ultimate strength and elongation, respectively. The
observed values of squared coefficient of correlation signify
that the regression modeling is acceptable and can predict the
outputs with less deviation from the original value.

YS ¼ 221� 0:00103� P þ 0:0146� V � 24:3� D ðEq 2Þ

UTS ¼ 235þ 0:0140� P � 0:126� V þ 309� D ðEq 3Þ

El ¼ �0:40þ 0:00086� P � 0:00852� V þ 19:2� D

ðEq 4Þ

Figure 6 depicts the variation of YS, UTS and El depending
upon the variation of process parameters. It is found from Fig. 6
(a) that yield strength increases initially up to the middle level
of laser power and then decreases. There is no significant
variation in the mean plot for yield strength with respect to the
laser power and it resembles the same trend as that observed in
the variation of hardness. However, when we consider depen-
dence of yield strength on the welding speed, yield strength
shows a steep rise with increase in welding speed due to an
increment in the cooling rate. Beam diameter holds an inverse
relationship with yield strength. The larger the value of beam
diameter, the smaller is the energy density and it leads
declination in yield strength value of the joints. The results of
yield strength can be attributed to the hardness of fusion zone in

the joints. The higher the value of hardness in FZ of the welded
sample, the higher will be the value of yield strength in the
welded joints.

In Fig. 6 (b) and (c), it is evident that ultimate tensile
strength and elongation are observed to be decreasing up to the
mid-level of laser power due to increase in heat input, which
favors grain refinement to some extent, but it improves at the
higher level of laser power. The variation of tensile strength and
ductility presents an inverse relation with welding speed. Beam
diameter has integral relation with the plasticity and tensile
strength of the welded joints. With the increase in the beam
diameter, the heat concentration over a small area decreases,
which minimizes the heat input, and thus, we obtain the better
strength and improved ductility.

The increase in the hardness and yield strength greatly
affects the ultimate strength and permanent elongation of the
welded joints. In order to maintain proportionality between
yield strength, tensile strength, ductility and hardness, the
process needs to be optimized as per the industrial requirement.
This kind of optimization can be solved for a suitable hardness
value in the weld part without sacrificing strength and ductility
of the joint.

It can be concluded from the above the study that welding
speed plays a significant role followed by beam diameter in
determining the mechanical and metallurgical properties.
However, variation of beam diameter has minimum signifi-
cance on the variation of the responses as compared to the
welding speed. Therefore, the study is carried out based on the
effect of the variation of the welding speed on the mechanical
as well as the metallurgical properties.

3.3 Phase Analysis of the Base Metal and Welded Samples

Figure 7 depicts the x-ray spectra as obtained for the base
metal and welded samples fabricated with the welding speed of
1000, 1250 and 1500 mm/min. The other two input parameters,
i.e., laser power and beam diameter, are kept constant to capture
the effect of welding speed on the phase evolution in the FZ
during welding. The main objective of the study is to determine
the different phases formed in fusion zone and to correlate the
mechanical properties with formed different brittle phases. The
base metal is mainly composed of the phases Nb, Zr, C, Nb2C,
Nb2O5, ZrO, ZrC and Nb2N. The FZ of the welds joined using
welding speed of 1000 and 1250 mm/min does not show any
new carbides as compared to base metal. However, different
phases of nitrides and oxides of niobium are found to be formed
during welding. The formation of nitrides and oxides of

Fig. 3 Thermal cycle for the fusion zone when welded using input
parameters: 1450 W, 1000 mm/min, 0.66 mm

Fig. 2 Schematic view of tensile sample for uniaxial testing
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Fig. 4 Thermal cycle and microstructure evolution in FZ welded with varying welding speeds

Table 3 Aspect ratios and cooling rates for different combinations of input parameters

Sr No. Laser power, P, Watt Welding speed, V, mm/min Beam diameter, D, mm Aspect ratio Cooling rate, �C/ms

1 1450 1000 0.66 0.25 492.9
2 1450 1250 0.66 0.27 611.8
3 1450 1500 0.66 0.32 645.4
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niobium can be attributed to open atmospheric working
condition during laser welding of reactive niobium alloy. The
formation of these oxides and nitrides is a reason for the
increase in the hardness of the FZ and depletion in the strength
of the welded joints. There is also formation of ZrO2 in the FZ
of the welds joined with three different welding speeds.
Zirconium is added in the niobium matrix to get oxygen and
help in reducing the possibilities of formation of oxides of

niobium. However, when the FZ of the weld joined using the
welding speed of 1500 mm/min is analyzed, there is formation
of two new phases of carbides of niobium. These two phases
are NbC and Nb6C5, which have been reported (Ref 29) as
significant contributors for the enhancement of hardness and
depletion of ductility in the welded joints. The formation of
new carbides of niobium is on the expense of dilution of Nb2C.
Nb2C is the stable carbide phase of the niobium imparting good
properties to the niobium-based alloy (Ref 30). The most
catastrophic oxide of niobium formed in the weld of 1500 mm/
min is Nb2O5. This oxide is brittle and porous, which cannot act
as layer on the surface of the niobium alloy to protect the
corrosion (Ref 31). The formation of new layer of Nb2O5

follows a parabolic curve, when the temperature is increased
from room temperature toward the application temperature of
1000�C. The formation of new layer of oxide of niobium results
in the degeneration of the thickness and thus decreases the
lifetime of the niobium alloy in the application area. High heat
input prohibits the formation of phases that deteriorate the
desirable properties.

3.4 Microstructure and Hardness of the Base Metals
and Weld-Bead Welded in Continuous Wave Mode

Fusion zone of all weld samples exhibits an increase in
hardness, and a sharp reduction of hardness is observed in the
heat-affected zone (HAZ). The aberration of the average
hardness of the base metal and FZ is quite steep. Increase in
hardness can be attributed to the variation of grain size in FZ, as

Table 4 ANOVA results for hardness

Predictor Coef SE Coef T P

Constant 614.6 103.6 5.93 0.000
Laser power �0.03011 0.03643 �0.83 0.423
Welding speed 0.27487 0.03643 7.55 0.000
Beam diameter �758.8 105.3 �7.21 0.000

Fig. 5 Main effect plot for hardness of the fusion zone

Table 5 ANOVA results for yield strength

Predictor Coef SE Coef T P

Constant 220.709 5.838 37.81 0.000
Laser power 0.001032 0.002053 �0.50 0.624
Welding speed 0.014600 0.002053 7.11 0.000
Beam diameter �24.334 5.932 �4.10 0.000

Table 6 ANOVA results for ultimate tensile strength

Predictor Coef SE Coef T P

Constant 235.48 50.20 4.69 0.000
Laser power 0.01397 0.01765 0.79 0.443
Welding speed �0.12575 0.01765 �7.12 0.000
Beam diameter 308.98 51.02 6.06 0.000

Table 7 ANOVA results for elongation

Predictor Coef SE Coef T P

Constant �0.400 3.115 �0.13 0.900
Laser power 0.000860 0.001095 0.79 0.446
Welding speed �0.008516 0.001095 �7.77 0.000
Beam diameter 19.157 3.166 6.05 0.000
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compared to that of unwelded zone. The fusion zone of most of
the samples consists of fine equi-axed grains. The size of these
fine equi-axed grains varies in between 1 and 2 lm. Equi-axed
grains are mainly found at the center of the fusion zone. As we
move toward the HAZ, bead-like structures are observed. These
bead-like structures are present in the region away from the
center of FZ. The size of bead-like structures varies in the range
of 5-10 lm. Elliptical bead-like structures and lamellar
structures are evitable near the HAZ. These micro-features
measure 10-15 lm and 20-22 lm in size. Elliptical bead-like
structures and lamellar structures are mainly observed in the
weld zone of samples having ductile mode of failure during the
uniaxial tensile tests. Depending upon the size of the grains

found in the FZ, individual grains have different local plastic
strength or hardness. The hardness values of the FZ joined with
different heat input are tabulated in Table 8.

The grain size of the welds is dependent on the welding
speed/cooling rate, solidification parameter ( G=Rð Þ), where G is
thermal gradient and R is the measure of rate of the
advancement of solidification front, nucleation of grains and
undercooling. The joints having the finer grains, such as equi-
axed and beaded structures, appear as to be arranged. The grain
size gets smaller with the welding speed, as the interaction time
of laser source decreases and thereby increases the rate of heat
transfer. Enhanced cooling rate helps in increased rate of heat
dissipation, and overall nucleation of grains is more. The
amount of undercooling also controls the formation of equi-
axed grains. The amount of undercooling is more in the
experiment carried out at the welding speed of 1500 mm/min,
as shown in Fig. 4 (e). The solidification parameter ( G=Rð Þ) is
the ratio of melting temperature (TM ) and the product of
welding speed (V ) and distance between the laser source (O)
and tail of the melt pool (a1), as given in Fig. 8. The
solidification parameter is calculated from Eq 5 that determines
the grain morphology. With the increase in the welding speed,
the distance a1 increases, and thus, solidification parameter
value decreases. The decrease in solidification parameters and
nucleation helps in the formation of equi-axed grains. Thus,
equi-axed grain morphology is controlled by increased cooling
rate, nucleation of grains and undercooling and decreased in
solidification parameter.

G=R ¼ TM
V � a1

ðEq 5Þ

The microstructure of the weld joined at the welding speed
of 1000 mm/min has equi-axed and elliptical grains. The
elliptical shape has its semimajor axis aligned in the perpen-
dicular direction of the laser scanning direction or horizontal to
the transverse direction. The growth of grain along the
perpendicular direction to the scan direction can be attributed
to the heat transfer occurring along the width of the niobium
sheet to be welded. The sheets to be joined are 0.5 mm in
thickness, and therefore, very much less thermal gradient can
be attained along the thickness, which controls the grain
structure. Minimal difference in the size of the elliptical grains
supports the fact of less gradient in temperature along the
thickness. Niobium having high melting point and thermal
conductivity requires high level of laser power for welding.
This results in the rise of temperature of around 3500�C in the
FZ. The thermal gradient is quite large in between the base
metal and FZ. Conduction being dominant mode of heat
transfer when the thermal gradient is high, the dissipation of
heat from the material occurs largely from base metal, and
hence, the grain direction is kept along the traverse direction.

The enhanced hardness in the FZ can also be attributed to
brittle hard phases formed owing to the intense local heat
during the laser welding of Nb alloy. The significance of
individual parameters can be analyzed by varying that param-
eter and keeping the other two process parameters constant.
Figure 11 depicts the hardness of the FZ and HAZ of the
samples welded with different combinations of the input
parameters. From the analysis of the hardness values, it can
be concluded that welding speed has the significant contribu-
tion on the hardness of the FZ. Due to high welding speed, the
FZ experiences high thermal gradient in short duration of time,

Fig. 6 Main effect plot for (a) yield strength (b) ultimate tensile
strength and (c) elongation
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i.e., cooling rate is quite pronounced. FZ experiencing high
cooling rate results in refinement of grains. The grain size
gradually increases from the center of the FZ toward the base
metal (Ref 32, 33). As a result of increase in the grain size,
there is a decrease in the hardness. Figure 9 depicts the optical
images of the welded sample. The variations of the constituent
elements of the alloy in the FZ, HAZ and base metal are
depicted in Figure 10. The variation of hardness from the weld
centerline toward base metal in the welds of niobium alloy is
illustrated in Fig. 11. The spots: 1, 2 and 3 are the EDS points
located in the FZ, HAZ and base metal, respectively. The

Fig. 7 XRD phase pattern for the (a) base metal (b) 1450 W, 1500 mm/min, 0.66 mm, (c) 1450 W, 1250 mm/min, 0.66 mm and (d) 1450 W,
1500 mm/min, 0.66 mm

Table 8 Average micro-hardness of the weld zone welded at different heat input

Sr. No. Laser power, P Watt Welding speed, V, mm/min Beam diameter, D, mm Heat input, KJ/mm Micro-hardness VHN

1 1450 1000 0.66 89.99 332.90
2 1450 1250 0.66 69.60 425.10
3 1450 1500 0.66 58.00 521.60

Fig. 8 Illustration of melt pool
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percentage increase in the carbon and oxygen can be associated
with the formation of the carbide and oxide phases of niobium,
which is responsible for the improved hardness in the FZ and
HAZ (Ref 34). The hardness values of different grain structures
present in the molten zone are displayed in Table 9. The
average hardness value of base metal (BM) is found to be
around 110 VHN and that of FZ lies in between 252.7 and
538.5 VHN. The substantial increase in the hardness is mainly
due to the formation of NbC phase. Carbide dissolution takes
place due to the laser heat confined to small area and this
carbide bonds with Nb2C to form metastable NbC at the time of

welding. The variation of carbide precipitate in FZ and base
metal can be observed in Fig. 12 (a) and (b). The evolution of
phase Nb6C5 in the sample welded with a speed of 1500 mm/
min further contributes in the enhancement of the hardness and
brittleness of the FZ. The carbides of niobium, i.e.,
Nb2C<NbC< Nb6C5, present an increasing trend in the
hardness.

3.5 Tensile Strength of the Joints Welded in Continuous
Wave Mode

The welded samples exhibit reduction in the strength and
ductility, as compared to that of base metal. The considered
input parameters have a significant contribution in the loss of
the strength and overall elongation (El) of the joints. The
present study is carried out to analyze the effects of the process
parameters, i.e., laser power, welding speed and beam diameter
on the tensile strength, mode of failure and elongation of the
laser-welded joints. The process parameters consist of three
variables, which are varied over three levels to weld butt joints

Fig. 9 Optical micrograph of welded alloy

Fig. 10 EDS analysis of the FZ, HAZ and base metal

Fig. 11 Variation of the micro-hardness from the weld centerline in CW mode

Table 9 Micro-hardness values for different grain
morphology obtained in FZ

Type of grain morphology Micro-hardness (VHN)

Equi-axed structure 500-521
Beaded structures 400-490
Elliptical bead structures 340-400
Lamellar structure 250-340
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of size 70mm X 20mm X 0.5mm. An excess flow of gas can
lead to high hardness of the FZ and thus lead to brittle mode of
failure.

The available literature on the laser welding and strength
measurement of the welded joints of Nb-1% Zr-0.1% C is
limited. This encourages for carrying out a study on the
quantification and comparison of the strength and ductility of
the laser-welded joints and interpretation of the observed result
in context to the input parameters. Nb-1% Zr-0.1% C is
precipitation-strengthened alloys, containing carbides as
strengthening element in the niobium matrix. Carbides are
added in the matrix, as it improves the strength of the alloy at
high temperatures, i.e., 1000�C-1200�C. It improves the yield
strength of the alloy, as it hinders the movement of the
dislocations during deformation. Precipitation strengthening
increases the stress required for a dislocation line to overcome
this precipitation. Figure 13 represents encircled region, i.e., S,
which signify the precipitation strengthening during the
uniaxial tensile tests carried out at room temperature. S presents
the serration marks caused due to the rise and fall of the stress
levels at the time of tests being carried out. Increase in stress is
encountered, as the movement of dislocation is hindered by the
carbide precipitates. The dislocation lines move either by
breaking the precipitates or by passing the hindrance caused by
these interstitial elements, thereby stress level increases. This
phenomenon is followed by the decrease in stress level until
and unless another obstacle is encountered by the dislocation
lines. The regions: S is termed as yield point elongation that
helps in the improvement of yield strength. The deformation
during the yield point elongation is not uniform. As discussed
above, there is dissolution of the carbides due to the intense
heat of the laser irradiation during the welding of the alloy. By
comparing the serration marks, it can be observed that there is a
decrease in the serration marks in welded specimen due to the
dissolution of precipitates of carbides as compared to base
metal. Decrease in the serrations marks can be attributed to the
dissolution of the carbides in the FZ. The formation of the
phase NbC, which is a result of carbide dissolution, has an
adverse effect, as it decreases the effect of yield point
elongation. In addition to this, NbC is known for the hardness
and brittleness raiser and it leads to a sudden failure of the
joints, which may be catastrophic in nature.

Welding speed has a significant contribution on the hardness
of the FZ. The grain morphology evolution in FZ is dependent
on the scan speed of the laser irradiation. The fine grains are

formed in the FZ due to high welding speed. Fine grains
possess a distinctive property of high hardness. As the grain
size decreases, the boundary length also tends to decrease,
which, in turn, does not allow dislocation line to move out of
the grains. This, in turn, causes dislocation lines to pile up at the
grain boundaries and the sample experiences improvement in
the yield strength. However, the sample undergoes brittle
fracture, as there is a loss of ductility. The desired property is
achieved in welding by maintaining an equivalence between
yield strength and ultimate strength. Table 10 presents the
results of the tensile tests carried out for strength analysis of the
welded as well as base metal. In Fig. 13, the load vs. extension
curves are plotted for the base metal and of the welded samples,
where the laser power and beam diameter are kept constant at
1450 W and 0.66 mm, respectively, and the welding speed is
varied as 1000 mm/min, 1250 mm/min and 1500 mm/min. It is
obvious that hardness has a significant contribution on the
strength and ductility of the welded joints.

The increase in the welding speed improves the hardness of
the FZ, and thereby, there is a loss of ductility and tensile
strength. Decrease in strength can be interpreted from the
decrease in the area under plastic deformation curve, as
depicted in Fig. 13. The highest elongation is obtained in the

Fig. 12 Needle like carbon precipitate in (a) PWC-11 alloy base metal, and (b) fusion zone of PWC-11 alloy

Fig. 13 Load vs. elongation curve of Base metal and Welded
samples
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welds joined with the lowest welding speed. However, there is
loss of ductility and yield strength, which can be accounted to
the increase in hardness and phase changes occurring in the FZ.
The failure location of the base metal and welded samples are
shown in Fig. 14. By keeping the laser power and laser beam
diameter at 1450 W and 0.66 mm, respectively, the welded
samples obtained by varying the welding speed (that is, 1000
mm/min, 1250 mm/min) have yielded the better strength
compared to the parent metal, and failure zone is formed to be
located in the base metal. However, the sample joined with the
welding speed of 1500 mm/min has failed in the FZ.

The fractured surface of the welded samples with welding
velocity of 1000, 1250 and 1500 mm/min is shown in
Fig. 15(b), (c) and (d), respectively. The joints obtained with
the welding speeds of 1000 mm/min and 1250 mm/min present
ductile mode of failures, and the brittle mode of fracture is
observed in the fractographs of joints welded with the welding
speed of 1500 mm/min. It is observed that high heat input
imparts ductility to the welded sheets. The joints welded with
heat input of 89.99 and 69.60 KJ/mm have ductile failure,
whereas the joint welded with low heat input has brittle failure.

The fractured surface of the base metal and welded samples
joined with the welding speeds of 1000 and 1250 mm/min
present dimple-like structures. These dimples, as observed in
Figure 15(a), (c) and (d), are the spherical micro-voids that act
as the center point for the initiation of the crack. The extent of
ductility can be interpreted by analyzing the size of the dimples.
Since base metal has the highest ductility followed by the joints
welded with welding speeds of 1000 and 1250 mm/min, the
dimple size decreases in the same order. The size of the dimple
signifies the extent of plasticity a sample has endured, before
the failure or fracture occurs. The fractured surface of the
welded samples with the welding speed of 1500 mm/min
depicts trans-granular mode of fracture.

4. Conclusion

Nb-1%Zr-0.1%C alloy sheets are laser welded with different
combinations of input parameters, and the effects of process
parameters on the mechanical and metallurgical properties have

Table 10 Experimental runs and tensile test results

Sl.
No.

Laser power, P,
Watt

Welding speed, V,
m/min

Beam diameter, D,
mm

Yield strength, YS,
MPa

Ultimate tensile strength,
UTS, MPa

Elongation, El,
mm

1 1450 1250 0.66 223.30 299.51 3.73
2 1450 1000 0.66 215.45 335.96 5.47
3 1200 1000 0.82 213.01 368.44 6.76
4 1700 1500 0.82 219.25 335.76 4.67
5 1450 1250 0.82 217.56 323.69 5.63
6 1700 1500 0.72 224.30 290.0 1.41
7 1200 1000 0.72 217.50 366.39 6.64
8 1450 1250 0.72 220.62 310.90 3.92
9 1200 1500 0.72 223.22 285.56 1.20
10 1700 1000 0.72 216.14 378.71 7.43
11 1700 1000 0.82 215.81 387.05 7.68
12 1200 1500 0.82 221.13 334.64 4.58
13 1700 1250 0.66 219.40 294.66 1.68
14 1200 1250 0.66 222.63 296.23 1.54
15 1450 1500 0.66 226.50 276.21 0.76
16 1450 1250 0.66 218.83 295.79 3.12
17 1450 1250 0.66 222.40 302.34 3.30
18 Base metal 249.50 375.10 11.15

Fig. 14 Failure location (a) base metal, (b) 1450 W, 1000 mm/min, 0.66 mm, (c) 1450 W, 1250 mm/min, 0.66 mm, and (d) 1450 W, 1500
mm/min, 0.66 mm.
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been studied. The following conclusion can be drawn from the
study.

1. High level of heat input imparts adequate strength and
ductility to the welded joints. Samples welded at high le-
vel of laser power and welding speed have presented
desirable metallurgical and mechanical characteristics of
the laser-welded PWC-11 alloy.

2. Micro-hardness value of the FZ is increased primarily
due to high cooling rate or solidification rate followed by
dissolution of carbide precipitates owing to intense heat
caused by the laser. Phase evolution and formation of
niobium-based carbides, oxides and nitrides, which are
hard and brittle in nature, contribute for the enhancement
of micro-hardness.

3. Strength and ductility value of the FZ experiences a
declination as compared to that of base metal. Lowering
of yield point is caused due to dissolution of carbides,
which is primarily added to arrest the dislocation move-
ment during the deformation by the phenomenon of pre-
cipitation hardening alloy. Loss of ductility in the welded
joints is mainly caused by the refined grains and im-
proved hardness of FZ.

4. Analysis of the fractured surface of the uniaxial tensile
test specimens presents mainly two types of failures, i.e.,
brittle and ductile failure. Brittle mode of failure occurs
in the FZ, whereas the ductile mode of failure is found to
be located in the base metal.
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