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Abstract

In the 21* century, the major challenge facing worldwide is to provide abundant and cheap
electricity to the growing global demand and at the same time reduce pollution to preserve the
environment. Although several technologies such as solar and wind renewable energy resources
are in the offing with development and use, effective utilization of existing thermal power plants
for prolonging their life as well as enhancing the boiler efficiency is the need of the hour. Thus,
future advanced ultra-super critical (AUSC) boilers are aimed at increasing the efficiency of coal-
based power generation in the range of 46 — 50% with application of advanced nickel-based
superalloy materials to withstand higher temperatures (710 — 760°C) and pressures (25 — 35 MPa).
Inconel 617 is considered one of the most promising candidate materials for AUSC boiler
components owing to its superior high-temperature structural stability coupled with hot
corrosion/oxidation and creep resistance. Fusion welding is an essential joining process for
fabrication and construction of boiler parts in thermal power plant. Although, several conventional
fusion welding processes such as SMAW, SAW, GMAW, TIG and their advanced variants are
currently in use for joining thick-sectioned boiler parts, but these multi-pass welding processes
characterized by their high heat input entail certain disadvantages such as high component
distortion, excessive filler material consumption and induced high residual stresses in the

components which deteriorate their life.

Single-pass welding process employing laser heat source such as Autogenous Laser
Welding (ALW) and Laser-Arc Hybrid Welding (LHW) are anticipated to provide great promise
in these aspects. Laser welding is a fusion joining process wherein a laser beam with sufficiently
high-power density interacts with the material resulted in a high depth to width ratio weld joints.
Laser-Arc Hybrid Welding (LHW) technique is developed by combining the electric arc and the
laser beam as heat sources in a common weld pool. As compared to conventional multi-pass arc
welding processes, single-pass laser-based welding process (ALW and LHW) produces welds with
reduced heat-input, narrow heat-affected-zone, high welding speed leading to higher production
rate, minimal distortion and residual stress and thus provide tremendous technological and
economic benefits. However, several research works reported on welding of Inconel 617 alloy
employing various types of arc and laser welding processes with often occurrence of liquation
cracking being observed in multi-layer weld bead and HAZ regions. Although, some attempts were
tried to reduce weld cracking susceptibility by controlling heat-input, employing additional
preheating and modification of filler-material, but detailed understanding in terms of identification
of low melting eutectic (LME) phases and their mechanical behavior on weld performance is still

lacking. Moreover, when welding thick-section which is essential for boiler components, the



satisfactory through-thickness penetration in single pass welding of thick-section material was
lacking due to formation of surface underfill / undercuts with root hump defects associated with
high viscous nature of Inconel 617 alloy. As on date, no report is available on the single pass
autogenous laser and laser-hybrid welding of thick-sectioned Inconel 617 alloy with
comprehensive metallurgical and mechanical behavior analysis. Therefore, the present thesis work
is targeted to investigate, analyze and compare metallurgical, mechanical and corrosion behavior
with comprehensive characterization of weldments of 10-mm thick Inconel 617 superalloy
produced by single pass laser and laser-hybrid welding techniques with conventional multi-pass

TIG welding process.

Firstly, preliminary feasibility study was conducted for optimization of autogenous CO-
laser welding (ALW) and CO; laser + MIG hybrid welding (LHW) processes illustrating influence
of heat input on weld bead characteristics of Inconel 617 alloy material. Weld-bead profile formed
in LHW was a typical “wine-cup” shape profile with wider top due to MIG effect and narrow at
bottom zone due to laser, whereas laser-alone ALW produced a Y-shape bead profile on account
of high intensity laser beam during autogenous CO; laser welding. Weld bead width, penetration,
and fusion area were found to increase with an increase in heat input in both LHW and ALW
processes. Radius of curvature (ROC) at neck zone, which is a critical factor determining liquation
cracking susceptibility was found to be significantly larger in LHW with influence of low cooling

rate than that of ALW counterpart.

Liquation cracking was normally observed in the vicinity of fusion boundary in both ALW
and LHW weldments. Thus, understanding mechanism of liquation cracking susceptibility and
mitigate its effect with detailed study has become tantamount. Thus, microstructural analysis using
FESEM, EDS/Elemental mapping, micro-focused XRD and high-speed Nano Indentation
techniques were utilized for co-relating its effect on resulting cracking behavior. Results indicated
that the eutectic structure formed in Partially Melted Zone (PMZ) constitutes multiple phases
enriched with Cr and Mo and attributed to the account of eutectic reaction during welding. Further,
micro-focused XRD analysis in PMZ indicated that the eutectic networks composed of ternary
phase comprising y-Ni+MsC/M23Cs. These eutectic networks were observed to be doubled with
wider PMZ in neck region of LHW than ALW, indicating the direct influence of heat input. LHW
provided enhancement in nano-hardness of eutectic network than that of ALW and attributed to
dissolution of Mo content in PMZ. With the decreased heat input, the total crack length (TCL)
increased steadily in both ALW and LHW processes. LHW showed nearly 50% reduction in TCL
than ALW, whereas the quantity of GB re-solidified phase enhanced by 50% in LHW than ALW.



LHW was more beneficial in terms of resistance to liquation cracking susceptibility as compared

to ALW process.

Although LHW using CO: laser could effectively reduce liquation cracking susceptibility,
employing single laser source with enhanced coupling efficiency under controlled heat input
effectively improved the weldability of Inconel 617 alloy thick-sections. However, LHW on
account of low aspect ratio could not enhance process speeds with deeper penetration in a single
pass in thick-section welding. Thus, high-power diode laser welding (DLW) processing was
utilized to develop weld joint in 10-mm thick Inconel 617 alloy in single pass autogenously. For
the purpose, systemic study with bead-on-plate configuration welding to butt-welding to final novel
adaptive diode laser welding has been taken up and assessed their performance. Firstly, bead-on-
plate (BOP) welding experiments were conducted with varying defocusing distance (DF) from -14
to +10 mm at constant optimal laser power (LP) and welding speed (WS) followed by butt-joint
experiments by varying the welding speed in the range of 4 — 18 mm/s. Results indicated that the
weld penetration and width is mainly controlled by DF and WS. Full penetration could only be
achieved at optimum parameters but with many a times with underfill/undercuts and root hump
defects. It was very critical to obtain full penetration without underfill/undercuts and root hump
defect in deep penetration autogenous laser welding of thick-sections. However, tensile testing of
weldment specimen with a maximum of 9 mm weld penetration instead of complete penetration

showed maximum joint efficiency of 98%.

As weld defects such as underfill and root sag could not be eliminated by optimizing
parameters of DF and WS in DLW process, thus, influence of all three critical DLW laser
processing parameters of LP, DF and WS on weld quality was optimized using statistical model
RSM-BBD. Using RSM model, optimal values obtained were 6 kW LP, 6 mm/s WS and -1.489
mm DF. Validation of the model was carried out using desirability approach and the experimental
results were found to be in good agreement with the predicted one with less than 5% error. Thus,
weldments s obtained employing processing parameters obtained by statistical modeling approach
were found to be superior as compared to that conventional approach of optimization, more
specifically for DF optimization. However, elimination of underfill/root hump defects remained

elusive in deep penetration single-pass laser welding of Inconel 617 superalloy.

As occurrence of underfill/root hump defects in single-pass thick-section DLW weld joints
persistent whenever full penetration was achieved, development of an alternative method became
the need of the hour. Thus, a novel adaptive diode-laser welding (ADLW) method was developed
by employing a special modified groove design and setup with pre-placement of filler wire and

employing a two-step welding strategy. As a result of this novel ADLW technique, the method

Xi



entailed production of full penetration welds with complete elimination of underfill/undercuts and
root hump defects. Furthermore, the weld joints produced by this novel method constituted of
uniform weld bead seam throughout the weld length with minimal porosity, minimized distortion
as well as small HAZ as compared to previously produced techniques. Cross-sectional macrograph
indicated typical Y-type bead shape with high aspect (depth-to-width) ratio. Moreover, developed
process showed joint efficiency of 99 — 100 % with 10 — 15 % improvement in yield strength and

20 — 25 % improvement in impact strength as compared to that of unwelded substrate.

As multi-pass arc welding processes are currently being utilized for joining boiler
components, thus, single-pass LHW and newly developed ADLW processes compared with
conventional multi-pass TIG welding process with assessment of their metallurgical, mechanical
and high temperature corrosion behavior. Results indicated that the bead profile obtained in LHW,
ADLW and TIG welds were “wine-cup”, Y-type shape and bath-tub shape respectively on account
of heat source intensity profile distributions, number of heat sources and weld passes with aspect
(depth-to-width) ratio increasing in the order of ADLW>LHW>TIG and distortion level was found
reduce in the order of TIG>LHW>ADLW. Further, microstructural analysis indicated, non-
homogenous microstructure in both LHW and TIG welds due to multiple number of heat sources
and weld passes with XRD analysis indicating presence of large number of strong carbide peaks of
M23Cs and MeC in multi-pass TIG weldment as compared to that of LHW and ADLW counterparts.
These effects found to be convergent with repeated thermal cycles of multiple passes in TIG, low-
heat inputs of laser welding processes and their associated cooling rates. Furthermore, tensile test
results indicated the joint efficiency of ADLW, LHW are slightly higher than that of TIG
weldments with highest elongation being in ADLW weldment as compared to LHW and TIG
processes. Hot corrosion studies employing both salt-coated and coal-ash mixed flue gas
environment indicated that laser welded specimens provide higher resistance than that of TIG and
BM counterparts owing to refined microstructure with reduced micro-segregation. Overall, the
joint efficiency produced in single-pass LHW and ADLW was found to be sufficiently enough to
apply in various components of thermal power plant. Indeed, ADLW processed developed proved
advantageous in terms of producing laser welding in single pass with joint efficiency on par with
other laser-hybrid based and multi-pass fusion welding techniques. The hot corrosion resistance
DLW and ADLW joints were also found to be superior to other LHW and TIG counterparts owing

to improved microstructure with refinement and reduced micro-segregation.

Thesis work is believed to add significant contribution to the existing literature from the

point of both industrial importance and academic interest.
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CHAPTER 1
INTRODUCTION

1.1 Overview of Thermal power plant

Today, the major challenge facing worldwide is to provide abundant and cheap
electricity for the necessity of a growing global population and at the same time significant
reduction in the CO2 emissions from the fossil fuel to preserve the environmental issues. Coal,
being the most inexpensive, readily available, reliable, and affordable, energy source for most
current power generation industries across the world, it is expected to be a primary source even
for the next few decades. However, it is also a fact that coal is the largest source of CO-
emissions, which is the primary cause of global warming through power generation. Therefore,
increasing the efficiency of the thermal power plant by enhancing the steam parameters such
as temperature and pressure, which in turn minimize the CO> emissions to preserve the
environment is the primary need [1,2]. Coal-based thermal power plants are classified based
on the operating steam temperatures and pressures. Figure 1.1 shows the different types of
boilers and their operating steam parameters. The Subcritical boiler typically operates with
main steam temperature of 540°C and a pressure of 167 bar, resulting in a thermal efficiency
of 38%. Meanwhile, in supercritical (SC) boiler, the operating steam temperature and pressure
increased to 600°C and 270 bar respectively, to achieve an efficiency of 42%. The ultra-
supercritical (USC) boilers have an efficiency of 42-46% by enhancing the temperature and
pressure of the steam to around 620°C and 280 bar respectively. Further, future advanced ultra-
supercritical (AUSC) boiler is targeted to operate in a temperature range of 700 — 720°C and
at a pressure of 365 bar to obtain an efficiency nearly 50% [3-5].
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Figure 1.1. Overview of thermal power plant boiler operating conditions [3]

1



Since the overall efficiency of a coal-based thermal power plant is directly influenced
by steam parameters such as steam temperature and pressure, incorporation of advanced ultra-
supercritical (AUSC) boiler technology promises not only to improve plant efficiency, but also
significantly reduce greenhouse gas emissions. However, the resultant steam temperature of
the intended AUSC boilers is just 100°C higher to that of existing supercritical/ultra-
supercritical boilers. Although, it is pertinent to note that basic configurations remain
unchanged without any drastic changes in the peripheral components of the existing power
station except for the few high temperature zones. Figure 1.2 describes the schematic layout of
the proposed material selected for AUSC boilers. In which, green color represents gas turbine
(GT) materials which are basically Ni-based superalloys, sky blue color represents
conventional materials including ferritic and austenitic steels and pink color represents Ni-
based alloys which is under development. Ni-based superalloys, which were not used in ultra-
supercritical (USC) boiler, were selected for the highest temperature sections of the AUSC
boiler such as superheater (SH) and reheater (RH) tubes, large steam pipings and the valves
connecting boiler to the turbines, headers, and some parts of the turbines [6]. Therefore, an
AUSC boiler can be retrofitted to the existing power stations facility. This technology is

expected to realize the effective use of coal and enable to contribute CO; reduction worldwide.

Furnace

turbine @

Boiler
Conventional materials GT materials Materials under development
Ferrite Ferrite Ferrite
Austenite Ni-based Austenite NN

Ni-based ||

Figure 1.2. Schematic evolution of the proposed materials for the development of AUSC

power plant [6]

Accordingly, in recent years, for further raising the plant efficiency and reduction of
CO: emissions, development of AUSC thermal power plant has been initiated in several
countries such as Europe, United States, Japan, China, and India. Dedicated R & D efforts

worldwide focused on enabling the development of AUSC thermal power stations operating



with steam temperature higher than 700°C and steam pressures over 35 MPa, such conditions
can potentially increase plant efficiencies to greater than 47% and reduce CO> emissions by

almost 25% [2].

In line with the global efforts, to achieve the goal of increasing the power plant
efficiency and reduction of CO; emissions, a National Mission Programme was initiated in
India as well for the development of AUSC boiler technology and detailed R & D efforts are
in progress to develop indigenous technology on-par with the worldwide systems. AUSC boiler
steam conditions for Indian AUSC thermal power plant are expected to serve in the temperature
of 710/720°C and steam pressure up to 350 bar. With such proposed steam conditions, the
efficiency of the Indian AUSC boiler is expected to 45-47%, with a 20-25% reduction in CO»
potential as compared to conventional sub-critical boilers [7,8]. In India, due to the greater
dependency on coal for power generation and limited access to the supercritical technology,
the leapfrogging into the AUSC involves greater efforts in developing materials, their
fabrication processes including welding technologies and their testing, etc. One of the core
exercises vital for the accomplishment of these future necessities is that of materials
technology. Although the materials for the components experiencing lower temperatures in
AUSC will be similar to that of mature sub-critical technology, high-performance materials are
required for top-end of superheater/reheater tubes, main steam pipes and reheat pipes, high
pressure and intermediate pressure control valves and turbines integral piping etc. to withstand
at higher steam parameters of AUSC boilers. Further the characteristics need to be optimized
for steam temperature and pressure values and also need to comply with ASME or equivalent

international code [7,8].
1.2 Properties Requirements for Boiler Components

In order to develop and successfully use a new material in AUSC boiler, it is
preliminary to thoroughly investigate the technologies including fabrication, welding, weld
performance, creep, fatigue and tensile properties both at fire-side corrosion and steam side
oxidation, designing and maintenance of the components as shown in Figure 1.3 [1,5,6]. The
important properties needed for the new materials to be used in the boiler industry are:
Sufficient mechanical properties for successful fabrication of the components including
welding, bending, forging and machining, Adequate weldability (for thin or thick sections pipes
or tubes), and formability (bendability), Excellent high temperature long-term reliability for

prolong service, Low thermal expansion coefficients and high thermal conductivity similar to
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that of other boiler materials in order to avoid thermal stresses specially at dissimilar weld
joints transition during startups and shutdowns. High temperature corrosion and oxidation
resistance in steam and flue gas (coal-ash) environment, Satisfactory creep-rupture strength to
withstand deformation induced by high mechanical and thermal stresses due to operating at
high temperature high pressure steam, Sufficient low-cycle fatigue strength to avoid cracking
and premature failure due to experiencing thermal cycle by steam temperature which varies
with load commercial availability and indigenous technology, and materials must be cost
effectiveness, due to large number of tubes and pipes required for boiler fabrication which

affect the overall cost of the power station.

The key components of AUSC boilers whose performance is critical including high-
pressure steam pipes and headers, superheater, reheater tubing and waterwall tubes. All these
components mandatory to meet sufficient creep strength requirements. Additionally, heavy
sections such as heavy pipes and headers experience fatigue due to thermal stresses. Materials
used in the AUSC components are also required to have high oxidation and corrosion resistance
as these components experience fire-side corrosion outside the walls and steam flows inside
the tubes/pipes as depicted in Figure 1.3. Heavy oxidation and corrosion cause premature
failure of the components due to accelerated material losses. All of these properties requirement
for the boiler components is represented schematically in Figure 1.3b and 1.3¢ [5]. Superheater
and reheater (SH/RH) tubes must possess high creep and thermal fatigue strength, high
resistance to fireside corrosion/erosion and resistance to steam-side oxidation and spallation,
as well as good formability and weldability. Welding is an essential joining technique along
with bending, and NDT to fabricate boiler components. Figure 1.3d shows the demonstration
of successful various fabrication techniques which mainly include dissimilar welding between
CCAG617 and Super 304H, bending and machining applied to AUSC boiler components [1].
Additionally, tensile test, bend test, impact test, fracture toughness, creep-fatigue interactions

also needed for the qualification of the weldments for AUSC boiler components.
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Figure 1.3. (a) Overview of the development of the boiler technology, (b and c)
Schematic overview of the various properties and fabrications encountered in boiler system,

and (d) Demonstration showing fabrication of AUSC boiler components [1,5,6]
1.3 Materials for Boiler Components

1.3.1 Ferritic Steels

Conventional supercritical (SC) boilers utilize standard low alloy ferritic and austenitic
stainless steels, whereas ultra-super critical (USC) boilers utilize both creep-strength enhanced
ferritic steels and advanced austenitic stainless steels. Low alloy ferritic steels are generally
referred as Cr-Mo steels in which Grade-11 and Grade-22 are widely used for water wall
components in supercritical boiler. Alloy Grade-22 has better high temperature strength and
steam side oxidation resistance. This alloy can be easily welded by any conventional welding
techniques. However, HAZ has reduced creep strength and at nearly 480°C steam temperature,
this alloy suffers high steam side oxidation, thus, alternative alloy material with higher

chromium content must be used for high temperature steam [9-11].

Creep-Strength enhanced ferritic steels include Grade-23, Grade-91, Grade-92 and
Grade-122. Grade 23 is widely used for water wall components in USC boilers, whereas Grade-
91 & 92 can be used for superheater and reheater tubes as well as heavy pipes and headers
sections. The presence of higher Cr content in these alloys provide higher steam-side oxidation

and fire-side corrosion resistance and the creep strength is upto twice as compared to that of
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Grade-22 steels. Grade-91 is allowed to use upto 600°C steam temperature, whereas Grade-92
is suitable for steam temperature upto 620°C. However, preheating at a temperature of 200°C
and PWHT at a temperature of 760°C is mandatory for these alloys to be used for boiler
components. Additionally, filler materials must be properly selected to weld these alloys and
temperatures limited during the welding process. However, weldments of these alloys remain
weak as compared to base metal and premature creep failure were observed in the HAZ during

high stress conditions [11,12].
1.3.2 Austenitic steels:

Alloy in this category includes 304H and 347H austenitic stainless steels (ASS) and
Super304H, HR3C, 347HFG, and NF709 advanced austenitic stainless steels. These alloys
have higher chromium content (min. 16%) and high nickel content (8%) for better corrosion
and oxidation resistance and to stabilize austenitic phase. These alloys have superior steam-
side oxidation, fire-side corrosion resistance and creep strength as compared to previously
explained low alloy steels and CSEF steels. Although, these alloys have good weldability but
are prone to sensitization problem. These conventional ASS are well suited for steam
temperature upto 630°C and advanced ASS are applicable upto steam temperature of 680°C.
These alloys can be used for superheater and reheater tubing. However, it is limited to be used
in thick-walled sections including heavy pipes and headers due to high thermal expansion.
They are also not suitable for water wall components due to susceptible for stress corrosion
cracking in wet sections. However, operating temperature of these alloys is limited to around
620-680°C and beyond this temperature these alloys experience heavy fire-side corrosion and
steam-side oxidation and loss of creep strength hence not suitable for AUSC boilers steam
conditions. Therefore, Ni-based superalloys including Inconel 740/740H, Haynes 282, Alloy
617, and Haynes 230 are preferred to meet the required AUSC steam conditions [12].

Some of the proposed materials intended to be used for Indian AUSC power plants are:
Grade-23 steel (2.25Cr-1.6W-V-Nb-B) for WW, Grade-91 steel (9Cr-1Mo-V-Nb-N) for initial
stages of SH and RH tubes at low temperature zones, 304HCu austenitic stainless steel (18Cr-
9Ni-3Cu-Nb-N) for the final stage of SH tube, Nickel-base Alloy 617 (52Ni-22Cr-13Co0-9Mo),
for the final stage of SH and RH tubes at the hottest zone of AUSC boilers. Water walls: WW,
Superheater: SH, Reheater: RH.



1.4 Nickel based superalloys for boiler applications in thermal power
plant:

Figure 1.4 shows the minimum criteria of 100,000 h creep rupture strength at 100 MPa
for various steel alloys and Ni-based superalloys with their temperature limits. Any material to
be used in thermal power plant boiler must have the capability to withstand at 100 MPa for
100,000 h at the required temperature. Therefore, the requirement for 700°C AUSC boiler
conditions rules out the use of steel alloys and only Ni-based superalloys such as Alloys 740,
282, 617, 230 and similar alloys are the choice to operate at 700°C AUSC conditions due to
sufficient creep rupture strength [13-16]. However, Ni-based superalloys are expensive as
compared to alloy steels, so their usage is limited to the only hottest portion of the boiler and
steam turbine as shown in Figure 1.2. Age-hardened Ni-based superalloys Inconel 740 and
Haynes 282 possess higher creep-rupture strength as compared to that of other solid-solution
hardened Ni-based superalloys Alloy 617 and Haynes 230 as shown in Figure 1.4. The higher
creep rupture strength of these age-hardened alloys is due to the presence of large amount of
fine y'-Ni3(AlTi) precipitates as a result of high Al and Ti contents as compared to Alloy 617
and Haynes 230. The nominal composition of some Ni-based superalloys provided in Table
1.1 [1]. However, hot working of age-hardened alloys becomes difficult due to the presence of
high amount of y' precipitates [17]. Therefore, for higher steam temperature above 760°C,
Inconel 740 and Haynes 282 must be used, whereas for temperature above 700°C but below

760°C, Alloy 617 and Haynes 230 are acceptable for construction of boiler components [18].

Temperature, °F

nickel-based alloys minimum desired
strength (100 MPa) at
application temperature

age hardenable = AUSC
760°C

Austenitic steels

5
Stress, thousand pound per square inch

Temperature, °C

Figure 1.4. 100,000 hours creep rupture test data [16]

Table 1.1. Nominal compositions (wt %) of various Ni-based superalloys [1,5]



Alloy C Cr Co Mo Al Ti Nb Fe B Mn Si

235 15 05 05
Inconel 740H 8'835_ - - <2 022 - - <3 0006 <1 <l
' 255 22 25 25

Haynes 282 0.06 20 100 85 15 21 - <1.5 0.005 <03 <0.15

Haynes 230 0.10 22 03 2 03 - - 1.5 0004 05 04
10 0.8

Inconel 617 003 = 20— 8 - _ <0.6 - <3 <0.006 <l <1
0.15 24 5 10

Among various Ni-based superalloys, Inconel 740 a precipitation-hardened Ni-based
superalloy was initially developed in year 2000 for AD700 AUSC European project to operate
at a steam temperature of 700°C and pressure of 35 MPa [19]. Inconel 740 alloy is characterized
by the highest creep-rupture strength after Haynes 282 alloy (shown in Figure 1.4), coupled
with high corrosion and oxidation resistance among other Ni-based superalloys. However,
Inconel 740 alloy is found to be susceptible to HAZ micro-fissures in thick-section weldments
[18]. Moreover, unstable microstructure was also observed at 760°C during long term aging,
due to high coarsening rate of y' -Ni3(Al,Ti) precipitates, formation of acicular n-(NisTi) phase
and high brittle G-phase form at grain boundaries [20]. Therefore, a modification of Inconel
740 for improvement of high temperature microstructure stability by specific adjustments of
Al/Ti ratio, with reduced silicon and niobium contents was developed and named as Inconel
740H [21]. Inconel 740H is now a suitable candidate material to be used in highest temperature
portion above 760°C such as main steam pipes, SH and RH tubes, whereas Haynes 282 is a
promising material for turbine rotor and discs in US DOE/OCDO [1], Japan [8], and in China
AUSC project [22].

Haynes 282 alloy possess higher creep rupture strength as compared to Inconel 740
alloy (see Figure 1.4), coupled with high-temperature microstructural stability, corrosion and
oxidation resistance. Haynes 282 alloy is also a suitable candidate material for high-
temperature AUSC power plant applications. However, Haynes 282 alloy is not included in the
ASME code and it is still under development for SH and RH tube products [23]. Haynes 230
is a solid-solution strengthened Ni-based superalloy with high Cr and W contents and it is
characterized by the high temperature strength, excellent oxidation resistance, and long-term

thermal stability. However, Haynes 230 alloy didn’t meet the creep-rupture requirements



higher than 100 MPa at 750°C for 100,000 h, plausibly due to the low fraction of strengthening
phase formation [23].

1.4.1 Inconel 617 superalloy material

Alloy 617 also designated as Inconel 617 (IN 617), UNS N06617 is mainly a solid
solution strengthened nickel-based superalloy was initially developed by INCO Alloy
International in the early 1970’s. It is specifically designed for high-temperature applications
due to its exceptional combination of high-temperature structural stability, high creep strength,
excellent corrosion and oxidation resistance characteristics. Inconel 617 has been found in a
wide range of applications since its development and properties have made it an attractive
material for use in aircraft, land-based gas turbines, industrial furnaces, manufacturing

components, fossil, and nuclear power generation components [24,25].

In the late 1970’s and early 1980’s, Inconel 617 became a strong primary candidate
structural material for the construction of Gen IV Nuclear Reactor components serving in
temperature range of 760 to 950°C and pressure up to 7 MPa for an expected life about 60
years. This alloy was approved by ASME and VdTUV. Extensive research works on Inconel
617 alloy including creep and corrosion testing were investigated within the framework of
German high-temperature reactor project [26-29]. Further in 1998, high temperature material
Inconel 617 has gained importance in the development of first boiler power stations in Europe
with steam temperatures in excess of 700°C under AD700 project due to its excellent oxidation
and creep resistance. The purpose of this project was to enhance the efficiency of the pulverized
coal-based power stations to above 50% by replacement of existing Fe-based alloys with
nickel-based superalloys for the highest temperature components [30]. For further increase in
the creep rupture strength of standard 617 alloy at 100 MPa for the period of 10° hours, a
modified version of Alloy 617 was designed with addition of boron and narrowly scatter of
alloying elements such as Cr, Co, Al, Ti, Fe and may also contain Nb and V which were
approved by VATUV in 2003 but not included in ASME [31]. Most recently 617 alloy is treated
as the prime candidate material for the construction of the Indian AUSC boiler parts with
temperature of 710/720°C and pressures up to 35 MPa [32]. Alloy 617 has been a choice in all
countries pursuing 700°C AUSC for SH and RH tubes, main steam piping, and valves, as well
as for the highest temperature portion of the turbine rotor. The selection of these materials for
AUSC boilers is based on the commercial availability of the alloy, experience of use in various

applications, and detailed material design data available in ASME codes [5,7].



1.5 Metallurgy of Inconel 617
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Figure 1.5. Phase diagram of Inconel 617 alloy obtained by Thermo-Calc [23].

Inconel 617 is a Ni-Cr-Co-Mo solid-solution strengthened Ni-based superalloy having
an FCC crystal structure and additionally strengthened by Ti and Al precipitation-hardening
elements. The chemical composition of Alloy 617 specified by ASTM standards is given in
Table 1.1. Alloying elements plays a vital role in determining the materials properties. Presence
of high amounts of Ni and Cr contents in Inconel 617 alloy provide better resistance to various
oxidizing and reducing environments. Cr and Al offer oxidation resistance to the alloy at high
temperature by forming their protective oxide layers. Mo and Co provide solid solution
strengthening to the alloy. At intermediate temperature additional strength is provided by Al
and Ti by precipitating y'- Ni3(Al,Ti) phase. Strengthening is also derived by the presence of
secondary carbides phases such as MC, M23Cs and MeC carbides [24,25,33]. Gariboldi et al.
[34] reported that the primary carbides in solution-annealed 617 alloy were found to be Ti(C,
N), M23Cs and MsC types. M23Cs and MeC types precipitated both at grain boundaries and
within the grains. Further, Quanyan et al. [35] identified that the major secondary phase
particles such as Ti(C, N), y', M23Cs and MeC formed in Inconel 617 alloy after long term
exposure at a temperature range of 482 to 871°C. Inconel 617 alloy is nominally a wrought
alloy generally used in solution-annealed condition (typically water quenched or rapid cooled
by other means from a temperature range of 1175°C and a soaking time based on the section
size). In this condition, the coarse grain size microstructure could be obtained for better creep-
rupture properties [25,33]. Figure 1.5 shows the equilibrium phase diagram of Inconel 617
alloy obtained by Thermo-Calc software at temperature range from 400°C to 1400°C. M23Cs

carbides, where M belongs Cr, Mo and Fe is the most abundant phase in this alloy and it could
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form when the temperature reduces below 1000°C as shown in Figure 1.5 [23]. M23Cs carbides
was found to be in vast majority in this alloy as compared to other strengthening carbides such
as MC, and MC carbides and it is predominantly present along the grain boundaries as well as
inside the grains [34]. M¢C carbides, where M belongs Cr, Mo and Fe is the second most
abundant phase in this alloy which generally observed at higher temperatures. Phase diagram
shown in Figure 1.5, indicated that the MsC phase could form at a temperature greater than
800°C. As mentioned, y' - Ni3(Al,Ti) phase formation provided additional strength at an
intermediate temperature, this phase could form at a temperature below 800°C. As can be seen
in Figure 1.5, the equilibrium phase content of y' increased with decreased in the temperature

down to 800°C.

1.6 Weldability of Inconel 617

1.6.1 Liquation cracking susceptibility:

Liquation cracking is one of the significant weldability issues during fusion welding of
Inconel 617 superalloy, and is generally attributed to the formation of the liquid film by
preferential localized melting along the grain boundaries in the vicinity to the fusion line and
thereby leading to tearing of the liquated grain boundaries under high thermal stresses during
weld cooling cycle [36,37]. The susceptibility of constitutional liquation cracking in superalloy
welds is governed by the critical partially melted zone (PMZ) regions formed due to the
welding method adopted. Inconel 617 superalloy in solution-annealed condition constitutes of
several (Cr, Mo)-rich M23Cs carbides with distinguishably different morphologies and size
dispersed along grain boundaries and within austenitic grains. On heating above solvus
temperature of the carbides present in the vicinity to the fusion line during welding, these
carbides become unstable and undergo partial dissolution and release solute elements such as
Cr and Mo. Due to variation in diffusion coefficient of Cr and Mo, Mo segregates at the
boundary of y/M23Cs whereas Cr atoms diffuse into the surrounding y matrix causing the
compositional gradient at the network between the decomposed (Cr, Mo)-rich M23C¢ carbides
and matrix. As the temperature increases and reached to eutectic temperature, then a proportion
of liquid film form by a eutectic reaction between y matrix and (Cr, Mo)-rich M23Cg carbides.
During solidification of the process, this liquid film gets strained and degrade the ability to
accommodate thermal stress developed at boundary and thereby result in cracking with
decohesion along the solid-liquid interface. These cracks are generally referred to as liquation

cracks. It is well reported that evolution of carbides in PMZ/HAZ close to fusion boundary
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during fusion welding of this superalloy plays a vital role in formation of the liquid film and
thereby cracking, and as a result, many researchers focused on the control of carbides evolution

by employing different fusion welding processes and heat-input control [38,39].

1.6.2 Issues in thick sections welding:

Furthermore, when thick-section welding of highly viscous nature Ni-based superalloy
Inconel 617 is involved for boiler components, several weld imperfections are generally
encountered. It is a daunting task to obtain satisfactory appearance on surface as well as bottom
of the weld as several studies reported occurrence of imperfections such as underfills,
undercuts, spatters, root humps, porosity, lack of fusion etc. in various alloys during single-
pass autogenous laser welding of thick sections. These defects are attributed to intense
evaporation of the weld metal caused by the extreme turbulence of molten metal in the weld
pool. These defects of underfill and root sagging in weldments are found to affect both the
surface integrity, joint efficiency and thereby mechanical properties. Usually undercuts and/or
root sagging are caused by the welding process parameters, setup conditions, process instability
and poor controllability which results in incompletely filled groove or excessively filled molten
material with poor melt pool stability. However, due to highly viscous nature of Inconel 617
superalloy, in addition to the above discussed weldability issues, this alloy is also more
susceptible to lack of side-wall fusion and weld metal liquation cracking during multi-pass arc
welding, laser-induced porosity formation during laser welding, these all together deteriorates
the performance of the weldments such as creep and fatigue resistance specially at high

temperatures which needs to be resolved [40.41].

As mentioned, underfill and root sag hump defects are the major challenges
encountered during thick section welding. Therefore, in recent times, multi-pass welding with
process variants such as both side autogenous welding, multi-layer/multi-groove welding with
filler addition, hybrid welding with combination of two or more heat sources, single-pass
welding with additional setups of magnetic stirring, welding with pre-heating of filler-wire
and/or work piece were observed to resolve the issues of undercut/underfill and root sagging
defects in thick section welding. Moreover, the recently developed multi-pass narrow-gap laser
welding technique effectively produced joints in thick plates. In this method, joint was made
by continuous feeding of filler wire during laser seam welding with laser being focused on
filler wire to fill the gap. Several patents and publications available in literature since beginning

of the twentieth century on development of laser beam welding process on diverse materials
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constituting steel, superalloy, non-ferrous and composites with thicknesses varying from few
millimeters to centimeters. However, very few works successfully presented laser welding
methodology on thick-section metallic materials as the process entails effective controlling of
melt pool stability with continuous defect-free seam production with the available laser systems

[42-46].

Although the welding of large thick components could be made by above method with
multi-pass and multi-layer deposition, the high heat-input welding strategy due to multiple
weld passes will reduce the joint efficiency in terms of impact strength, elongation and creep
resistance on account of producing large heat affected zone and distortion/deformation.
Additionally, the economy of the process will be higher due to the additional wire-feeding
apparatus required for the purpose. Many a times, post-weld treatments and post-process
machining requirements become mandatory to overcome these issues in thick-section welding
for use in actual application. Thus, a novel laser welding technique with appropriate design of
groove/edge preparation with simple single-pass welding of thick metallic materials as need of
the hour that resolve all those issues connected with single-pass thick-section welding such as
underfill, root sagging, undercuts, porosity, weld structure non-uniformity, lack of penetration,
lack of fusion and various other metallurgical defects generally encountered during narrow gap
laser/arc welding processes. Additionally, avoiding filler-feeding subsystems will greatly
reduce engineering maneuverability and cost economics in moderate to thick metallic material

welding.

1.7 Fusion welding processes

As mentioned, fusion welding is essential joining technology for fabrication of various
components of thermal power plants. Fusion welding is a joining process in which localized
coalescence between the metals/non-metals produced either by heating or by application of
pressure followed by subsequent solidification to form a weld joint. The welding processes
sometime requires use of a filler material depending type of joint, configuration, thickness of
the joint and welding process employed. Inconel 617 superalloy can be welded by various
conventional joining methods including tungsten inert gas (TIG), hot-wire narrow gap (NG-
TIG), metal inert gas (MIG), submerged arc welding (SAW), plasma arc welding (PAW) and
high-energy beam processes including Laser beam welding (LBW) and Electron beam welding

(EBW) [5,13].
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1.7.1 Tungsten Inert Gas welding process:

In Tungsten inert gas (TIG) welding process, the heat is generated between the non-
consumable W electrode and the workpiece to form a weld joint. The fused area and the
electrode are protected by the inert shielding gas such as Argon and Helium from atmospheric
contamination as shown in Figure 1.6. TIG welding processes offers several advantages such
as high-quality joint, very controllable process, highly versatile in nature and applicable to wide
variety of materials including high reflective materials like Al and Mg. However, there are
certain limitations that encountered during this process such as low deposition rate due to low
welding speed and manual operation. Highly dependent on the manual skills for welding
procedures. Applicable for thin sheets, as thick sections require multiple weld passes which

impose high component distortion and residual stresses [47-49].
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Figure 1.6. Schematic representation of Tungsten Inert gas (TIG) welding process [49]
1.7.2 Metal Inert Gas welding process:

In Metal inert gas (MIG) welding process, the heat is generated between the
continuously fed consumable electrode and the workpiece to form a weld joint. Consumable
filler wire can be similar or dissimilar composition to that of workpiece based on the application
and weld joint properties requirements. The molten pool is protected from atmospheric
contamination by the inert shielding gas such as Argon and Helium or non-inert gas as well in
case of MAG welding. Schematic representation of the MIG welding process is shown in
Figure 1.7. However, the skill requirements for welding procedure are not high as required in

TIG welding process, still MIG process limits due to high amount of spatter formations.
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Moreover, these arc welding processes are generally characterized by the low power density
processes, but still these processes can be successfully used semi-automatically with

inexpensive equipment specially for thin section welding [47,50].
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Figure 1.7. Schematic representation of Metal Inert gas (MIG) welding process [50]
1.7.3 Submerged arc welding process:

Submerged arc welding (SAW) process is a similar welding technique to that of other
conventional arc welding processes like MIG/MAG wherein melting and subsequent joining
occurs by establishment of an arc between a continuously feed consumable electrode and the
workpiece. However, arc is submerged by the flux in SAW and thus invisible. In this regard,
spatters reduced during this process due to submerging of the arc, and this process is limited to

welding of flat or circumferential objects [47-49].
1.7.4 Shielded metal arc welding:

Shielded metal arc welding (SMAW) is a manual arc welding technique in which heat
is generated between the consumable flux-coated electrode and the workpiece to form a weld
joint. The fused area and the electrode are protected by the layer of slag that act as shielding
gas as the flux coating of the electrode disintegrates. SMAW welding processes offers several
advantages as compared to other conventional welding methods such as lower equipment cost,
light in weight and portable, highly versatile, and no additional shielding required as the flux-
coated electrode produces its own shielding gas [47-49].

1.7.5 Plasma arc welding:
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Plasma arc welding (PAW) is a similar arc welding technique to that of GTAW process,
wherein heat is generated with a constricted arc established between the non-consumable W
electrode and the workpiece that melts and form a weld joint. The fused area and the electrode
are protected by the shielding gas as well as additional orifice gas. However, the arc in PAW
is constricted or collimated in this process due to converging nature of the orifice gas nozzle
and thus allow arc to expands slightly with increase in arc length. It has certain advantages over
GTAW; keyhole mode welding is possible with PAW, which produces a full penetration weld
with high welding speed. PAW process is less sensitive to unintended arc length differences

and therefore less skill needed than during GTAW manual welding [47-49].
1.7.6 Cold metal transfer welding:

Cold metal transfer (CMT) is a modified version of GMAW (Gas metal arc welding)
which typically operates at low heat input. In this process, the moment short circuit established
between filler wire and workpiece, then the filler wire is retracted by a CMT controller causing
welding current drops to zero and then the droplets occur at zero current. Thus, the name of the
process is cold metal transfer. These types of metal transfer welding process produce shallow
weld bead with spatter free and high-quality welds and widely applicable for joining dissimilar

sections, but limited to only thin parts [47-50].
1.8 High-energy beam welding processes

Joining thick sections by conventional arc welding processes requires multiple number
of weld passes which results in heavy metal deposition owing to high heat input and high filler
metal consumption as a results high component distortion and residual stresses in the
components. As a solution, modern high energy beam welding processes are sought-after.
Expected advantages are the reduction of welding passes, increase welding speed that in turn
reduce overall heat input, which results in low distortion and thus less rework for straightening
of the components. Therefore, these processes have gained widespread importance for joining
thick-sections for various high temperature and high-pressure applications in comparison to
multi-pass arc welding techniques due to its capability to produce welds with deeper
penetration, low thermal distortion and minimal residual stress due to high welding speed, low
heat input, narrow weld bead and HAZ [51]. High energy density welding processes such as
Laser and Electron beam are most recent and improved welding techniques with sufficiently

high-power densities as compared to that of conventional arc welding processes.
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1.8.1 Electron beam welding:

Electron beam welding (EBW) is a fusion welding process whereby electrons produced
from the electron beam and these high-speed electrons bombard the workpiece, causing melting
and joining together upon solidification. The high intensity of the electron beam results in a
weld with high depth to width aspect ratio. EBW are usually performed in high vacuum usually
around 107® mbar, thus, increases the cost of the process and restricts to high value components
only. However, high cooling rates are achieved in EBW process as similar to that of laser
welding process resulted in high hardness of the components, but has greater tendency for
porosity formation as vacuum encourage trapped gas to escape during EBW. Moreover, EBW
provides low heat input, narrow hear-affected zone (HAZ) and low thermal distortion and

residual stresses as similar to laser beam welding [47].
1.8.2 Laser beam welding:

Laser beam welding (LBW) is a fusion joining process wherein coalescence is produced
between workpieces by the use of laser. LBW produces a weld with high aspect (depth-to-
width) ratio and with relatively low heat-input, narrow HAZ and low distortion and residual
stresses owing to its high-power density and focusability as compared to that of conventional
arc welding processes [47,52]. Generally, two different welding modes are distinguished in
LBW processes; conduction and keyhole mode. In conduction mode welding, the surface of
the workpiece is heated by the low energy density laser beam i.e., the threshold energy needed
to initiate a keyhole is not attained, therefore only surface melting occurs and the weld obtained
by conduction mode welding which is typically a shallow bead with a bowl-shaped profile. In
contrast, in keyhole mode welding, the energy density increase to a level beyond threshold
level wherein strong evaporation occurs on the melt surface, therefore the recoil pressure
developed will be sufficient to induce a deep narrow depression through the thickness of
material, generating a keyhole (vapor column). The schematic illustration of keyhole LBW
process is shown in Figure 1.8. A keyhole in LBW is a unique phenomenon that induce various
factors such as multiple reflections, Fresnel absorption, recoil pressure and pressure due to
surface tension. Welds obtained by keyhole mode of welding entail high aspect ratio (depth-
to-width) [53-55].
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Figure 1.8. Schematic representation of laser keyhole welding [55]
1.8.2.1 Carbon dioxide laser welding:

COg; lasers typically consists of mixture of gases such as N2, He and CO» with varying
in proportion as lasing medium. The stimulation of the laser active medium carried out by the
electric discharge. Characteristically, conversion efficiencies of these lasers typically in the
range of 10 — 13 % and it emits laser with a highest wavelength of 10.6 um [56]. The use of
metallic optical mirrors in focusing system of CO» lasers prevent beam attenuation due to high
reflective characteristics of mirrors [52]. Moreover, CO> lasers can be operated in both
continuous and pulsed wave modes. COz lasers offer certain advantages like high focusability,
are mechanically robust, and are the most cost-effective beam sources in terms of investment
and operating costs per kilowatt of laser power. However, due to longer wavelength, CO» laser
beam is likely to absorbed heavily by the plasma generated by keyhole and heavily reflected
while welding Al and Cu [56,57]. Further detailed explanation provided in experimental

sections as COz laser has been used in our present work.
1.8.2.2 Nd:YAG laser welding:

Neodymium-doped yttrium-aluminum-garnet (Nd:YAG) lasers are the class of solid
state laser types which constitutes of a single crystal rod typically made of YAG doped with
small quantity of Nd rare earth element. This YAG crystal rod is surrounded by lamps made
by either Xe or Kr to excite the dopant by giving high intensity lights. Thus, laser produces
with a wavelength of 1.06 pum when the excited electrons come back to the normal state. The
emitting wavelength of Nd:YAG is quite low as compared to that of CO> laser as a result

reduced reflectivity by the metal surface being welded. These types of lasers can be used for
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both continuous and pulse wave mode of materials processing. In recent times, high power and

use of fiber optics in Nd:YAG is now utilized for welding applications [51,58].
1.8.2.3 Disc Laser welding:

Disc lasers are the class of solid-state laser types which constitutes of a thin disc or slice
of Yb-doped Yettrium-Aluminium garnet crystal as lasing medium. This typically emits a laser
with a wavelength of 1030 nm. However, disc lasers produces very close wavelength to that of
Nd;YAG lasers, but the shape of the crystals in both the lasers are different. In Nd;YAG lasers,
the lasing crystal is in the form of rod of several mm in diameters and hundreds of mm in
lengths and the this type of lasers is excited by flash lamp or diodes. However, Nd;YAG lasers
has typical thermal lensing issues which causes divergence of the laser beam. Altogether it
effects the overall beam quality. Thus, this issue was solved by disc laser by utilizing a thin
crystal disc (few hundreds of microns in thickness but several mm in diameter) as lasing

medium with low surface to volume ratio [51,58].
1.8.2.4 Fiber laser welding:

Fiber laser welding (FLW) are recently developed welding technique in which diode-
pumped solid state fiber laser is utilized which emits wavelength of around 1 pm. The laser
active medium for this type of laser is made up of active fiber which is doped by rare earth
elements and pumped by multimode diodes. The laser beam can be transport through optical
fiber which eliminates the need of an optical system as needed in CO> lasers. Due to shorter
wavelength, high beam quality, focusability and high-power density, the FLW produced weld
with low heat input and high depth to width ratio [58,59].

1.8.2.5 High power diode laser welding:

Diode laser is a semiconductor device which converts electrical energy to the laser light
directly. High-power diode lasers (HPDL) typically emit light in the near IR region with
wavelength range of 800 — 1000 nm. Each individual emitter in the diode laser bars emits a few
Watts of output power. So, the total output power from a single monolithic semiconductor
device will be as high as 150 W. These devices combined together in horizontal and vertical
stacks to generate a HPDL system with maximum output laser power in tens of hundreds of
kilowatts range. Nearly 60% of conversion efficiency (electrical energy to laser light) can be

achieved in HPDL, which is typically high as compared to other lasers systems. High
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conversion efficiency of HPDL results in low operating cost of the system. In recent years,
significant improvement in the beam quality of diode lasers with maximum output power in
tens of hundreds of kilowatts encourages to adopt these lasers for joining applications
previously used by employing high power CO2, Nd:YAG and Fiber lasers. Thus, it is now
necessitates encashing potential of high power diode lasers for joining counterbalancing
economic advantages of low capital investment, low foot print and low operating costs in
comparison with other laser types. Apparently, high power diode laser has got advantages of
high energy efficiency, high absorptivity, high reliability, longer serviceability and portability
as diode laser leverages focusing to large beam size due to high beam divergence and poor
beam quality [60,61]. Further detailed explanation provided in experimental sections as HPDL

has been used in our present work.
1.9 Laser-Arc Hybrid welding:

As mentioned, joining thick sections by conventional arc welding processes requires
multiple number of weld passes which results in heavy metal deposition due to high heat input
and high filler metal consumption as a results high component distortion and residual stresses
in the components. Therefore, employing laser beam welding processes are expected to solve
the above issues. However, in certain typical applications of shipbuilding or pipe laying or
tube-tube joints and tube to fin joints in heavy industries such as thermal power plants cannot
maintain zero gap between the components as it is the basic requirement for laser welding.
Thus, as a solution, modern laser hybrid welding processes are sought-after. Expected
advantages are to improve gap bridgeability of the components, increase welding speed and

welding thick sections in single pass.
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Figure 1.9. Schematic representation of laser-arc hybrid welding process [63]

Laser hybrid welding (LHW) technique is a unique metal joining process developed by
combining the electric arc and laser heat sources in a common weld pool. The concept of LHW
was first introduced in the 1970’s as “arc augmented laser welding” by W. M. Steen and co-
researchers [62] by combining a CO> laser with TIG arc. Since then, a wide range of LHW
systems are commercially available now based on type of arc use including GTAW, GMAW,
and plasma arc welding (PAW) and the type of laser such as CO», Nd:YAG, and fibre laser. A
schematic representation of a LHW process set up is shown in Figure 1.9 [63]. In LHW
processes, the focused laser beam with sufficiently high energy density as a primary heat source
resulting in deep penetration mode of welding while the electric arc considered to be the
secondary heat source, carry out additional functions in this process in order to improve process
stability and gap bridgeability. Therefore, their synergic effect between these two heat sources
is employed to produce a deep and narrow weld with improved welding speed which in turn
enhanced productivity [63]. Some of the notable principal advantages of LHW process is the
good gap bridging ability between two workpieces which is the limitation of laser welding
process and high depth of penetration which is the limitation of arc welding process [63,64].
Figure 1.10 showing schematic representation of joining arc and laser in laser hybrid welding
process. It indicates that the LHW bead is a combination of both laser and arc welds beads.
Therefore, the synergic effect between two heat sources is gainfully utilized to produce a deep
and narrow weld bead with good gap tolerance. Table 1.2 compares the LHW bead with those
of arc and laser weld beads [65-67].
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Figure 1.10. Schematic representation of joining arc and laser in laser hybrid welding process

[63]

Table 1.2. Comparing various advantages of LHW process over individual laser and arc

welding processes [65-69]



Arc welding

Laser beam welding

Laser Hybrid welding

Good Good
Gap bridgeability Due to use of filler Poor Due to use of filler
results in wide fusion results in wide fusion
Depth of penetration Shallow High High

Process stability

Relatively poor at high
welding speed

Instability of keyhole

Interaction of laser and
arc stabilizes the

process
Heat Input High Low Low
Distortion level High Low Low
Cooling rates Low High Relatively low
Reflective materials Weldable Difficult to weld Weldable

Formation of Pores

Less porosity

Porosity in deep welds

Less porosity

Undercuts

Low

High

Low

Productivity Low High High

As mentioned, a wide number of LHW systems has been developed based on various
groupings of laser and arc. Among which, Fiber, CO2 and Nd:YAG lasers are found to be the
most common laser heat sources whereas MIG, TIG and PAW are widely used arc heat sources

in LHW system [68].
1.9.1 Hybrid Laser-MIG welding process:

In this type of system, a Fiber, CO; or a Nd:YAG laser is used as a primary heat source,
while MIG arc is used as a secondary heat source. Arc is established between consumable MIG
electrode and the base metal. This consumable electrode is continuously fed with a predefined
wire feed rate. While the high energy density laser beam (Fiber, CO2 or a Nd:YAG) produces
a keyhole in the weld pool and ensure a deep weld penetration. Thus, laser produces a deeper
penetration whereas the molten filler metal produces a shallow weld bead and ensure to fill the
gaps between the components and permits welding with high bridgeability of the parts. Laser-
MIG hybrid welding process schematically shown in Figure 1.11a [69]. It is reported that, this
type of welding process improves MIG arc stability due to addition of laser heat source. Also,
the use of consumable filler metal with varying alloying elements to that of workpiece can
improve the chemistry in terms of composition of the welds and thus in turn improve the weld

joint mechanical properties. Moreover, higher amount of melt volume is produces in this

22



process due to addition of consumable filler metal makes this process superior for gap bridging
capability than compared to other hybrid welding systems such as hybrid-TIG and hybrid-
plasma. Because of utilization of two heat sources in common weld pool, increase the welding
speed without occurrence of undercuts. However, the weld bead form in hybrid-MIG process
has greater variation of filler material composition in the top and in the bottom weld bead, since
the filler metal concentrates only at the top portion of weld bead. Thus, appropriate joint design

(gap opening between the plates) enables the molten filler metal to reach the root of the weld

[63,65,69].
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Figure 1.11. Schematic representation of (a) laser-MIG hybrid and (b) laser-TIG hybrid

welding processes [69]
1.9.2 Hybrid Laser-TIG welding process:

In this hybrid-TIG welding system, a non-consumable tungsten electrode is used as a
secondary heat source. In this process, addition filler metal may require due to use of non-
consumable W electrode. However, the rate of deposition of metal is significantly less as
compared to that of hybrid-MIG welding system, due to only a fraction of arc heat is utilized
to melt the filler metal in this process. Laser-TIG hybrid welding process schematically shown
in Figure 1.11b. The major issues encountered during this process are, tungsten electrode
contamination, erosion of tungsten tip and high affinity towards oxygen for tungsten electrode.
Similar to hybrid-MIG welding process, hybrid-TIG process improves arc stability due to
addition of laser heat source [63,64,69].

1.9.3 Hybrid Laser-Plasma welding process:
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In this plasma arc hybrid welding (PAW) system, a constricted plasma arc is considered
as a secondary heat source. A non-consumable W electrode is recessed in the welding torch in
this process. Heat is generated between a constricted arc established between the non-
consumable W electrode and the workpiece. The melt area and the W electrode are protected
from the contamination by shielding gas as well as additional orifice gas. The arc in PAW is
constricted or collimated and more stable and doesn’t deflect more easily as in TIG process,
due to converging nature of the orifice gas nozzle and thus allow arc to expands slightly with
increase in arc length. The hybridization between laser and plasma improves the weld

penetration depth, welding speed and stabilizes the plasma arc [63,69].

1.10 Statistical Modelling applied for Welding

Notwithstanding that any process development requires cumbersome experimentation
with repeated analysis of experimentation and optimization of numerous processing parameter,
a suitable design of experiments approach is always required to co-relate influence of various
critical process parameters on relevant output responses. Response surface methodology
(RSM) is one such mathematical technique often utilized to optimize the process parameters
by proper identification and estimating control input parameter's quantitative influence [70]. In
recent times, statistical modelling with design of experiments (DOE) approach were found to
be extensively used successfully on variety of science and engineering problems to optimize
the process parameters, thus, facilitating vast reduction in experiments. DOE is an analytical
or experimental approach which is generally used to statistically indicate the relationship
between input variables or parameters with output responses. Among the most conspicuously
used DOE, RSM with Box-Behnken Design (BBD) method is one such suitable and effective
method that allow researchers to effectively understand the influence of process variables,
particularly in situations where several process inputs potentially influence process response
such as in deep penetration laser welding process of thick sections. Since influence of one
parameter depend on level of other interdependent parameters, simultaneous effect of it needs
to be investigated and as such in most RSM problems, relationship between responses and
process parameters are unknown and needs to be effectively established. Although CCD
method employing with addition of centre points and axial points is useful for chronological
experimentation, it requires five levels that burden experimenters. On the other hand, BBD
entails to use only three levels for each parameter and thereby reduce the burden on conducting

many experiments. However, use of BBD confines to situations wherein predicting extreme

24



values of response is not of utmost importance. Thus, BBD that can effectively provide high

quality predictions when studying linear and quadratic interactions of the process [70,71].
1.11 Motivation and Research Objectives of the Thesis work

As advanced ultra-supercritical (AUSC) thermal power plant boilers are aimed at
increasing the efficiency to 46 — 50% to withstand higher temperatures (710 — 760°C) and
pressures (25 — 35 MPa), application of Ni-based super alloy such as Inconel 617 in various
parts is the need of the hour with development of suitable joining technology. Inconel 617 (Ni-
Cr-Co-Mo), a solid-solution strengthened and carbide hardened nickel-based superalloy is
most promising candidate material for use in boiler components of coal-based thermal power
plants such as superheater and reheater tubes, main steam pipes, valves, turbine rotor parts etc.,
owing to its superior hot corrosion/oxidation resistance coupled with creep resistance and high-
temperature structural stability. As the candidate material is used in thicknesses ranging from
4 mm - 12 mm, development of a suitable low heat-input welding process, specifically for high
section thickness (10 mm) is essentially required for fabrication and construction of various

boiler parts and hence chosen for the present work.

Although, several conventional fusion welding processes such as SMAW, SAW,
GMAW, TIG and their advanced variants are currently in use for joining thick-sectioned boiler
parts, but these multi-pass welding processes characterized by their high heat input entail
certain inherent disadvantages such as high component distortion, excessive filler material
consumption and induced high residual stresses in the components which deteriorates the life
of the components and necessitates subsequent machining for distortion correction of the
components, large HAZ, poor process repeatability with cumbersome edge-preparation.
Furthermore, on account of poor weldability of Ni-based superalloy, several weld
imperfections and defects are encountered during thick-section welding such as lack of fusion,
high propensity to hot cracking (solidification and liquation cracking) that drastically
deteriorate high-temperature performance as well as vulnerability for porosity formation. In
addition, it is a daunting task to obtain satisfactory appearance on surface as well as bottom of
the weld during deep penetration welding of thick-sectioned materials due to occurrence of

imperfections such as underfills, undercuts, spatters, and root humps.

Single-pass welding process employing laser heat source such as Autogenous Laser
welding and Laser-Arc Hybrid welding are anticipated to provide great promise in these aspects

due to their remarkable advantages when compared to conventional fusion welding techniques,
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such as low heat input, narrow HAZ, high aspect (depth-to-width) ratio welds, high welding
speed leading to higher production rate, minimal distortion and residual stress in weldments
and thus provide tremendous technological and economic benefits. LHW is a fusion joining
process in which a laser beam interacts with the electric arc in a same weld pool and the
synergic effect between these two heat sources is gainfully employed to produce a deep and

narrow weld with improved gap bridgeability.

Several reported research works attempted welding of Inconel 617 alloy employing
various types of arc and laser welding processes with many-a-times unsuccessful in complex
designs and thick-section welding. It was still challenging to weld high viscous Ni-based
superalloy parts/components by fusion joining technique due to their critical weldability issues
including formation of liquation cracks in PMZ/HAZ, surface underfills and root hump defects,
lack of fusion and lack of penetration, porosity formation, weld cracking, eutectic formations,
and segregation of alloying elements deteriorating the performance of the weld joint. Although,
various attempts were tried to reduce weld cracking susceptibility by controlling heat-input or
employing additional preheating and modification of filler-material, detailed understanding in
terms of identification of low melting eutectic phases and their mechanical behavior on weld
performance is still lacking. Moreover, when welding thick-section which is essential for boiler
components, the satisfactory through-thickness penetration with defect-free weldment in single
pass welding was still a daunting task due to formation of surface underfill / undercuts with
root hump defects associated with incompatible unfavorable melting characteristics of Inconel
617 alloy. As laser-hybrid welding (LHW) with addition of an arc source (TIG, MIG etc) to
laser help enhance weldability (reducing liquation cracking susceptibility) with enhanced gap-
bridging ability, relatively higher distortion with low processing speeds still an issue to enhance

its engineering manoverability at economic costs.

Therefore, the present research work is targeted to investigate and analyze
metallurgical, mechanical and corrosion behavior with comprehensive characterization of
weldments produced in laser and laser-hybrid welded joints of 10-mm thick Inconel 617
superalloy in solution-annealed condition. Later, with thorough understanding of weldability
with CO; laser alone and hybrid systems, advanced diode laser with improved beam quality is
utilized to study the metallurgical and mechanical behavior of single-pass weld joints produced
in butt-joint configuration. After optimization of diode laser-based welding process, a novel
patented process developed with specially designed joint with two-step joining strategy for

welding 10-mm thick Inconel 617 superalloy in a single pass. In order to compare engineering
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advantages and economics of the process, this novel single-pass adaptive diode laser welding
(ADLW) technique was compared with LHW and conventional multi-pass TIG welding
process. Furthermore, comprehensive metallurgical, mechanical and corrosion properties
evaluation was carried out utilizing advanced characterization techniques of EBSD, Nano-

Indentation and Micro-focus XRD tools.
Various work elements constituting the thesis work include:

a) Comprehensive study on process optimization of autogenous laser welding (ALW) and
laser hybrid welding (LHW) of Inconel 617 alloy

b) Detailed study with understanding and co-relating of weld fusion behavior with
microstructure evolution and liquation cracking susceptibility in both ALW and LHW
welding processes

c) Process optimization of single-pass autogenous laser welding of 10-mm thick Inconel
617 superalloy employing high-power fiber-coupled diode laser integrated to a robotic
workstation with comprehensive assessment of mechanical and metallurgical
properties.

d) Statistical modelling with multi-objective optimization employing RSM-BBD method
with desirability approach for deep penetration laser welding of thick sections using
DLW

e) Setting up of an apparatus and a novel method for laser welding of thick metallic
material such as Inconel 617 employing filler-wire preplacement with specific joint
design and two-step welding procedure employing DLW and finally,

f) Comprehensive comparative study of ADLW, LHW and conventional multi-pass TIG
welding processes of joints with assessment of their metallurgical, mechanical and hot-

corrosion behavior properties.
1.12 Overview of the Thesis

The Thesis comprises of ten chapters. Chapter 1 describes overview of technical
background, with motivation and targeted objectives of the study, whereas, Chapter 2 discusses
literature review on various welding methods reported on Inconel 617 alloy. Chapter 3
describes the experimental setups and conditions employing CO2, high-power DLW, LHW and
conventional TIG welding methods along with comprehensive characterization of weldment
employing Optical, FESEM with EDS and Elemental Mapping, EBSD, Micro-focus XRD,

High-speed Nano-Indentation System and Micro-Vickers hardness, Mechanical and corrosion
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properties of the weld joints were evaluated employing Tensile / Impact testing and high-
temperature corrosion test rigs. Additionally, Statistical approach of design of experiments for
welding process optimization was also carried out with experimental validation. Discussion of
results with analysis of the work is carried out in Chapters 4 — 9. Chapter 4 — 5 discusses
comprehensive study on process optimization and understanding of mechanism of liquation
cracking susceptibility during ALW and LHW processes. Chapter 6 deals with the study on
process optimization of thick-sectioned single-pass autogenous laser welding using high-power
fiber-coupled diode laser with assessment of weld joint properties. Chapter 7 describes the
process optimization of thick-sectioned DLW by employing statistical analysis with RSM-
BBD method with desirability approach. Chapter 8 presents the novel welding method
developed employing robot-integrated fiber-coupled diode laser welding apparatus for laser
welding of thick metallic materials with joint design and two-step welding strategy. Chapter 9
discuss comprehensive comparative study on single-pass ADLW and LHW welding processes
with conventional multi-pass TIG welding process with assessment of their metallurgical,
mechanical and high temperature corrosion behavior. Chapter 10 summarizes the work with

conclusions drawn from the study and projecting direction for future investigations.
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CHAPTER 2
LITERATURE REVIEW

As discussed in the previous chapter, Advanced-ultra-supercritical (AUSC) boiler is an
extension of ultra-supercritical boiler by increasing the steam temperature and pressure for
enhancement of coal-based thermal power plant efficiency and at the same decreased the CO»
emissions to preserve the environment. Ni-based superalloy Inconel 617 is considered as one
of the outstanding candidate material to meet the proposed AUSC boiler steam conditions due
to its outstanding oxidation, hot corrosion, and creep resistant properties [1,2]. Fusion welding
is an essential joining process for fabrication and construction of various structural and
functional parts of the AUSC boiler. Conventional welding techniques often makes deleterious
effects due to high heat input, need for multiple weld passes that entail excessive filler material
consumption, low welding speed, large HAZ, poor process repeatability with cumbersome
edge-preparation, high component distortion and high residual stresses and necessitates
subsequent machining for distortion correction of the components [3,4]. Further, on account of
poor weldability of Ni-based superalloy a several weld imperfections and defects are
encountered during thick-sections single/multi-pass conventional/high energy beam welding
such as lack of fusion, high propensity to hot cracking (solidification and liquation cracking)

that drastically deteriorate high-temperature performance, and porosity formation [4].

In addition, it is a daunting task to obtain satisfactory appearance on surface as well as
bottom of the weld during single-pass autogenous laser welding of thick plates as several
studies reported occurrence of imperfections such as underfills, undercuts, spatters, and root
humps [5,6]. Thus, successful development of the welding process and utilisation of
moderately thick-sectioned Ni-based superalloy materials is one of the critical engineering
challenge for improving efficiency and maintenance of the plant. Hence, welding and
weldability of Inconel 617 superalloy materials in AUSC boilers becomes vital. Inconel 617
superalloy can be welded by various conventional joining techniques such as tungsten inert gas
(TIG), hot-wire narrow gap (NG-TIG), metal inert gas (MIG), submerged arc welding (SAW),
plasma arc welding (PAW) and high-energy beam processes including Laser beam welding
(LBW) and Electron beam welding (EBW). Many researchers focused their studies on the
joining of Inconel 617 using different arc and laser-based welding processes. Therefore, a

comprehensive literature review on various conventional/laser-based single/multi-pass
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welding processes for joining Ni-based superalloy along with their weldability issues has been
undertaken. Furthermore, literature review on statistical modelling approach in laser welding

process are also summarized in this chapter.

2.1 Welding of Inconel 617

Wen Liu et al, investigated the influence of five different thermal cycle with similar
heating and cooling rate but with variation in peak temperature ranging from 1150 to 1350°C
to simulate HAZ during Inconel 617 welding by employing Gleeble simulation methodology
as shown in Figure 2.1a thermal cycle. Figure 2.1b shows the typical micrograph constitutes of
weld and HAZ obtained in TIG welded joint. They found peak temperature possess significant
effect on the secondary carbides evolution in HAZ during welding. At low peak temperature
of 1150°C, they observed no adverse effect on simulated HAZ microstructure compare to base
material as a result the microstructure was similar to base material. However, at intermediate
peak temperature range between 1200°C and 1250°C (shown in Figure 2.1c), coarsening of

carbides along the GBs (grain boundaries) were observed in simulated HAZ.

Further raising the peak temperature to beyond 1300°C and within 1350°C, the carbides
present inside the grains dissolved completely and lamellar eutectic type of microstructure were
observed at the GBs in simulated HAZ as depicted in Figure 2.1d. Furthermore, micro-hardness
distribution analysis indicated that the simulated HAZ had no visible hardness variation as
compared to base material as a result of similar average grain size to that of base material.
However, tensile strength was found to be decrease with increasing the peak temperature owing
to the formation of continuous lamellar eutectic microstructure with coarsened carbides at grain
boundaries at high simulated peak temperature [7]. Therefore, it can infer from this study that
the lamellar type eutectic structure could be realized when peak temperature crosses 1300°C
and these type of structure at HAZ has significant influence on tensile properties of the

weldments.
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Figure 2.1. (a) Thermal cycle utilized in simulated HAZ study and (b) Micrograph showing
lamellar type structure in TIG welded joint and micrographs of thermal simulated HAZ at (c)
1250°C and (d) 1300°C [7]

Further, Huali and co-researchers systematically studied the evolution of M23Cs
carbides in HAZ of superalloy 617B with varying distance from fusion boundary during narrow
gap-TIG welding processing. They found that when the peak temperature close to the fusion
boundary in HAZ reach the Cr,Mo-rich M23Cs carbides solvus temperature, then these carbides
become unstable and undergo partial dissolution and liberate Cr and Mo into the adjacent
matrix. Due to low diffusivity of Mo in y-matrix as compared to Cr, Mo segregated at the
interface of y / M23Cs and form MeC carbides and Cr diffused into the surrounding matrix
causing formation of Cr-depletion region as shown in Figure 2.2. On further heating above
eutectic temperature, Cr,Mo-rich M23Cs carbides reacts with the y-matrix and thereby forming
detrimental liquid film of eutectic composition. On cooling, typical lamellar eutectic type of
microstructure constitutes of Cr-rich M23Cs, Mo-rich MeC multi-carbides and y-Ni matrix
forms in HAZ [8]. Therefore, it can infer from this study that the lamellar type eutectic structure
(M23Cs + MC multi-carbides + y -Ni) could be formed in the vicinity to the fusion boundary

in HAZ, where peak temperature crosses eutectic temperature.
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Figure 2.2. NG-TIG welded Inconel 617 (a) HAZ and (b) magnified view [8]

Similar observations were made in the study conducted by Shanlin Li et al. on welding
of Inconel 617B during multi-layer Narrow gap-TIG welding processing. They found by
thermal simulation study that the constitutional liquation of micron-size M»3Cs carbides
occurred when the peak temperature in HAZ reaches to 1300°C which is responsible for the
evolution of eutectics and micro-fissures along GBs in HAZ. However, they observed slight
softening of HAZ region owing to microstructural variation and weakening of strengthening
mechanism caused by welding process [9]. Similarly, constitutional liquation of Cr,Mo-rich
M23C¢ carbides were observed in simulated HAZ of Alloy 617B during multi-layer GTAW
processing and were found to be responsible for HAZ liquation of the alloy 617B welded joint
study conducted by Shanlin Li et al. Rapid heating during welding provides insufficient time
for diffusion of solute atoms into the surrounding matrix, thus causing a eutectic reaction to
occur between M23Cs carbides and y-Ni matrix. However, fine M23Cs carbides form in Cr
supersaturated region due to experiencing lower peak temperature and sufficient time for Cr to
precipitate from the y-Ni matrix by subsequent multiple weld thermal cycle. TEM analysis of
the network eutectic microstructure further confirms that the presence of MsC carbide in
eutectic network resulting in ternary phase formation. Therefore, eutectic network is composed
of three distinct constituents (M23Cs+ MeC multi-carbides + y -Ni) with different morphologies
[10].

Liquation cracks are predominant in multi-pass welds where the initial weld passes
become the HAZ for the subsequent weld passes. Since these types of cracks are formed in
weld FZ, hence the name as weld-metal liquation cracking. Therefore, in addition to the HAZ

liquation cracking, multi-pass weldments are susceptible to weld metal liquation cracking as
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well. Fink et al. studied weldability of Inconel 617 alloy employing reduced heat-input
modified dip arc welding processes such as cold metal transfer (CMT) and pulsed-mix
processes and with conventional pulsed-arc welding processes. All welds (CMT, pulsed-mix
and pulsed-arc) showed surface cracks present on the top weld layer and attributed to the high
amount of restraint during welding. Moreover, all weld fusion zones exhibited few micro-
cracks in the upper half region of the bead cross-section which occurred just beneath the first
layer and observed significant enhancement of Mo content at the liquid film enable liquation
cracking. Figure 2.3 shows the micrograph of the Inconel 617 alloy welded joint showing
typical liquation cracking in underlying weld bead. Additionally, few liquation microcracks
were observed in the vicinity to the fusion boundary in the HAZ and connected to the carbide
stringers present in the base material microstructure. They concluded that the formation of
micro-cracks in multi-layer weld bead as well as in HAZ is highly unpredictable in these arc

welding processes [11].

underlying bead

Figure 2.3. Micrograph showing weld metal liquation cracking [11]

Wenjie et al. found that extensive HAZ liquation cracks occur in fiber-laser weldments
of Inconel 617 due to the constitutional liquation reaction between Cr,Mo-rich M23(C,B)s
carbides and y matrix. They suggested to maintain either high heat input condition or induce
preheating to reduce the liquation-cracking susceptibility by suppression of continuous grain
boundary GB resolidified phase formation. Figure 2.4 shows the reduction of GB resolidified
phase and total crack length with increment in heat-input as well as preheating temperature
owing to reduction in liquid film thickness and inducement of low thermal stresses.

Suppression of continuous grain boundary GB resolidified phase formation along with low
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thermal stresses are found to be significant factors in reducing the liquation cracking

susceptibility [12].
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Figure 2.4. Variation of total GB resolidified phase and total crack length as a function of

heat input and preheating temperature [12]

Few studies focused their studies on liquation cracking susceptibility during laser
welding although for various other alloys. A study conducted by Osaba et al. on microstructural
analysis of laser welded Haynes 282 superalloy in conjunction with Gleeble simulation of
HAZ. Their research study indicated that increasing the heat input in laser welding results in
increase in the depth of penetration, aspect (depth to width) ratio, areas of fusion and HAZ.
However, this alloy was found to be susceptible to HAZ liquation cracking and that HAZ
cracking is attributed to the degradation of hot ductility of the alloy due to the presence of
subsolidus GB liquation which diminishes the ability to accommodate the weld thermal
stresses. Figure 2.5a shows the typical micrographs showing HAZ cracks and these types of

cracking were found to be decrease with increase in heat input as shown in Figure 2.5b [13].
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Figure 2.5. (a) Optical micrograph showing cracks in HAZ and (b) variation in total crack

length with heat input [13]
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Furthermore, Yan et al. investigated the influence of various heat input on liquation
cracking susceptibility in HAZ during laser welding of GH909 superalloy. Their results
indicated that susceptibility to liquation cracking was found to be increase with increase in the
heat input (welding speed and laser power) as shown in Figure 2.6. The formation of such
cracks in laser welded GH909 alloy was attributed to the coarsening of microstructure which
deteriorates the hot ductility of this alloy and cause significant reduction in binding forces
between the adjacent grains and formation of large tensile stress during weld cooling. The
presence of cracks not only affect the hot-ductility of the alloy but also reduces the tensile

strength of the material [14].
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Figure 2.6. Effect of welding speed and laser power on cracking phenomena [14]

Although many reports on laser welding of Inconel 617 and various other superalloys,
occurrence of liquation cracking at PMZ/HAZ was found to most common and also attributed
to weld bead profile formation and their subsequent associated microstructural and stress
changes. A study conducted by Luo et al. on thermal elastic-plastic behaviour of the laser
welding of Ni-based superalloy by finite elemental analysis. They found that welding speed
(heat input) and weld bead shape (radius of curvature at neck zone of nail-head type laser weld
bead profile) has significant influence on occurrence of HAZ liquation cracking. They observed
that at low welding speed (high heat input), liquation cracks in HAZ were minimized and
attributed to the decrease in the elevated temperature plastic strain associated with effect of

penetration shape i.e, radius of curvature [15].
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Shinozaki et al. investigated the weldability of precipitation hardened Ni-based
superalloy Inconel 718 more specifically the influence of weld bead cross-sectional profile on
liquation cracking. They found that the weld bead cross-sectional shape changes according to
the laser scanning speed and laser-power adopted. At scanning speed of 1.5 m/min or less and
a laser power of 3 kW, the bead shape obtained was like a champagne glass shape, whereas at
higher scanning speed in the range of 2-5 m/min the bead shape changes to nail head type.
However, various weld defects such as underfills, porosity etc were observed in laser welded
superalloy. They also observed that the liquation cracking in HAZ always occurs and mostly
found in the neck zone of the weld bead cross-section. Their study indicated that the radius of
curvature of the fusion boundary at neck zone in nail-head type laser-welded Inconel 718
influenced liquation cracking greatly and suggested that there exists a critical radius of

curvature over which cracking can be effectively controlled [16].

Nishimoto et al. systematically examined the weldability of Inconel 718 alloy during
laser welding and discussed the relationship between processing parameters, weld bead shapes
and occurrence of weld defects. More importantly discussed the factors influence the HAZ
liquation cracking susceptibility in this alloy. Their observations indicated that at scanning
speed of 1.5 m/min or less and a laser power of 4.5 kW, the bead cross-sectional shape obtained
was like a wine cup shape (type-W), whereas at higher scanning speed of 2.5 m/min the bead
shape changes to nail head type (type-N) attributed to the interaction time. Underfill and
porosity are predominant weld defects in laser welded superalloy and mostly found at high
laser power and low scanning speed. They found HAZ liquation cracking being predominant
at neck-like waist zone over the weld bead cross-section and closely related to the weld bead
profile, more particularly degree of the waist at neck zone termed as radius of curvature. This
type of cracking is attributed to the higher amount of GB liquation remained during weld
cooling cycle and subsequent imposition of higher amount of tensile strain acted perpendicular
to the grain boundary liquation region. Figure 2.7 indicated that the cumulative length of HAZ
liquation cracking significantly increased with a decrease in radius of curvature. They
concluded that the susceptibility to liquation cracking could be suppressed by increasing the
radius of curvature and by refining the grain size and homogenization heat treatment. It is also
interested to note from Figure 2.7 that the liquation cracking is predominant in nail head type
(type-N) than compared to wine cup shape (type-W) [17]. It is also an indication that the shape
of bead profile has significant influence on cracking susceptibility and nail head type generally

obtained in most of the laser welds, whereas wine cup shape bead profile mostly formed in
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laser + arc hybrid weld. Thus, most of the studies identified that the hybrid welding is more
beneficial in terms of resistance to liquation cracking susceptibility which will be discussed

later in this chapter.
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Figure 2.7. Relation between HAZ liquation cracks and radius of curvature at neck zone [17]

Further, to understand in detail the cause for HAZ liquation cracking in laser welded
superalloy, an FEM analysis was conducted by Nishimoto et al. their study indicated that neck
zone over the cross-sectional weld is more prone to heat accumulation than compared to top
and bottom regions (Region 2 shown in schematic Figure 2.8). Susceptibility to HAZ liquation
cracking was found to be more in region 2 (neck region) over the weld bead cross-section and
attributed to the large liquation temperature width occurred on heating, thus longer time is
required for cooling (different cooling rate than compare to other regions) under loading by
high tensile plastic strain [18]. In recent times, Laser-Arc Hybrid welding has gained
widespread importance for joining thick sections for various high temperature and high-
pressure applications in comparison to multi-pass arc welding techniques due to its capability
to produce welds with deeper penetration, low thermal distortion and minimal residual stress
on account of high welding speed, low heat input, narrow weld bead and HAZ [19,20]. Few
studies also reported on the liquation cracking susceptibility of the Ni-based superalloy using

laser hybrid techniques.
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laser weld cross-sectional [18]

Z. Gao, in his numerical modelling study on laser and laser-hybrid welding of Ni-based
superalloy, concluded that weld bead shape, especially at neck zone strongly influenced
liquation cracking susceptibility. Figure 2.9 shows the influence of laser and laser hybrid
welding processes on strain rate gradient in the vicinity to the fusion boundary for assessing
liquation cracking susceptibility. He observed that the addition of arc heat source with laser in
case of a hybrid process alters the temperature and strain rate distribution in the vicinity to the
fusion line and the cooling rate will be much lower in case of Laser-GMA hybrid process than
autogenous laser welding process. Their study concluded that laser-GMA hybrid welding
process is beneficial over the autogenous laser welding process by minimizing HAZ liquation

cracking susceptibility [21].
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Figure 2.9. Variation in strain rate gradient as a function of welding speed [21]

Hu et al. utilized the laser as well as hybrid processes to weld high-strength aluminium
alloys. They found vast number of solidification cracks in the weld FZ. Microscopic analysis
of these cracks indicated that such type of cracks occurred in welds when the FZ was in the
semi-solid state. Thermal cycles at various process conditions were systematically measured
experimentally and co-related with thermo-mechanical modeling study, indicated that cracking
phenomena is connected to the temperature distribution which causes transverse tensile strains
to produce during cooling cycle. They concluded that, cracking susceptibility can be reduced
by utilizing an additional heat source as in case of MIG addition to laser in hybrid welding
process helps in altering the temperature distribution and thus reducing this cracking tendency

[22].

Gebhardt et al. studied the laser-GMA hybrid welding of thick-walled tubes made of
S460NH steel. Various experiments were designed and conducted by adopting the design of
experiments methodology in order to investigate and optimize the welding process parameters
on formation of hot cracks in the weldments. Their results indicated that hot cracking
susceptibility found to be decreased with high levels of GMA power. However, cracking
tendency enhances with increase in the laser power [23]. Moore et al. demonstrated the welding
of various pipeline steels using autogenous laser and laser-arc hybrid welding processes. They
found that, it is possible to improve the microstructural and mechanical performance of the
weldments by utilizing the metal-cored filler material in laser-arc hybrid welding process at an
optimized welding parameters and joint geometry in place of laser welding alone. Moreover,
rapid cooling and subsequent formation of solidification cracks during autogenous laser
welding can be resolved by using a hybrid welding process [24]. However, attempts were tried
to reduce weld cracking susceptibility by controlling heat-input during welding, employing
additional preheating and modification of filler-material. Complete understanding in terms of
identification of low melting eutectic (LME) and their mechanical behavior is still inadequate
with experimental validation, more specifically, influenced by low heat input welding

processes.
2.2 Thick-Sections Welding

Zhang et al. investigated the deep-penetration autogenous laser welding of thick section
stainless steel materials using fiber laser. Their results indicated that, focal point position is a

main parameter for deep penetration autogenous laser welding of thick sections and they
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concluded that the focal point position must be inside the specimen surface coupled with
optimized welding speed for obtaining good full penetration welds. However, at inadequate
welding parameters, the resultant weld bead obtained with deep underfill and huge root hump

defects as shown in Figure 2.10 [25].

Figure 2.10. Deep-penetration laser weld top and bottom bead along with weld cross-

sectional showing huge underfill and root hump defects [25]

Another study by same authors Zhang et al. studied the mechanism of underfill defects
formation during laser welding of thick sections. They observed that, high-speed downward
flow of molten metal accompanied with high recoil pressure and localized vaporization
decisively resulted in occurrence of surface underfill and root hump defects. Once the melt
pool is fully penetrated, the molten metal in the bottom melt pool flows rearward i.e., opposite
to the welding direction and accumulates significantly at the bottom surface resulting in droplet
formation. When this molten droplet achieve significant volume may begin to sag due to
gravity and grows continuously. Thus, droplets of mass solidified in the form of hump at the

bottom surface of weld processed with inadequate welding parameters [26].

A study conducted by S. Li et al. on relation between formation of spatters and dynamic
melt pool behavior under various process parametric conditions while deep-penetration high-
power laser welding of SUS 304 stainless steel. Their research study indicated that an increase
in the laser power causes significant increase in the formation of spatters as a result of intense
vaporization. However, the focal point position is the key to control the welding defects such
as underfill, undercuts, spatters and porosity. They obtained sound weld joint when the focal
point position was inside the base metal [27]. Another study by Kawahito et al. on fiber laser
welding of stainless steels 304, identified that the weld bead profile depicts a keyhole
penetration in all adoptable welding speed ranges from 0.6 — 10 m/min, and the depth of

penetration was shallower with increase in the welding speed. However, some welding defects
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were found at lower welding speeds, whereas huge underfills with spatters were observed at
higher welding speeds. Formation of surface underfill cause by the inadequate welding speed
and attributed to the metal ejection from the molten weld pool during high-power thick-sections

laser welding [28,29].

Another study conducted by Guo et al. carried out on comparison between flat and
horizontal laser welding position of thick sections made of S700 high strength steels. Their
study identified that several weld defects including lack of penetration, underfill/'undercuts, and
root sagging are most common during single-pass autogenous laser welding of thick sections
in flat position and are attributed to the gravity-induced fluid flow towards the root side of the
weld joint. However, by employing horizontal position during laser welding, appropriate
balance between surface tension forces, gravity pressure (hydrostatic) and recoil-pressure due
to intense vaporization can be maintained and thus can mitigate the formation of undercuts and

root sagging [30].

Furthermore, a study conducted by Matsumoto et al. on influence of laser focusing
properties and various other welding parameters on deep penetration laser welding of high
strength steel. In their study, they adopted two different optical systems with different power
density distributions and focal depths (2 mm and 4 mm) to carry out the deep penetration
welding. They obtained sound weld joints by employing a 4 mm focal depth optical system at
lower scanning speed of 25 — 50 mm/s and attributed to the stable keyhole without large
fluctuations and bubbles formation in the keyhole as observed by high-speed video camera.
However, some welding defects like surface underfill and root hump were obtained in shorter
focal depth optical system and attributed to the fluctuation of laser keyhole [31]. It can infer
from the literature review that it is more challenging to obtain a satisfactory weld with no
underfill and root hump defects especially in highly viscous thick-sectioned Inconel 617 alloy

wherein deep penetration required with single pass.

2.3 Recent developments on welding techniques for Inconel 617 superalloy

material

2.3.1 Arc welding processes:

Few studies reported on welding of Inconel 617 superalloy employing various arc
welding processes. Fink et al. have joined 12-mm thick Inconel 617 alloy plates by employing

reduced heat input modified dip arc welding processes such as cold metal transfer (CMT) and
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pulsed-mix processes and compared with conventional pulsed-arc welding processes in terms
of metallurgical and mechanical aspects. The results showed that modified dip arc welding
processes reduced 30 — 50 % production time with retention of good bead appearance and
comparable mechanical properties to that of conventional pulsed arc welding methods as
shown in Figure 2.11a. However precise positioning of the filler wire during welding of first
layer must be properly controlled to avoid lack-of-fusion defects. 14 weld passes were utilized
to complete 12-mm thick Inconel 617 alloy plates by employing these processes. Figure 2.11b
shows the typical weld bead cross-section obtained by CMT process.

Fusion zone microstructure constitutes completely of austenitic dendritic structure with
random distribution of secondary precipitates. However, slightly finer dendritic microstructure
was observed in modified dip arc weldments owing to higher cooling rates associated with
reduced heat input. Moreover, HAZ for all weldments were characterized by the dissolution of
carbides as a result of rapid heating during welding process. Modified dip arc weldments
exhibited a finer HAZ as compared to pulsed-arc weldments and attributed to the high heat
input. Moreover, weld tensile and impact properties of the modified dip arc welds are

comparable to pulsed arc weldments [11].
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Figure 2.11. (a) Graph showing manufacturing time for CMT, pulse-mix and pulse arc

processes and (b) Optical macrograph of CMT welded joint [11]

Farahani et al. welded Inconel 617 alloy by using continuous current (CC-GTAW) and
pulsed current GTAW (PC-GTAW) processes. Total three weld passes were utilized to
complete 11-mm thick Inconel 617 alloy plates by employing these welding processes. Figure
2.12 depicts the photographs of two weld beads produced by CC-GTAW and PC-GTAW
processes. It indicates that the welds produced by PC-GTAW process constitutes of smaller
fusion zone and HAZ as compared to CC-GTAW process owing to lower heat input of the

process and pulsed current effects. Fusion zone microstructure consisted of larger columnar
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grains with dendritic structure and wider spacing between dendrites in CC-GTAW welded
specimen as compared to finer dendritic spacing in PC-GTAW welded specimen. HAZ for
both weldments were characterized by the dissolution of carbides and grain growth. However,
grain refinement occurred in fusion zone of PC-GTAW welded specimen and results in
superior mechanical properties (tensile and impact) owing to lower heat input and subsequent

faster cooling rates as compared to CC-GTAW [32,33].

Figure 2.12. Welded samples (a) Continuous current and (b) Pulsed current GTAW [33]

Park et al. joint Inconel 617 alloy by using conventional TIG welding process. Total
eight weld passes were utilized to complete 12-mm thick Inconel 617 alloy plates by employing
this welding process. Sound weld joint were obtained at an optimized welding conditions and
parameters. HAZ of alloy 617 weldments did not show any obvious variation in microstructure
and composition as compared to substrate. However, weld metal showed coarse grain
microstructure as compared to substrate and HAZ. Fusion zone microstructure consisted of
dendritic structure with major constituents such as Ni, Cr, Co and Mo dispersed in the matrix.
Further, tensile and bend strength conducted at RT and at 700°C of the weldments indicated 10
— 11% reduction in tensile and bend strength of the welds at 700°C as compared to room

temperature [34].

Moreover, Mageshkumar et al. examined the microstructural features and mechanical
performance of the pulsed current gas tungsten arc welded (PC-GTAW) Inconel 617 alloy
weldments. Total four weld passes were utilized to complete 5-mm thick Inconel 617 alloy
plates by using PC-GTAW welding process. Macrostructural analysis confirmed that the sound
weld joint was obtained at an optimized welding conditions and parameters of PC-GTAW
process. Further, microstructural analysis of weld fusion zone indicated that the FZ
microstructure constitutes of fine columnar dendritic structure and presence of fine equiaxed
dendrites were also seen. There is also evidence of migrated grain boundaries in the fusion
zone owing to solute distribution during weld solidification due to multi-pass welding. Cr-rich

M>3Cs and Mo-rich M¢C carbides were observed in the interdendritic sites of the FZ
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microstructure. However, there were no unmixed zone was observed at the weld interface and
attributed to the similar composition and melting point of base and filler metals. They observed
superior weld joint strength as compared to substrate material and the bend test of the

weldments revealed defect free welds obtained by pulsed current GTAW process [35].

Furthermore, Liu et al. studied the microstructural features and mechanical
performance of the conventional TIG welded Inconel 617 alloy joint. The results showed that
the weld metal constitutes of fully austenite with a dendritic morphology with obvious growth
direction and carbide precipitates dispersed in the fusion zone matrix. Elemental analysis
indicated that weld zone has significant local depletion of Ni and Co in the vicinity to the
solidification and sub-solidification grain boundaries. Microhardness and tensile test at high
temperature of base and weld metal indicated that weld metal has slightly higher hardness than
compared to base metal and attributed to the strengthening effect of sub-solidification grain
boundaries and observed that maximum tensile strength of weldments at high temperature are
close to substrate material. Further, the fracture position of the tensile test specimen was found

to be in the center of the weld metal owing to grain boundary failure [36].

Shanlin Li et al. investigated room and high temperature mechanical properties of
multi-layer Narrow gap-TIG welded Inconel 617B. Furthermore, thermal simulation of the
HAZ was conducted to explain the behavior of M23C¢ carbides during welding operation. They
observed slight softening of HAZ region owing to microstructural variation due to eutectic
formation and weakening of strengthening mechanism caused by welding process. Figure 2.13
shows the room and high temperature tensile properties of base and welded Inconel 617 alloy
at various temperatures. Y.S and UTS of both weld and base metal was found to be decreased
with increase in temperature. Y.S of the welded joint at room temperature is superior to the

base metal, however, UTS of the welded joint is found to be less compare to base metal [9].
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Figure 2.13. Room and high temperature tensile properties of base and welded Inconel 617

alloy [9]

Furthermore, Xiaogang Li et al. investigated fracture toughness of the narrow-gap TIG
weldments of Inconel 617B at 700°C temperature for AUSC boiler applications. They found
that the fracture toughness of the base metal and HAZ was found to be higher as compared to
weld metal of NG-TIG welded Inconel 617B alloy. The higher fracture toughness is attributed
to the presence of vast quantity of annealing twins (3’3 boundaries) coupled with lots of
coincidence site lattice (CSL) boundaries inside grains causes less serious strain localization in

base metal and HAZ [37].

A study conducted by Yuan Gao el al. on investigation of fracture toughness of NG-
TIG welded Inconel 617 alloy at room temperature as well as high temperatures at 650°C,
700°C and 750°C. Research work identified that the fracture toughness of the weld lower than
that of substrate material owing to coarse columnar dendritic microstructure, misorientation
differences and the precipitated phases. However, at higher temperature both weld and base
metal showed similar fracture toughness values and attributed to the decreased in the weld joint
strength. Although, weld metal possesses lower fracture toughness, but still weld metal showed
interestingly stable microstructure at elevated temperature as compared to substrate material.
It is due to the grain boundary weakening and precipitated phases fractured at elevated

temperature in substrate material [38].

Kim et al. studied the tensile and creep properties of GTAW welded Inconel 617 alloy
at elevated temperature. Their results indicated that the weld metal has superior YS, but lower
UTS and % elongation as compared to substrate material at RT. However, at temperature of
800°C, the YS and UTS of base and weld metal are approximately similar. Weld metal showed
a longer creep rupture life but lower creep rate and rupture ductility than that of substrate
material. However, at higher exposure time of 36,800h, the creep life of Inconel 617 weldments
was similar to that of base [39]. Furthermore, B. J. Kim et al. utilized small punch creep test
for evaluating creep behaviour at 700°C of Inconel 617 alloy TIG weldments for future AUSC
boiler applications. To identify the creep properties of the weakest portion in Inconel 617 alloy
weldments, test specimen of small sizes extracted from cross-weldments as shown in Figure
2.14 from weld, HAZ and substrate base metal. They found that the among weld, HAZ and

base metal, HAZ was the weakest portion of the weldments by showing shortest rupture life
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and attributed to the transition of the microstructure at the interface boundary causing

premature failure of this region [40].

HAZ (Cross weld) Weld metal Base metal

Figure 2.14. Small punch creep test specimens extracted from Inconel 617 TIG weldments

[40]

Totemeier et al. studied the creep-fatigue interaction of GTAW Inconel 617 alloy
weldments and base metal at elevated temperatures. They found that Creep-Fatigue lives were
decreased with increase in holding time for both weld and base metals, however Inconel 617
weldments lives were found to be significantly low as compared to that of substrate material.
Cracks were found to be in the fusion zone which followed interdendritic paths in case of cross-

sectional weldments constitutes of fusion, HAZ and unaffected base metal [41].
2.3.2 Laser-based welding processes

Few studies were reported on welding of Inconel 617 alloy by utilizing laser-based
welding processes. Wenjie et al. conducted a comparative study on fiber and CO» laser welding
of 5-mm thick Inconel 617 alloy plates. Results indicated that the heat input required to obtain
full penetrating welds is relatively lower in fiber laser welding than with CO; laser welding.
Weld bead shape in fiber laser welding changed from Y to I shape with reduction in heat input,
whereas no apparent change in shape of bead profile was observed in CO> laser welded joints
as shown in Figure 2.15. Fusion zone microstructure of all welds depicts the columnar dendrites
grown perpendicular to the fusion boundary due to the direction of heat flow. Alloying
elements like Cr, Mo and Ti etc were segregated into the interdendritic regions in both welding

processes with highest being in CO» laser as compared to fiber laser welds [42].
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Figure 2.15. Variation in weld bead profile with heat input in (a) Fiber and (b) CO; laser
welding of Inconel 617 alloy [42]

Adamiec et al. examined the microstructural features and mechanical performance of
laser welded 3-mm thick Inconel 617 superalloy plates. They found that continuous weld bead
with defect free welds could obtained at an optimized processing parameters of laser power
and transverse welding speed. However, inappropriate increase in the laser power causes
excess insignificant penetration in the welds. Hardness of the laser welded fusion zone were
higher as compared to that of substrate material and attributed to the fast-cooling rate associated

with laser heating cycle [43].

Cheng et al. investigated the welding position on weld quality of laser welded Inconel
617 alloy. The research results indicated that, the welding position had significant influence on
quality of welds in terms of porosity formation and subsequent mechanical properties when
high heat input was employed. However, keyhole-induced porosity are predominant welding
defects in horizontal and vertical-down position welds and are the causes for the reduction in
tensile properties of the weldments as compared to other welding positions [44]. Furthermore,
Wenjie et al. investigated the nucleation of liquation cracks in fiber laser-welded Inconel 617
alloy under various heat input and pre-heating conditions as explained previously in section
2.3 [12]. In recent study conducted by Wenjie Ren et al. on effect of thermal exposure upto
7000 hours at 750°C on microstructural characteristics and mechanical performance of Inconel
617 superalloy laser weldments. They found that various secondary carbides such as M23Cs
and M¢C, Ti (C,N), TCP (topologically close phase) n phase and y’ precipitate phase (NizAl)
were presents in the Inconel 617 laser welds after thermal exposure at 750°C. Further, volume

fraction of M23Cs and MeC carbides as well as y’ precipitate phase after 7000 hours exposure
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caused significant increase in the hardness and reduction of impact toughness of the Inconel

617 alloy weldments [45].

Few studies focused their studies on individual and comparative study between Laser,
and Laser hybrid welding processes although for various alloys. In recent study conducted by
Palanivel et al. studied microstructural features and mechanical performance of Incoloy 800
superalloy during laser welding. They observed that weld bead profile significantly influenced
by the laser scanning speed and hourglass-shaped weld profile with slight wider width at top
obtained at optimal process condition during laser welding of superalloy. Columnar dendritic
structure with coarse austenitic grains was observed in the weld fusion zone that grown
perpendicular to weld line during solidification. Equiaxed dendrites were observe in the weld
center more predominantly in higher welding speed welds. HAZ region did not show any
obvious grain size as compared to base metal, however, significant phase changes were
observed in HAZ. EBSD analysis indicated that austenitic grain size decreases with increase
in the welding speed. A 99 % of joint efficiency was obtained in laser welding of Incoloy 800

[46].

Zhang et al. systematically investigated the weldability of the laser welded GH909
superalloy under different welding speeds and laser powers. Their study indicated that the bead
profile in laser welded GH909 superalloy was transformed from Y-shape to hourglass-shape
and again to Y-shape bead profile under low laser power and welding speed or high types. This
is attributed to the increased power density which causes heat adsorption and thus increased
melting area [47]. Jaing et al. investigated the fiber laser welding of solid solution strengthened
Ni-based superalloy GH3535 under continuous and pulsed wave mode of welding. They found
that large number of porosities were observed in the bottom of the continuous wave welded
joint as compared to pulsed wave. Although, the fusion zone of both welds was constituting of
v-Ni matrix and MeC carbides dispersed in the matrix, but grain size of the pulsed wave was
found to be significantly low as compared to continuous wave welds. Further, the presence of
large number of pores in continuous wave welds caused significant reduction in tensile strength

[48].

Alcock et al. examined the feasibility of high-power diode laser for deep penetration
laser welding of 10-mm thick SS 304L thick plates. Results indicated that the full penetration
was achieved in butt joint configuration at an optimized processing parameter. They

demonstrated that high power diode laser is capable of welding thick plates in keyhole mode
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and the joint properties obtained are comparable to other high power density laser-based
welding processes [49]. Malchus et al. utilized high power diode laser for welding 13-mm thick
L485MB steel plates in butt-joint configuration. Homogenous weld bead without any fusion
zone cracks entailed successful welding of thick joints with vertical edge offsets up to 3 mm.
Compared to other laser systems, high power diode laser with wider spot size provides

advantages for high gap-bridgeability and leverage in precision fit-up requirements [50].

Nobuyuki Abe et al. successfully used high-power density diode laser for welding SUS
304 stainless steel plates of thickness ranging from a minimum 0.15 mm to a maximum of 10
mm. Results indicated that full penetration in 10-mm thick plates was achieved without cracks
and pores at an optimized process parameters by employing top-hat shape intensity distribution
beam of diode laser. It was found that the weld quality obtained by this process are on par to
the joints produced with high power CO2 and Nd:YAG lasers [51]. Cao et al. successfully
demonstrated the laser-arc hybrid welding for joining thick sections of HSLA steels. Their
results indicated that full penetration welds were obtained in single pass using laser hybrid
welding techniques at an optimized groove design, geometry and processing parameters. They
found that addition of MAG arc to the laser results in wider and deeper weld beads with
improved penetration depth and gap tolerance. Laser-leading hybrid welding process produced
higher quality welds due to presence of less underfill and porosities defects as compared to
Arc-leading hybrid method. On comparing the multi-pass MIG welds with single-pass hybrid
welds, the laser-leading hybrid process produced welds with low distortion [52].

Roepke et al. investigated the influence of laser power, GMAW arc power, and distance
between laser and arc on weld characteristics during hybrid welding of DH36 and EH36 steels.
Their study indicated that full joint penetration with uniform fusion zone characteristics in top
and bottom regions were obtained at an optimized process parameters regardless of the laser
power adopted. However, decrease in the distance between the gap of laser and arc heat sources
results in increased the total penetration [53]. Frostevarg et al. investigated the various types
of undercuts formation during laser, arc and hybrid welding processes. They found that curved,
rounded bottom and centre line are the basic three types of undercuts can form during laser
bead welding, whereas single or double sided curved and crack like or micro flaw undercuts
could be realized in GMAW. However, total six different types of undercuts can be formed
during laser-arc hybrid welding process due to addition of two heat sources. In this study, they
optimized the hybrid welding process parameters and conditions to obtain an undercut free

weld [54]. Gao et al. demonstrated the laser-MIG hybrid welding of mild steel under various
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process conditions. They found that laser-MIG hybrid welds are composed of two distinct
regions; upper wider zone and narrower nether zone, which are similar to arc and laser zones.
Microstructural and hardness distribution analysis of these zones indicated that elemental
distribution and microhardness varied in these two zones as a result of differences in their
cooling rates. As a result, laser zone has smaller HAZ, finer grain size, low segregation and

higher hardness of laser fusion zone as compared to arc zone [55].

Guoxiang et al. investigated the comparative residual stress study on 12-mm thick ultra-
grained steel components in single-pass hybrid and multi-pass GMAW by employing finite
element analysis. The hybrid weld was developed by combining the Laser and GMAW arc heat
sources in which Laser beam and GMAW arc were modeled by using a conical and double-
ellipsoidal body heat sources respectively. Study indicated that the weld distortion and
magnitude of residual stresses in hybrid welds are much smaller than compared to multi-pass
GMAW processes as a result of low heat input [56]. Pan et al. studied the effect of laser power,
weld transverse speed and root gap during hybrid welding of thick sections high strength steel
plates on depth of penetration, weld geometry and welding defects. Results indicated that
occurrence of weld defects such as underfill/undercuts, root humps can be avoided during

hybrid welding of thick-sections by proper implementation of process parameters [57].
2.4 Recently developed narrow-gap multi-pass laser welding methodology

Moon et al. (US4527040) patented a laser welding method that entails weld joints
applicable to navy for improved fracture toughness. The novelty of the disclosure lies in
utilizing ad additional through-thickness insert between the parts with fusion by 15-kW CO»
laser beam [58]. Tsukamoto et al. (US8481885B2) disclosed a novel laser welding method in
which a narrow groove design was implemented with simultaneous melting of solid filler
material along with metallic parts under controlled laser heat input, appropriate alignment of
laser spot to filler interaction position and shielding atmospheric conditions [59]. Milewski et
al. developed a unique multipass narrow gap laser welding method with addition of filler wire
for joining thick sections with moderate laser powers (material). The developed welding
method obviated the need of costlier high-power lasers and the leavay in fit up requirements
[60]. In 2014, a further improved laser welding method disclosed (CN103801833A) adopting
a positive defocusing fiber laser beam under conductive mode to successfully producing weld
joints in thick metallic sections (up to 60 mm) in which laser beam irradiated (multi-layer) in

the bottom and sidewall of the narrow groove to form a molten pool in a thermal conductive

53



welding mode. Subsequently, the filler wire is fed into the molten pool resulting in melting of
wire and the gap filled to effectively form a sound weld joint. Indeed, defects generally prone
in thick-section welding such as sidewall fusion, porosity, undercuts etc. were positively

handled to produce defect-free weldments [61].

In another patented work (JP6255314B2), a specific double groove design, both at
opening upper side as well as bottom root, in the metallic plates with multi-pass/multi-layer
welding with edge and design-configuration preparation concurrently for thicknesses up to 30
mm employing multiple laser beams of appropriate input and processing conditions. Although,
these disclosed laser welding methods successfully welded thick-metallic materials, additional
specific fabrication methods with design of groove and edge preparation, simultaneous feeding
of filler during welding, utilization of multiple laser beams and multi-layer/multi-pass welding
add to the cost of capital investment, cumbersome edge preparation with design of welding
method and precision in control of heat input and fit ups [62]. In another recently disclosed
invention (CN112570888A), a comprehensive laser welding system with integration of laser
welding tool to a workstation with magnetic fixturing setup was utilized for fabricating large

sized metallic structural parts [63].

Notwithstanding the above-mentioned inventions, few published works are also
available in literature employing multi-pass narrow-gap (MP-NG) laser welding technique for
joining thick-sections of Ni-based superalloy. Junhao et al. welded thick Inconel 617 alloy
plates by using a MP-NG laser welding technique. 5 weld passes were utilized to complete the
11-mm thick Inconel 617 alloy plates by this technique as shown in macrographs of Figure
2.16a. The research results indicated that superior mechanical properties with reduced heat
input, number of filling passes and filler metal consumption obtained by multi-pass narrow-
gap technique as compared to other multi-pass arc welding processes. However, precise control
of the distance between the filler wire and laser beam spot is necessary, to avoid lack of fusion

and porosity during V-shaped filling pass (shown in Figure 2.16b) [64].
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Figure 2.16. (a) Multi-pass narrow-gap laser weld joint and (b) Defects in Y-shaped weld
bead [64]

Kessler et al. demonstrated welding of 140-mm thick Inconel 617 alloy pipe by utilizing
a MP-NG laser welding technique with very low laser power and energy per unit length. Figure
2.17a depicts the weld seam of 140-mm thick Inconel 617 alloy pipe produced by Laser multi-
pass narrow gap technique. Results showed that this technique are capable of producing welds
of 140 mm wall thickness pipes free from cracks and bonding defects with reduced heat input
and porosity at an optimal condition. Furthermore, lack of fusion defects was also found to be
reduced and the weld fusion and HAZ showed not much variation in alloying elements as a
result enhanced high temperature properties of the weldments. Further, magnified micrograph
of the weld interface constitutes of weld and HAZ along with EBSD analysis shown in Figure
2.17b indicated proper bonding at the interface [65].

Figure 2.17. (a) Laser multi-pass narrow gap of 140-mm thick Inconel 617 alloy pipe, (b)
magnified view of weld interface and (c) EBSD analysis [65]
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Zhang et al. investigated the welding of 50-mm thick SUS316L ASS plates using
narrow-gap laser welding methodology. They found that the solidification cracks in fusion zone
could be reduced by controlling the alloying element of the filler wire, thus, by controlling the
ferrite content of the weld fusion zone in an appropriate range. Further, the maximum tensile
stress of the narrow gap laser weldments was found to be significantly as compared to
conventional TIG weldments [66]. Zhao et al. successfully utilized the MP-NG laser welding
method to weld HSLA low alloy thick steel plates under different process conditions such as
laser power, scanning speed and wire feed rate. Their study indicated that defect free welds can
be obtained under optimized processing parameters by employing narrow-gap multi-pass laser

welding technique [67].

Guo et al. systematically investigated the interactions of process parameters such as
welding speed, laser power and wire feed rate during MP-NG laser welding of high strength
steels. Their study indicated that at an optimized process parameter, a 8-mm thick plates can
be weld by two filling passes, whereas 13-mm thick plated can be welded by three filling
passes. Further, tensile strength of the weldment produced by this technique is found to be
similar to that of substrate material [68]. Yu et al. studied the welding of 17-mm low-carbon
steel plates using narrow-gap laser welding methodology. They observed that the groove design
has significant role in determining the quality of welds during MP-NG laser welding. When
the laser beam and filler wire can approach smoothly to the root of the groove, by employing
a small groove design and size helps in reducing the filler material consumption as well as
reduce the filler wire deflection in the narrow gap. This helps in improving the fusion of the

complete groove and reduce lack of side-wall fusion defects [69].
2.5 Hot corrosion behavior of superalloy materials

As high temperature corrosion is one significant issue associated with the boiler tubes
during operation of thermal power plant. It is due to the combined effect of coal-ash and flue
gas environment encountered in thermal power plant boilers which causes premature failure of
the boiler components. Few studies reported on high-temperature corrosion behaviour of
Inconel 617 alloy in various environment. Hari et al. conducted a comparative study on alloy
617 OCC material between air and synthetic coal-ash environment simulated in laboratory at a
temperature of 700°C. In their study, laboratory simulation was done by coating the Inconel
alloy specimens with synthetic salt constitutes of 5% Na>SOa, 5% K2SOs4, 30% Fe203, 30%
Al>O3 and 30% SiO;. Additionally, high temperature oxidation test also conducted at same
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temperature in air environment for comparative study purpose. These samples were exposed
for total time of 5000 hours with thermal cycling at each 500 hours of exposure time. Further,
change in weight was monitored after each thermal cycle of 500 hours to understand the
corrosion kinetics. Their results indicated that, corrosion product formed after exposed to air
during oxidation test over the entire exposure time range was found to be Cr203; completely.
However, various other corrosion products form in addition to Cr203 such as Fe2O3 and spinel
oxide — NiCr204 during exposed to salt environment. No significant change in weight was
observed after oxidation test owing to the presence of protective Cr.Oj3 layer, however, change
in weight was significant in case of coal-ash (salt) environment caused due to the reaction of
Cr203 with Ni-content and formed spinel oxide phase NiCr;O4. Thus, it indicated that the
corrosion rate enhanced for synthetic coal-ash environment as compared to air environment

[70].

Hari et al. conducted comprehensive comparative study between synthetic salt mixture
environment and synthetic salt mixture + flue gas environment simulated at laboratory on Ni-
based superalloy 617. Laboratory simulation was done by coating the Inconel alloy specimens
with synthetic salt constitutes of NaxSOa, K2SO4, Fe203, Al203 and SiO; and exposed it to the
flowing gas mixture constitutes of 15% CO2, 3.5% O3, 0.25% SO and the rest N2 (Vol%) at a
temperature of 700 °C. Additionally, high temperature corrosion test also carried out at same
temperature and salt coated condition but without gas mixture for comparison purpose. They
found that the SO> content present in the flue gas in case of salt + flue gas environment plays a
dominant role and accelerated the corrosion rate due to sulfidation both internally and
externally. Cr contents exist in the alloy reacts with the S-containing species in the salt + flue

gas environment and leads to form chromium sulfide [71].

Aung et al. investigated high temperature corrosion behavior of Inconel 740 alloy in a
synthetic coal-ash environment at various temperatures of 700, 750 and 800°C. Their study
indicated that rate of corrosion increases with increase in exposure temperature specially at
750°C and above temperatures. High tendency to form TiS contents in the internal sulfidation
stage in the alloy during high temperature caused significant enhance the hot corrosion both
internally and externally [72]. Stein-Brzozowska et al. systematically investigated the hot
corrosion behavior of various Ni-based superalloy including Alloy 263, Inconel 617 and
Inconel 740 at a temperature range of 640 — 760°C and with an exposure time of 1000 hours.
In laboratory furnace, they found that sulphur-containing species induced hot corrosion on

Inconel 617 alloy after 1000 hours of exposure. It is due to the presence of highest Molybdenum

57



and lowest Titanium contents Inconel 617 alloy as compared to alloy 263 and 740. However,
during power plant exposures, all these three superalloys reveal similar corrosion rates [73].
El-Awadi et al. systematically examined the high temperature corrosion behavior of two
different superalloys such as Inconel 617 and 738 at different exposure temperatures of 700,
800 and 900°C with an exposure time of 100 hours. Corrosive media was utilized in their study
was the mixture of Nacl and Na>SO4 which were sprayed on the test specimens prior to testing.
They found that the corrosion process was endothermic and increased spontaneously with
increase in temperature in both the alloys. However, various other corrosion products form in
addition to Cr20s such as spinel oxides of NiCr204 and CoCr204 during exposed to salt

environment [74].

Furthermore, Naghiyan et al. investigated the high temperature corrosion behavior of
Ni-based superalloy Inconel 738 substrate coated with Inconel 625 produced by Nd:YAG laser
and TIG cladding techniques. The high temperature corrosion test was conducted at 900°C for
36 hours by exposing the specimens to salt mixture constitutes of Na:SO4+—60wt%V>0:s.
Microstructural analysis of the exposed specimens revealed a series of cracks present both on
the surface as well as at substrate-coating interface of cladded specimens produced by TIG
method. However, no such cracks and pores were found in cladded specimens produced by
Laser beam. It indicated that the hot corrosion resistance of laser-cladded specimens was found
to be superior as compared to TIG-cladded specimens owing to the dense, stable and porous-
free protective coating present on the surface of the laser-cladded specimens [75]. Wang et al.
studied the corrosion behavior of H1 and H2 steels substrate coated with Hastelloy C22 by
employing diode laser technique. Their results indicated that the corrosion resistance of coated
specimens is found to be superior as compared to that of substrate specimen and attributed to
the differences in chemical composition. Thus, it indicated that the corrosion resistance of H1
and H2 steel substrates are enhanced by Hastelloy coating coated by laser technique. Further,
increase in the laser scanning speed resulted in improvement in corrosion resistance of

Hastelloy coating owing to finer microstructure [76].
2.6  Statistical modelling applied for welding process optimization

Further to previous section, the welding defects of underfill and root sag hump could
not be completely eliminated in deep penetration high-power laser welding process due to
complexity of the weld pool dynamics pertaining to influence of multiple process parameters.

Response surface methodology (RSM) is often utilized to optimize the process parameters by
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proper identification and determining the control input parameters' quantitative effect [77].
Thus, using numerical approach by utilizing RSM methodology helps for effective
optimization of the welding processing parameters in order to obtain satisfactory weld beads.
Few published reports are available in literature on RSM method on fusion welding process to
determine the influence of various welding parameters on resultant weld bead formation.
Moradi et al. investigated the effect of autogenous laser welding process parameters on weld
bead profile of Nickel based superalloy Rene 80 by using RSM methodology. Laser power,
transverse speed, defocusing distance and inert gas pressure were considered as the input
parameters, whereas output responses such as weld area, weld width at top and middle depth,
undercuts and drop off were considered. Based on the analysis using statistical techniques, they
found that the heat input and other laser input parameters considered in the design model has
significant effect on weld bead profile. More specifically, welding speed was found to be more
significant input parameters with negative influence on output responses. Laser power has a
direct effect on all output responses. High inert gas pressure leads to cause welding geometrical

defects [78].

Srinivas et al. utilized RSM to optimize the plasma arc welding (PAW) processing
parameters including weld current, transverse speed and plasma gas flow rate to obtain
satisfactory weld bead characteristics as output responses like weld bead width and weld bead
height. ANOVA results indicated that the developed models are statistically adequate. Results
indicated that high depth-to-width ratio welds were obtained at an optimized process parameter.
It has found that the both current and transverse speed possess significant influence on weld
bead width and weld bead height, however, plasma gas flow rate was insignificant for selected
range. The regression equations were found to be forecast weld bead width and height with

good accuracy [79].

Benyounis et al. utilized RSM approach to optimize butt-welding parameters
employing CO:; laser in joining 5-mm steel plates. Laser power, transverse speed, and
defocusing distance were considered as input parameters in the design model. The goal for the
RSM model to set the process variables at optimum conditions in order to obtain desired welds
with maximum weld penetration, reduced heat input, minimal width of weld and HAZ.
Predicted results obtained from desirability approach were found to be in good agreement with
the experimental ones [80]. Similarly, Vijayan et al. examined the influence of welding process
parameters by employing CO- laser in gaussian mode to weld low carbon steel plates using

RSM approach. Three processing parameters such as laser power, transverse speed and
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defocusing distance was considered as input variables. ANOVA indicated that at an optimized
process parameters based on the predicted model are found to be adequate in order to produce
a desired sound good quality weld. Further validation of the model developed was done by

conducting the actual experiments and found to be in good agreement [81].

Khan et al. optimized Nd:YAG laser welding process parameters to weld ferritic AISI
430 and austenitic 304L stainless steel using design of experiments approach employing RSM.
Three process parameters such as laser power, welding speed and incident laser angle was
considered as input variables as these parameters influence the weld bead profile significantly.
The criteria were considered as maximize the weld resistant length and shearing force, whereas
weld radial penetration must be minimum. Regression analysis indicated that the all-input
parameters were optimized to obtain desired weld bead [82]. Sahil et al. utilized the RSM to
optimize the conventional MIG welding process parameters to weld 5-mm thick mild steel
plates. MIG arc current, voltage and gas flow rate was considered as input variables in the
present model. Their results indicated that all three input parameters significantly affect the
hardness of the weldments, in which welding voltage is the highest significant factor followed
by gas flow rate and current. At an optimized process parameter, the resultant hardness of the

weldments was found to be increased by 29.21% [83].

Furthermore, optimization of the pulsed laser-TIG hybrid welding processing
parameters in joining 5.6-mm thick 316LN SS plates were conducted by Ragavendran et al.
Laser power, pulse duration and frequency, TIG current were considered as input variables in
the RSM model. Weld penetration, fusion zone area, and weld bead width were considered as
the output responses. Results indicated that all four input variables have significant effect on
resultant weld bead formation. Maximum penetration depth was obtained at an optimized
process parameters predicted by the developed statistical model [84]. Shi et al. systematically
investigated and optimize the MP-NG laser welding process parameters with addition of filler-
wire using 10-kW Nd:YAG laser to weld 20-mm thick high strength steel plates by employing
statistical methods. Three process parameters such as laser power, transverse speed and wire
feed rate was considered as input variables as these process parameters influence the weld bead
profile significantly in this technique. The responses were considered as transversal area of
additional metal, weld bead width and height and the ratio weld bead width to height.
Validation experiments were conducted based on the optimized parameters provided by the

model and found that all these input variables significantly affect the output responses withing
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the factor domain. Macro and microstructural analysis of the cross-sectional weld bead

indicated that this method produced weld with fewer welding defects [85].
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CHAPTER 3
EXPERIMENTAL DETAILS

3.1 Methodology of Experiments

This chapter discuss the detailed description of materials utilized for welding
experimentation, welding processes such as CO: laser - MIG arc hybrid welding (LHW),
conventional tungsten inert gas (TIG) and high-power diode laser welding (DLW)
experimental setup, process conditions, joint configurations, methodology adopted, visual
inspections, characterization tools for analyzing the macro and microstructural features in
weldments and assessments of mechanical and corrosion properties of the weldments. Figure
3.1 illustrates the comprehensive methodology of welding experimentation and joint quality

analysis adopted for the entire work in flow chart form.

As received Inconel 617 alloy

Single pass welding Multiple pass welding

|
TIG

CO2 Laser CO2 Laser - MIG Diode Laser
welding Hybrid welding welding
|

welding
1

BOP and BUTT configuration

Radiography test
Dye penetration test

Visual Inspection Test

Macro/Microstructural characterization

Mechanical properties evaluation

— Microstructural Analysis — Micro Vickers hardness test

— SEM/ EDS Analysis — Tensile test

" EBSD Analysis Impact test
XRD/Micro-focused XRD Hot Corrosion test
Fractography — Nano Indentation analysis

Figure 3.1. Flow chart of methodology adopted for welding experimentation and weld quality

analysis
3.2 Materials

The base material selected for the present investigation is a solid-solution strengthened
Nickel based superalloy Inconel 617 with a nominal composition of Cr — 20 - 23%, Mo — 8 -
10%, Co—10 - 13%, A1—0.6 - 1.5% and Ti — 0.2 - 0.5% [1-3] in the form of 8§ — 12 mm thick

plates. The as-received base metal received was hot-rolled and solution-annealed at a
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temperature of 1140°C followed by water quenching. ER NiCrMo-4 filler wire with two
different sizes (1.2 mm and 3.2 mm dia) was used as filler materials. The chemical composition
of both superalloy base metal and filler material was analyzed by Inductively coupled plasma-

Optical emission spectroscopy (ICP-OES) chemical analysis and tabulated in Table 3.1.

Table 3.1. Chemical composition (wt. %) of Inconel 617 base and filler metal

Inconel 617 Cr Co Mo Al Ti Fe B Ni

Base Metal 224 119 855 128 041 059  0.0049 Bal
Filler 214 108 828 137 039 048  0.0047 Bal

\'\Annealh:lg twins
\ ' \

Figure 3.2. As-received microstructure of Inconel 617 alloy (a) optical and (b) FESEM

Figure 3.2 shows the as-received base metal (BM) microstructure of Inconel 617 alloy
observed by optical and high-magnification scanning electron microscope (FESEM). In
solution-annealed condition microstructure constitutes of fully austenitic grains with presence
of numerous carbide stringers along rolling direction and plenty of annealing twins inside the
grains that would have originated during solution-annealing treatment [4]. Large number of
discrete various types and morphology carbide particles of Cr, Mo, Ti etc. are randomly
distributed along the grain boundaries as well as inside the austenitic grains as marked by
arrows in Figure 3.2b. EDS spot analysis of these selected particles shown in Table 3.2,
confirms that the carbides in the BM were black block-shaped particulates were TiC-type and
globular grey particulates were Cr, Mo-rich M23Cs carbides, whereas white particles were Mo-

rich MgC-type carbides [5,6].

Table 3.2. EDS analysis (wt. %) of the carbides and surrounding matrix in BM
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Phase Cr Mo Ni Co Al Ti

(Cr, Mo)-rich M,,,C, 61.23 14.90 12.34 5.87 0.21 0.32
TiC 19.67 478 9.25 3.98 0.15 5945
Matrix 24.32 8.83 49.81 12.19 0.42 0.58

X-ray diffraction (XRD) analysis of as-received BM shown in Figure 3.3, further
confirms that the BM of Inconel 617 alloy consists of y (Ni-Cr-Co-Mo) as matrix along with
predominant Cr,Mo-rich M23Cs carbides phase. However, low-intensity diffraction peaks were
also observed for Mo-rich MsC carbides and TiC carbides as well but to a meagre amount. This
low intensity is plausibly due to lower volume fraction of the carbides present in this condition.
Apart from these phases, few M>C phases could also be realized in as-received BM. These

analyses results were in consistent with the observations made by several researchers [5-7].
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Figure 3.3. XRD of as-received Inconel 617 alloy BM

3.3 Design of Joint configurations

A generic Y-groove edge configuration with root face height of 4.5 mm and total
included angle of 15° was designed for LHW methods. Similarly, a Y-groove butt joint with
larger total included angle of 60° and a root face height of 1.5 mm was designed and utilized
for multi-pass TIG welding purpose. DLW experiments was performed on square butt joint
configuration plates. Distance between the plates for LHW, TIG and DLW were maintained
was 0.2, 3 and 0 mm respectively. Joint configurations for LHW, TIG and DLW welding
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processes are shown in Figure 3.4. All weldments were configured to butt-joint configuration
for mechanical properties evaluation, whereas, bead-on-plate (BOP) configuration utilized for

process optimization experiments.

15° /50\‘
(a) J\ \/\ (b)
10 mm 10 mm
4.5 mm 1.5 mm
0.2 mm 3mm
(c)
10 mm

Figure 3.4. Joint configuration of (a) LHW, (b) TIG, and (c) DLW
3.4 Welding Systems and Setup Conditions

Initially laser welding experiments has been carried out using a Slab CO, Laser in
continuous wave (CW) utilizing a gaussian beam intensity profile with a spot diameter of 180
6 um. Later, a MIG arc heat source has been combined with CO; Laser to perform Laser-MIG

hybrid welding experiments.
3.4.1 Slab CO:; laser:

In CO» Laser system mixture of gases like carbon dioxide, helium, and nitrogen in the
ratio of 1:2:8 is used for lasing. This type of laser is electrically excited by use of a gas
discharge, which can operate either with DC or AC or in the RF (radio frequency) domain to
produce the laser beam with higher wavelength of 10.6 um. CO> Laser is classified based on
the type of heat removal method and the flow direction of the lasing medium. Slab CO» Laser
system is of slow flow laser types. The lasing medium is excited by RF in a narrow space
(around 2 mm) between two wide electrodes. These electrodes are arranged in the form of a
slab, hence named as Slab CO, Laser. The wide slab discharge area with small distance
between electrodes permits effective heat removal via the water-cooled electrodes directly and

hence allows high-power with sufficiently high-beam quality (k > 0.9) laser to be produced.
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ROFIN Slab CO» Laser system utilized in the present study is shown in Figure 3.5a and its
schematic representation is shown in Figure 3.5b. Slab CO> Laser is integrated to a 4-axis CNC
workstation for movement in X,Y,Z with maximum allowable distances of 3000, 1500 and 300

mm respectively and a rotational axis.

Beam-forming optics

Slab CO2 Laser
e——m— | L=

Figure 3.5. (a) Slab CO; laser system setup and (b) Schematic of Slab CO» laser

Table 3.3. Slab CO; laser system variables

CO; Laser
Laser type Slab CO; (DC-035 Rofin, Germany)
Wavelength 10.6 um
Laser beam spot size 180 um dia (circular)

Mode of processing Continuous wave (CW)

Power 3.5 kW
Laser beam angle 3° to vertical

Focal distance 300 mm

3.4.2 Metal Inert gas (MIG) welding equipment:
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Figure 3.6. (a) KEMPPI MIG welding equipment with zoom in inset image of controller and

(b) Standalone workstation with wheel base

Figure 3.6 shows the MIG welding system constitute of KEMPPI Pro 4200 Evolution
power source and Pro-MIG 530 wire feeder. This power source is inverter based and capable
of operating in multi-operation power sources for MIG, Pulsed-mode MIG as well as TIG
welding in DC. This type of welding system can be operated both in automatic and robotic
mode. The filler wire electrode is fed through the rollers from a coil at a constant feeding speed
provided according to set wire feed rate. The max. welding voltage that can be achieved is 46

V at a 400 A current. It is utilized in synergic-pulsed mode of operation in the present study.

3.4.3 CO:laser - MIG arc hybrid welding (LHW):

Figure 3.7. CO> laser — MIG hybrid welding setup

Table 3.4. Process variables for LHW

Laser MIG
Type — Slab co, laser Torch Stand-off distance — 12 - 15 mm
Wavelength — 10.6 um MIG Torch angle — 56 - 60°

Laser beam spot dia - 180 um Metal Transfer mode —Pulsed Synergic

Mode of Processing — CW
Laser Power — 3.5 KW MIG wire feed rate — 7 - 8 m/min

Focal length — 300 mm Filler wire — ER NiCrMo-4, @ 1.2 mm

Laser — MIG hybrid
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Distance between sources—2 -3 mm
Process orientation- Laser leading
Welding Speed — 1, 0.8 and 0.6 m/min
Shielding gas — 100 % Helium @ 15 Ipm

Laser-MIG arc hybrid welding (LHW) experiments were performed by combining a
3.5 kW Slab CO> Laser (Model: DC-035 Rofin, Germany) integrated to a 4-axis CNC
workstation with a MIG torch (Kemppi Pro 4200 Evolution MIG). Figure 3.7 shows the
experimental setup for LHW process. CO2 laser was operated in continuous wave mode,
whereas MIG arc was used in pulsed-synergic mode. A 300 mm laser focal distance was fixed
to obtain a laser beam spot of dia 180 pm of gaussian distribution profile. The distance between
the MIG electrode and the laser beam spot maintained was 2 - 3 mm and they were oriented in
such a way that the laser beam is always in front and the MIG torch is behind i.e., laser leading
the MIG arc. Angle between the laser beam and MIG torch with horizontal plane were
approximately 90° and 53° respectively. 100% helium was used as a shielding gas and fed
through the MIG torch to protect the weld pool from contamination. Base plates were clamped
using clamps, stiffeners and screws with manual hand tightened to avoid distortion during
experimentation. Details of LHW process parameters are provided in Table 3.4. Further, the
heat input calculation was carried out as defined in mathematical Equations 3.1 — 3.3 and the

efficiency values were taken from the references [8-11].

Py

Qi =m ? eqn (3.1)
VI

Qmic = NMuic eqn (3.2)

Quybria = Q1 + Quig eqn (3.3)

Where Q;, Qui¢ and Qyyprig — Heat input of laser, MIG, and hybrid processes, respectively
P, — Laser power

1n; and 1y — Efficiencies of the laser and MIG process respectively

Vand I — Arc voltage and current

S — Welding speed

3.4.4 Conventional TIG welding:
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A Conventional Tungsten Inert gas (TIG) welding equipment was employed for
performing welding experiments. Figure 3.8 illustrates the manual TIG welding setup utilized
for experimentation. Prior to welding, base plates were cleaned with acetone and clamped by
specially designed fixtures to avoid distortion during experimentation. Filler wire of 3.2 mm
dia was utilized for weld passes. A sum of six weld passes were utilized to successfully
complete the 10-mm thick superalloy plate welding. Argon shielding gas was utilized to shroud
the weld pool to avoid contamination. An Inter-pass temperature of 150°C was maintained
between interpass weld depositions. The temperature between the weld passes was checked
with the pyrometer. After each weld pass, the surface of the welds was cleaned with wire brush
and acetone. Welding current and voltage maintained were kept in the range of 130 — 140 amp
and 11.5 — 13.5 volts respectively with welding speed being maintained between 50 — 60
mm/min. All welding passes carried out manually by the same welder and the welding was
done in a single session. After welding, the weldments were subjected to dye penetrant and

radiographic examination to check any surface or internal defects.

Figure 3.8. Manual TIG welding experimental setup

3.4.5 Fiber-coupled high-power diode laser welding (DLW):

Diode lasers are advantageous over COz lasers on account of this specific quality such
as shorter wavelength, high absorptivity, high energy conversion efficiency, high reliability,
longer serviceability and portability and low capital cost. Diode lasers constitutes of
semiconductor diodes (for example: GaAs) with equal facets at the end of the splits of the
optical cavity. Semiconducting materials of GaAs compounds produces electromagnetic
radiations (laser light) in near I.R region when excited with electrical device. Therefore, it
infers that the semiconducting device converts electrical energy directly into laser light. An

individual emitter in diode laser bars produces a few watts of output power. Diode laser bars
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consists of numerous emitters in the form of horizontal and vertical stacks to generate diode
lasers with maximum output power in tens of hundreds of kilowatts range. Figure 3.9 shows
the high-power fiber-coupled diode laser system. In which, laser is generated from the laser
source and passed through the optical fiber. The laser welding system further includes a
processing controller to operate the 6-axis robot which is further configured to hold the optical
module. Optical module is configured to receive the laser beam from the laser source through
optical fiber. Furthermore, the robot’s 6! arm is configured to travel along X-Y-Z axes to guide
the optical module to focus and scan the laser beam on the sample pieces. The movement of

the 6-axis robot in any user-defined direction is controlled by a processing controller.

| Process Controller
N

ALOtec Dresden

Figure 3.9. (a) High power fiber-coupled Diode Laser system setup (b) 10 kW diode laser and

(c) Robot and process controller

In the present study, diode laser welding (DLW) experiments were performed by using
a high-power fiber-coupled diode laser system (Model: LDF-10000-60 VGP, Laserline GmbH,
Germany) integrated to a 6 + 2 axis robotic workstation (Model: RV40-RSV, Reis Robotics,
Germany) and an optical head tailored to deliver circular laser beam spot of 0.9 mm diameter
in multi-mode spacial intensity distribution. The laser beam was delivered through an optical
fiber of 600 pm core diameter (NA:0.22) fixed to the 6™ axis of the robot. The experimental
setup used in the study for autogenous single-pass laser welding employing high power fiber-
coupled diode laser is shown in Figure 3.9 and the details of process variables and conditions
employed are described in Table 3.5. Figure 3.10 shows the optical setup utilized in the present
study along with schematic representation of overview of diode laser welding fixturing and

process setup.
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{ Laser beam spot

Figure 3.10. (a) Optical setup with inset image of variation in laser spot diameter with
defocusing distance and (b) Schematic representation of overview of diode laser welding
fixturing and process setup

A combination of collimating focusing optics were arranged in the optical head to
produce laser beam spot of 0.9 mm diameter at a fixed working distance of 150 mm (focal
length of 150 mm) on the surface of the metal plates to be joined. The defocusing distance in
laser welding is generally defined as the distance between the focal plane and the surface of
the material. A positive or negative defocus is obtained when laser focal point is above or below
the surface of the material and a zero defocus entails focal point exactly impinging on surface

of the material.

Table 3.5. Diode Laser welding process variables

Laser type Fiber coupled diode laser
Wavelength 900 - 1070 nm

Optical fiber 0.6 mm core dia with NA: 0.22
Laser beam spot size (Circular) 0.9 mm dia

BPP 66 mm mrad

Mode of processing cw

Laser beam angle 3° to vertical

Focal length 150 mm

Shielding gas Helium

Shielding gas pressure 3 bar

Angle of shielding gas nozzle 45° to vertical

Shielding gas working distance 40 mm

Shielding gas flow rate 3 bar pressure
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Prior to conducting experiments, it was felt important to calculate focal depth
theoretically (using equations Eqns 3.4 - 3.6) [12-15] and experimentally of the laser beam
used for experimentation employing the optical head of the system constituting fiber and
collimating/focusing lenses. Wavelength considered as average of 900 — 1070 nm in
calculation. The measurement of the laser beam spot size was evaluated by measuring the spot
size by measuring burnt spot profile of laser at low power of 100W for a pulse duration of 100
ms passing though the black photographic print paper. Inset image in Figure 3.10 illustrate
variation in laser spot diameter with defocusing distance in both directions of positive and
negative distances from the focal plane. Laser spot analysis based on photographic print paper
burns provided a close approximation in laser spot diameter analysis with focusing distance.
Thus, focal depth of the 0.92 mm (measured spot diameter at focus) laser beam measured was
found to be 9.8 mm as per burnt spots on photographic prints paper. In Eq 3.6, the tolerance
factor p (associated with the condition of laser system and optical setup) could be realised as
1.75 from the approximate variation in spot size by 75% higher to that of spot dimeter at focus
with retention of its size within Rayleigh length of the optical system. Substituting this value
in the Eq. 3.6, the focal depth of the laser beam could be realised as 9.3 mm. Indeed, values
obtained as per burnt spots on photographic paper (9.8 mm) are close to approximation of 9.3

mm focal depth obtained from theoretical assessment using Eq 3.6.
M? = BPP.% eqn (3.4)

4Af M?

Spot size (s) = —

eqn (3.5)

Depth of focus (d) = %m(g)z eqn (3.6)
Where, . — wavelength
BPP = Beam parameter product
f=Focal length
D = Input beam diameter
p = Tolerance factor

Welding was performed by tilting laser beam to an angle of 3° with vertical for effective
protection of sensitive optics from the damage due to possible plasma plume and laser beam
back-reflections. An additional cross-jet was also provided at the end of optical head with
supply of nitrogen gas perpendicular to laser beam to protect optics from dangerous back-

reflection effects as well as spatters that are usually generate during welding. A shielding gas
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nozzle was attached to the laser head with an angle of 45° with helium gas supply at a 3-bar
pressure through its orifice (6 mm diameter) to shield the weld pool from atmospheric
contamination. A 40 mm working distance from laser beam spot maintained to provide
adequate spread on weld pool for effective protection and at the same time not to exert any
force on melt pool. Laser head and shielding gas nozzles were oriented in such a way that the

laser leads shielding nozzle during experimentation.

3.5 Response surface methodology (RSM) based statistical modeling:

As RSM statistical modelling of fusion welding processes are well reported in literature,
statistical analysis on deep penetration high-power fiber-coupled diode laser welding of thick
sections is unknown. Therefore, the present work aims to optimize the deep penetration diode
laser welding process parameters to obtain full penetration welds with complete elimination of
welding defects such as underfill, undercuts, root sag humps. In this study, laser welding
experiments were conducted by using RSM-BBD (Box-Benkhen Design) methodology with
three-factor and three-level methodology as shown in Table 3.6. High-power fiber-coupled
diode laser welding experimental setup (similar to as explained previously) is shown in Figure
3.11. The statistical analysis software Design-Expert V-11 was utilized for the purpose to
generate the design matrix for three-factor and three-level and subsequent analysis of the

experimental data.

- | | [reis i
i . 6 axis Robot
e 57 N \' S =
 Laser beam spot|

Figure 3.11. High power Diode Laser welding setup and zoom-in image of optics and

fixturing setup

Table 3.6. Input process parameters with 3-factors and 3-levels used for BBD experiments

78



Level Laser Welding Defocus
Power speed distance
(kw) (mm/s) (mm)
-1 5 6 -2
0 5.5 10 0
+1 6 14 +2

A sum of 15 experiments were performed based on the three-factor and three-level
matrix obtained from RSM-BBD method and their results obtained as shown in Table 3.7.
Laser welding critical process parameters such as Laser power (LP), Welding speed (WS) and
Defocusing distance (DF) were considered as input variables while other laser welding
processing conditions and parameters were maintained constant during experimentation.
Analysis of variance (ANOVA) technique was utilized to examine the significance of the
developed model and the output responses were corelated with input variables using regression
equation [16,17]. The upper bead width (UBW), weld penetration (WP), fusion zone area
(FZA) and radius of curvature (ROC) was considered as output responses. Indeed, step-wise
regression method during ANOVA technique eliminates the insignificant terms automatically
(terms being F<1 and P>0.05) for the developed mathematical model [16,17]. Furthermore, the
adequacy of the developed model and its significant terms on linear and quadratic and their
interactions were analyzed. Finally, these statistical developed models were utilized to identify
the optimize welding process parameters to ensure the desired weld bead. Indeed, full
penetration weld with reduced surface underfill and root hump defects and increase ROC to as

maximize as possible is the desired criteria in this study.

Table 3.7. Experiments obtained from BBD method based on 3-factors and 3-levels and their

results
Factor 1 Factor 2 Factor 3 |Response 1|Response 2[|Response 3|Response 4

Upper Weld Fusion | Radius of

A: Power B: Speed | C: Defocus |bead width[Penetration| zone area | curvature
Run kW mm/s mm mm mm mm? mm
1 6 6 0 8.01 10 34.41 1.64
2 5.5 10 0 6.61 7.23 22.34 1.09
3 5.5 10 0 6.2 7.06 20.3 0.76
4 14 0 5.48 5.59 13.37 0.47
5 14 0 6.13 6.73 16.66 0.66
6 5.5 10 0 7.28 6.78 20.97 0.66
7 5 6 0 7.72 7.71 26.27 1.24
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8 6 10 2 7.17 6.64 19.67 1.06
9 5.5 14 2 6.06 5.54 13.86 0.65
10 5.5 6 2 8.88 6.91 28.71 1.2
11 5 10 2 6.77 5.37 15.84 0.68
12 5.5 14 -2 5.53 6.91 17.33 0.62
13 6 10 -2 6.62 7.76 23.62 1.07
14 5 10 -2 5.93 7 19.06 0.69
15 5.5 6 -2 6.96 10 38.01 1.23

As well known in any welding process optimization, weld bead profile characteristics
such as Upper bead width (UBW), Fusion zone area (FZA), and Weld penetration (WP) are
known to play a pivotal role in assessing influence of processing parameters on weld quality
and joint efficiency. Furthermore, Radius of curvature (ROC) forms at neck zone of weld bead
cross-section in laser welded joint is an important bead profile characteristic for assessing
liquation cracking susceptibility in Ni-based superalloy. Indeed, higher the ROC lowers the
liquation cracking susceptibility [18,19]. Therefore, UBW, FZA, WP and ROC were
comprehensively assessed and considered as output responses in the present statistical analysis.
Figure 3.12 shows the schematic representation of these four responses evaluated from the
resultant cross-sectional macrographs. In order to analyze the weld bead profile characteristics
such as UBW, WP, FZA and ROC, welded samples were cut in the transverse direction after
laser welding experiments using EDM wire cut and prepared the surfaces according to the
metallographic  procedure. Macrostructural examination of these cross-sectional
metallographic welds was analyzed by employing Opto-digital microscope integrated to

imaging software.
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Figure 3.12. Schematic representation of laser weld bead profile showing various weld bead

characteristics
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3.6 Design of novel joint with setting up of diode laser apparatus for

development of novel welding process (ADLW):

As various welding defects such as underfill, undercuts, root sag humps, laser-induced
porosity, lack of penetration, lack of fusion and various other metallurgical defects could be
realized during deep penetration laser welding of thick Ni-based superalloy. A method for
complete elimination of these defects is the need of the hour. Thus, to develop a novel method
for diode laser welding of thick sections with complete elimination of welding defects, work
to setup high-power diode laser welding has been taken up. The present novel welding method
utilize a high-quality high-power diode laser integrated to a 6 + 2 axis robotic workstation
(similar to that explained previously), additional fixturing and shielding setup as illustrated in
Figure 3.13, for joining thick-section metal plates using a newly designed butt joint

configuration for preplacement of solid filler wire / rod followed by two welding steps.

Figure 3.13. Schematic overview of the high-power fiber-coupled diode laser welding

experimental setup

Firstly, the edges of the pair of metallic materials plates of similar thicknesses (8 — 12
mm) were machined with suitable joint configuration to form a special top and bottom narrow
groove depending on the wire/rod size (@ 1.2 — 3.2 mm) as shown in Figure 3.14a. A total
included angle of a top and bottom groove chosen was 45 — 75° and 90 + 5° respectively. The
depth of the top groove was 1 — 4 mm (based on the filler wire/rod size) so that at least half of
the filler wire diameter insert inside the plate-thickness, while the depth of the bottom groove

was 0.05 times of plate thickness. Then, a solid filler wire / rod of same type akin to work piece
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was aligned and fixed into the top narrow groove with specially designed fixturing setup as
shown in Figure 3.14b. Furthermore, typical size of the solid filler wire was @ 1.2 — 3.2 mm
diameter depending on plate thickness and groove design. Details of optimized parameters

including filler type, size and groove geometry utilized in the present study to weld 10-mm

thick Inconel 617 alloy plates is presented in Table 3.8.

Figure 3.14. Schematic illustration (a) Design of joint configuration and fit up, (b) Filler wire

pre-placed in the groove

Table 3.8. Optimized variables for joint configuration and filler wire

Parameters Values
Base metal plates Inconel 617 alloy
Thickness 10 mm
Filler material ER NiCrMo-4
Filler material size 9 3.2 mm
Included top groove angle (a) 60°
Included bottom groove angle () 90°
Depth of top groove (a) 3.6 mm
Depth of bottom groove (b) 0.5 mm

Appropriate fixturing setup designed and fabricated with shielding setup for the
purpose as shown in inset image in Figure 3.13. Inert shielding gas (helium) was provided by
a shielding nozzle to protect from atmospheric oxidation during welding. Furthermore, a back-
purging shielding setup was also provided by supplying the same type of shielding gas at the
root side of the weld during laser welding. Further, the included angle between the shielding

nozzle and its vertical was in the range of 45 — 50°. The developed method involved two-step
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welding procedure (tack welding and seam welding). In the first step, filler wire/rod was tack-
welded with suitable laser processing parameters (pre-determined laser power and defocusing
distance) and conditions (based on plate thickness, groove-design, filler-wire type and size) so
that wire/rod completely get spot-welded in between the grooves. The distance between the
tacks maintained was in the range of three to four times that of weld tack spot diameter. The
filler wire/rod was melted by the defocused laser beam in continuous or pulsed mode with laser
power varying in the range of 0.5 — 3 kW, depending upon the size and type of the filler wire
utilized under appropriate shielding condition. Figure 3.15 depicts schematic illustration of
laser tack welds overview of sample plates. The tack welding was performed in a way that filler
wire fuses with minimal melting of work piece plates/parts to the extent sufficiently to entail
metallurgical bonding between the wire and the plates without absence of any undulations

throughout the groove of the plates and smooth edge fit up.

Base plate

Tack welds
Filler rod

Figure 3.15. Schematic illustration showing Tack welded plate

After laser tack welding, the plates/parts were cleaned with acetone and wire-brush to
remove any defects or un-melted or oxidized particles formed if any during tack welding
operation. Subsequent to appropriate shielding setup, a specific profiled laser beam of 0.5 — 0.9
mm diameter is scanned with pre-determined laser power, scanning speed in welding direction
and defocusing distance on the assembly constituting tack-welded wire and both plates.
Further, the power of the laser beam used in either continuous or modulated mode with 5 — 6
kW along the weld seam. The schematic setup for laser seam welding process is shown in inset
image in Figure 3.13 while schematic illustration of the enlarged portion of laser seam welded

overview after producing effective joint is shown in Figure 3.16.
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Base plate

Laser seam weld

Keyhole

Figure 3.16. Schematic illustration showing Laser seam welded plate

Table 3.9. Optimized process parameters for laser tack and seam welding experiments

OPTIMIZED WELDING PROCESSING PARAMETERS

Laser Fiber-coupled diode laser
Laser spot dia 0.9 mm
Laser power for Tack welds 2.5 kw
Defocusing distance for tack welding 1 mm inside wire
Pulse width 150 ms
Laser power for seam welding 6 kW
Defocusing distance for seam welding 1.5 mm inside wire
Welding speed 6 mm/s
Shielding gas 100% Helium
Gas pressure 3 bar

After successful laser seam welding operation, the welded coupons were subjected to
visual weld quality inspection as well as non-destructive testing (NDT) evaluation employing
dye penetrant and radiography methods, followed by metallographic analysis, tensile testing

and hardness distribution analysis.
3.7 Characterization of weldments

Subsequent to welding experiments, visual and radiography examination of welds were
carried out to check any internal or surface welding defects present in the weldments. Distortion
in weldments on both sides of the welds were measured using height gauge. However,
magnitude of distortion may not be appropriate by manual calculating method due to clamping

of the base plates during welding. After these analyses, the welded samples were cut in
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transverse direction to the weld using an EDM wire cut machine and cross-sectional
metallographic samples were prepared and polished employing standard metallographic
preparation procedure followed by etching using a Kalling’s reagent (100ml HCI + 100ml
C>HsOH + 5g CuCl,). Welded surface and cross-sectional samples were subjected to various
macro, microstructural analysis, hardness distribution and other properties evaluations. The

techniques used for characterization and the description are given in the Table 3.10.

Table 3.10. Details of various characterization tools used in the present study

Facility Purpose Model Manufacturer
1) Optical Microscope with | Macrostructural analysis (50X SZ2-ILST Olympus Corporation,
Image analyzer 500X) Japan
2) | Opto-Digital Microscope with| Microstructural analysis (5X DSX-510 Olympus Corporation,
Image analyzer 5000 X) Japan
3) | FE-SEM attached with EDS Microstructure, EDS, Nova NanoSEM 450 FEI, Netherland
and EBSD unit Elemental Mapping and EBSD
analysis
4) XRD System Phase analysis D8 Advance Bruker AXS, Germany
5) | Micro-focused XRD system Micro Phase analysis RAPID-II-D/MAX | RIGAKU Corp., Japan
6) | Automatic Hardness Tester |Vickers hardness measurement VMH 104 Leica GmbH, Germany
7) Nano Indentation Nano hardness measurement Nano Inc Oak Ridge, USA
8) | Universal testing machine for Tensile properties KUT-40 INSTRON, USA
Tensile testing
9) Impact testing Impact properties IT-30 FIE, India
10)| Horizontal tubular furnace Hot corrosion EPC3016P1 Carbolite Gero,
Controller — Eurotherm Germany
™
Nanodac

3.7.1 Bead profile analysis

Figure 3.17 illustrate a typical cross-sectional weld bead profile that is generally
obtained in a Laser-based welding processes in Ni-based superalloy with indications of various
regions of interest marked schematically. Three distinguishably different regions of interest
apart from unaffected base metal (BM) namely, Fusion Zone (FZ) constituting fully melted
and resolidified region, partially melted zone (PMZ) constituting dark etched region with
eutectic formation next to FZ and finally grey-etched Heat Affected Zone (HAZ) region

wherein transformed microstructure without involvement of melting generally form in a typical
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weld bead of superalloy material such as Inconel 617. For the ease of understanding to account
critical neck zone region of the weld bead profile from other zones, it was felt pertinent to
segregate the weld cross-section into three distinguishably different regions longitudinally
according to the definition provided in [20], namely upper region, neck region and lower
region. Various other weld bead profile characteristics such as weld penetration (WP), upper
bead width (UBW), neck bead width (NBW), lower bead width (LBW), Fusion Zone Area
(FZA) and radius of curvature (ROC-p) were also indicated in Figure 3.17.

UBW
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Figure 3.17. Schematic representation of laser-based weld bead profile showing various weld

bead characteristics
3.7.2 Macro and Microstructural analysis

For Macro and Microstructural analysis, cross-sectional metallographic welds were
etched using Kalling’s reagent solution. Prior to analysis, these samples were cleaned
ultrasonically to remove any deleterious particles. Then, macro and microstructural
examination of these weldments was analyzed by employing Stereo Microscope (Olympus,
Model SZ2-ILST, Japan) and Opto-digital microscope (Model DSX-510, Japan) integrated to
imaging software and High magnification microstructural analysis were carried out using field
emission scanning electron microscopy FESEM (Model FEI Nova NanoSEM 450,
Netherlands) equipped with EDS (shown in Figure 3.18) for elemental compositional analysis
at different zones of interest comprising fusion zone (FZ), Partially melted zone (PMZ), Heat
Affected Zone (HAZ) and Base Metal (BM) as described in Figure 3.17. EDS attached to
FESEM was utilized to analyze compositional variation in dendritic boundary, interdendritic

region in fusion zone, eutectics in PMZ, partially dissolved carbides in HAZ and surrounding
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matrix by using spot-analysis and elemental mapping analysis. Furthermore, EBSD attached to
FESEM was utilized to comprehensive study the grain size and grain size distribution in
weldments. Image analysis software were utilized to evaluate quantitatively the weld bead
characteristics described in Figure 3.17 as well as other critical characteristics such as
percentage of phases in fusion zone, quantification of grain boundary re-solidified phases and

liquation crack length in PMZ region, grain size and secondary dendritic arm spacing (SDAS).

Figure 3.18. Field emission scanning electron microscope (FESEM) attached to EDS/EBSD

SDAS was evaluated in fusion zone microstructure based on method “D” suggested by

Vandersluis et al. [21]. Eqn. 3.7 illustrates the assessment of SDAS.

L

Where L — Length of primary arm (center — center) of counted secondary arms and N —

Number of secondary arms

Then by using SDAS values, the cooling rates in the fusion zones were calculated by using the

empirical Eqn. 3.8 [7].

A=K.R" eqn (3.8)
Where 1 — SDAS, R — Cooling Rate, K and n are material constants.
3.8 Phase analysis

3.8.1 Conventional X-ray diffraction (XRD)
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Phase analysis in as-received base material and weldments of Inconel 617 alloy
produced by CO: laser, diode laser, laser hybrid and conventional TIG methods was carried
out using X-ray diffraction system (Bruker AXS, Germany). XRD technique utilizes the
patterns obtained from the scattered electrons diffracted from lattice plane of the exposed
surface. Each of the crystal plane will diffract with different intensity depending on orientation
in the plane. The apparatus is equipped with auto divergence and convergence slit assemblies
for constant area analysis, apart from normal fixed slits. The instrument was fine-tuned to high-
resolution mode to detect even very low concentration phases and enable accurate positional
measurements of Bragg peaks. XRD was performed using a Cu-ka target in the 20 range of 25
- 80° with a step size of 0.02° under slow scanning speed of 0.1°/ min. For XRD analysis,
samples were first cut into a size of 10 x 10 mm at weld center using low-speed Isomet saw
and polished with silicon carbide paper and Al>O3. Later electro-polishing was performed using

a Struers’ standard A2 electrolyte solution for ten seconds.

3.8.2 Micro-focused X-ray diffraction (XRD):

Figure 3.19. Micro-focus X-ray diffraction system (XRD)

Further, to comprehensively identify phases present in critical small regions of
weldments, micro-focused X-ray diffraction system was utilized since it assesses with high
precision and accuracy. This is the most adaptable laboratory scale XRD system. This system
is equipped with high intensity micro-focus rotating anode X-ray source-(Rigaku MicroMax
007HF) with high brightness at the focus point position. This system also constitutes of high
sensitive and large image plate based 2D detector, which provides a full scan starting from -47

to +163 degree for 260 in a single exposure even with very small duration of time. In this system,

88



X-ray beam can focus to a very fine spot in the order of 10, 50, 100 pm and so on (dia) which
helps in identifying phases in localized areas. This system can be operated in reflection,
transmission and glancing incidence configuration. Further, it also has ability to perform fully
automated area mapping using auto stage. This micro-focused XRD system used to evaluate
various characteristics such as phase analysis, texture, residual stress, trace phase detection (for
phase fraction of 0.1-1% or less) in micro/macro-area apart from thin film analysis in the
glancing incidence mode. In the present study, micro-XRD scans were carried out by using
D/MAX RAPID II Rigaku Smart Lab system (RIGAKU Corp., Tokyo, Japan) XRD shown in
Figure 3.19 with Cu-Ka target and with a spot size of spot of 100 pm diameter. Xrd scans were

done both in FZ as well as critical small regions of PMZ and HAZ.
3.9 Mechanical Properties of Weldments

3.9.1 Hardness analysis:

3.9.1.1 Conventional: Microhardness testing at 200gf load with a diamond base pyramid
indenter on as-received base material as well as welded samples of Inconel 617 alloy carried
out with an automatic digital Vickers micro-hardness testing facility (Model VMH 104, Lieca
GmbH, Germany) as mentioned in Table 3.10. The system is equipped with various indenter
(Vickers and Knoop) and can be used with loads ranging from 1 —2000gf and variable objective
lens (10 — 100X). Hardness measurements were carried out across the fusion, PMZ/HAZ and
BM with a dwell time of 15 sec. An average of three readings reported for the purpose. A
minimum of three times of indentation diagonal distance was always maintained between two

indents every time when hardness measurements were undertaken in the samples.
3.9.1.2 Nano Indentation:

Nano indentation also known as depth sensing indentation techniques was first
proposed and developed by Oliver and his co-workers [22]. It works on the basis of the theory
of elastic-mechanic contacts. This test measures the mechanical properties of any materials by
impinging the Berkovich indenter into the surface of the test specimen under predefined load
and hold it before unloading. Based on the load-displacement curve, the hardness and elastic
modulus of the material can be evaluated by taking the slope of the unloading curve and the
ratio of the peak force to the projected contact area of the indent respectively. This technique
is not only a simple extension of conventional micro-hardness test but also various other

information such as creep, fracture toughness and residual stress etc at nano level can be
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evaluated from load-displacement data. Nano indentation testing is now become popular for
evaluating hardness of the thin film coatings as it limits the depth of indentation to remove the

surface effects and other surface mechanical characteristics [23].

In the present study, as hardness of the localized micro-level regions such as Low-
Melting Eutectics (LME) and GB carbides is difficult to measure by Vickers hardness tester,
high speed Nano-indentation testing was carried out using advanced Nano-Indentation system
(Nano mechanics Inc., Oak Ridge, USA) as shown in Figure 3.20 at an applied load of 2 mN.
The distance between the indents maintained was one micrometer. Nano indentation maps of
area 30 x 30 pum? constituting 900 indents per map were collected and analyzed for
understanding phase distributions. Additionally, elastic modulus maps were also measured to

assess mechanical strength of individual phases present in weld microstructures.

W

Berkovich
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Figure 3.20. High speed Nano Indentation system
3.9.2 Tensile and Impact tests:

Joint efficiency with tensile properties evaluation of welded joints as well as substrate
material were evaluated by subjecting to room temperature tensile testing employing a
universal tensile testing machine (INSTRON Model 5584) shown in Figure 3.21a. Crosshead
speed of | mm/min was maintained constant during testing. Prior to tensile testing, butt joint
specimens were subjected to surface grinding to remove surface defects of underfill/root sag and
camber present if any. Welded as well as substrate tensile test coupons were prepared according
to ASTM ES8 standard. Welded samples were extracted perpendicular to the weldment as shown

in Figure 3.21b and the details of sample dimension is shown in Figure 3.21c. After tensile test,
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fractured samples were examined using FESEM to assess mechanism of fracture and its

morphology.

Figure 3.21. (a) Universal tensile testing machine, (b) Samples extracted from welded plates

and (c) Transverse tensile test specimen as per ASTM E8 (All dimensions in mm)

Furthermore, the Impact energy of the cross-weld specimens along with as-received
BM were evaluated by using Impact testing machine as shown in Figure 3.22a. Amount of
energy required for sample failure were recorded for each sample. Average of three samples
were considered. The test specimens were prepared according to the ASTM E23-18 standard

and the dimensions are shown in Figure 3.22b.

0.25 mm rad

Figure 3.22. (a) Impact testing machine, (b) Impact test specimen as per ASTM E23-18 (All

dimensions in mm)
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3.10 Hot corrosion analysis of weldments

As mentioned, Inconel 617 superalloy intended to be used in future boiler components
such as superheater, reheater tubes wherein high-temperature corrosion is one of the important
characteristics to be assessed. Therefore, high-temperature corrosion behaviour under coal-ash
and salt-environments of the weldments as well as as-received base metal were studied in a
horizontal tubular furnace as shown in Figure 3.23 simulating boiler power plant environment.
The USC power plant environment was simulated by combining synthetic coal-ash and a
flowing synthetic flue gas mixture. The synthetic coal-ash consisted of Fe;O3 (6 %) + 1.6 %
K>SO4 + ALO3 (30 %) + SiO2 (60 %) + 0.4 % NaxSO4 + TiO2 (2 %). The salt composition
consisted in the ratio of NaxSOs : K»2SO4 : NaCl — 75:24:1. The synthetic flue gas mixture
composed in the ratio of CO; cylinder — N2 : CO2 : Oz — 75.99 : 3.44 : 20.57 and SO> cylinder
—S0O2 : N2 —0.134 : 99.866. The synthetic flue gas mixture was passed through the furnace

tube at a flow rate of 100 ml/min.

Figure 3.23. (a) Horizontal tubular furnace for hot corrosion study (b) inside view, (c¢)

controller and (d) samples placed in the crucible

Initially, samples were cut using an EDM wire cut machine of size 20 x 7 x 5 mm cross-
sectionally to the weldments. Then each sample was polished metallographically by using SiC
emery grit papers upto 1000, followed by rinsed with distilled water and then cleaned with
acetone. The synthetic coal-ash was prepared by mixing with distilled water and then subjected
to ultrasonicator to form a slurry with proper mixing of the ingredients. Then the samples for

coal-ash coated study were coated with coal-ash slurry by using a smooth painting brush.
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Weight of the slurry on each sample must be atleast 3-5 mg/cm? of the specimen surface area.
Subsequent to coating, the coated specimens were subjected to preheating at a temperature of
200°C to remove moisture. After preheating, the samples were placed in alumina crucible
(shown in Figure 3.23d) and weight prior to expose in the furnace. Similar procedure was
applied for salt-coated specimens. After measuring weight of each sample along with crucible,
the samples were placed in the furnace for corrosion study. Cyclic hot corrosion test was carried
out at a temperature of 600°C for 1000 hours with 5 cycles (200, 400, 600, 800 and 1000 hours).
After each exposure cycle the weight change was measured with 0.1 mg accuracy analytical
weighing balance. After 1000 hours exposure time, each test specimens were thoroughly
analyzed using XRD, SEM and EDS. The corrosion rate was determined in terms of thickness
of corroded layer formed at the end time and its characteristic in terms of elemental phase

analysis and composition assessed by employing XRD and EDS.
3.11 References

1. Klower, J. "Alloy 617 and derivatives." In Materials for Ultra-Supercritical and Advanced
Ultra-Supercritical Power Plants, pp. 547-570. Woodhead Publishing, 2017

2. Inconel 617 alloy datasheet, Special metals corporation, 2005

3. SBI168, Section II, Part B, Nonferrous material specifications, ASME Boiler and Pressure
Vessel Code, 2010, 213-226.

4. Pavan, A. H. V., K. S. N. Vikrant, R. Ravibharath, and Kulvir Singh. "Development and
evaluation of SUS 304H—IN 617 welds for advanced ultra-supercritical boiler applications."
Materials Science and Engineering: A 642 (2015): 32-41.

5. Tytko, Darius, Pyuck-Pa Choi, Jutta Klower, Aleksander Kostka, Gerhard Inden, and Dierk
Raabe. "Microstructural evolution of a Ni-based superalloy (617B) at 700 C studied by electron
microscopy and atom probe tomography." Acta materialia 60, no. 4 (2012): 1731-1740.

6. Sun, Junhao, Wenjie Ren, Pulin Nie, Jian Huang, Ke Zhang, and Zhuguo Li. "Study on the
weldability, microstructure and mechanical properties of thick Inconel 617 plate using narrow
gap laser welding method." Materials & Design 175 (2019): 107823.

7. Ren, Wenjie, Fenggui Lu, Renjie Yang, Xia Liu, Zhuguo Li, and Seyed Reza Elmi Hosseini.
"A comparative study on fiber laser and CO2 laser welding of Inconel 617." Materials & Design
76 (2015): 207-214.

8. Benyounis, K. Y., A. G. Olabi, and M. S. J. Hashmi. "Effect of laser welding parameters on the
heat input and weld-bead profile." Journal of materials processing technology 164 (2005): 978-
985.

9. Kou, Sindo. "Welding metallurgy." New Jersey, USA 431, no. 446 (2003): 223-225.

10. Ustiindag, Omer, Sergej Gook, Andrey Gumenyuk, and Michael Rethmeier. "Hybrid laser arc
welding of thick high-strength pipeline steels of grade X120 with adapted heat input." Journal
of Materials Processing Technology 275 (2020): 116358.

11. Fuerschbach, P. W. "Measurement and prediction of energy transfer efficiency in laser beam
welding." Welding Journal 75, no. 1 (1996)

12. Steen, William M., and Jyotirmoy Mazumder. Laser material processing. springer science &
business media, 2010.

93



13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

Wandera, C., and Veli Kujanpdi. "Optimization of parameters for fibre laser cutting of a 10
mm stainless steel plate." Proceedings of the Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture 225, no. 5 (2011): 641-649.

online website http://www.rsoptics.com/zznlshow.asp?id=223.

O’Neill, W., M. Sparkes, M. Varnham, R. Horley, M. Birch, S. Woods, and A. Harker. "High
power high brightness industrial fiber laser technology." In International Congress on
Applications of Lasers & Electro-Optics, vol. 2004, no. 1, p. 301. Laser Institute of America,
2004.

Montgomery, Douglas C. Design and analysis of experiments. John wiley & sons, 2017.

A. Khorram, M. Ghoreishi, CO2 laser welding of Ti6Al4V alloy and the effects of laser
parameters on the weld geometry, Lasers Eng. 21 (2011) 135-148.

Nishimoto, K., I. Woo, T. Ogita, and M. Shirai. "Factors affecting HAZ cracking susceptibility
of laser welds. Study of weldability of Inconel 718 cast alloy (4th report)." (2001): 965-972.
Gao Z. Numerical modeling to understand liquation cracking propensity during laser and laser
hybrid welding (I). The International Journal of Advanced Manufacturing Technology.
2012;63(1):291-303.

Shinozaki K, Kuroki H, Luo X, et al. Effects of welding parameters on laser weldability of
Inconel 718. Study of laser weldability of Ni-base, heat-resistant superalloys (1st Report).
Welding international. 1999;13(12):945-951

Vandersluis E, Ravindran C. Comparison of measurement methods for secondary dendrite arm
spacing. ] Metallography Microstructure and Analysis. 2017;6(1):89-94

Oliver WC, Pharr GM. An improved technique for determining hardness and elastic modulus
using load and displacement sensing indentation experiments. J Mater Res. 1992;7(6):1564-83
Wang, Haidou, Lina Zhu, and Binshi Xu. Residual stresses and nanoindentation testing of films
and coatings. Springer, 2018.

94



CHAPTER 4

Comprehensive study on process optimization of CO; Laser and CO:

Laser-MIG Arc Hybrid welding of Inconel 617 alloy

4.1 Introduction

The first task was to assess the feasibility of welding Inconel 617 alloy by employing
autogenous CO> laser welding (ALW) and CO2 laser + MIG hybrid welding (LHW)
techniques. Hence, bead-on-plate (BOP) welding configurations used to assess the influence
of heat input in both ALW and LHW processing. Optimization of laser and laser-hybrid
welding processes of this superalloy has been carried out using comprehensive microstructural
and hardness distribution analyses of weldment employing ALW and LHW techniques. Study
taken up to investigate the effect of heat input on both ALW and LHW of Inconel 617 alloy.
Thus, comprehensive analysis of various weld bead profile characteristics along with critical
Radius of Curvature (ROC) has been taken up in this chapter (as it determines liquation
cracking susceptibility at neck zone) akin to several studies reported on superalloy [1-6].
Subsequent to welding, analysis of various bead profile characteristics such as weld bead width,
weld penetration depth, fusion zone area, depth-to-width aspect ratio, along with fusion zone
microstructure, secondary dendritic arm spacing (SDAS), cooling rates, hardness distribution,

and width of HAZ is comprehensively explained in this chapter.
4.2 Experimental Methodology

The base material selected for the entire present investigation is a solid-solution
strengthened Nickel based superalloy Inconel 617 in a form of plate of thickness 10 mm in
solution-annealed condition with a nominal composition as tabulated in Table 3.1. Bead on
plate (BOP) welding experiments were carried out using Autogenous CO; laser welding
(ALW) and CO> laser + MIG hybrid welding (LHW) processes. The Laser-MIG hybrid
welding setup employed for the experimentation was shown in Figure 3.7 and the process
variables were depicted in Table 3.4. Welding process parameters with a fixed laser power of
3.5 kW (maximum available with CO> laser system) and varying welding speed in the range
0f 0.6 — 1.0 m/min employed for BOP welding experiments is presented in Table 4.1. Further,
heat input calculations were done by using equations 3.1 — 3.3 and SDAS and cooling rates

were evaluated by using equations 3.7 and 3.8 respectively as showed in chapter 3.
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Table 4.1. Process parameters of LHW and ALW BOP welding experiments

Laser Power Welding speed Wire feed rate  Heat Input
Process Sample ID

(kW) (m/min) (m/min) (J/mm)
LHW 1 1 480
Laser-MIG
. LHW 2 0.8 8 630
Hybrid
LHW 3 35 0.6 820
ALW 1 1 190
Autogenous
ALW 2 0.8 - 260
Laser
ALW 3 0.6 315

4.3 Bead profile analysis

Cross-sectional weld bead profile analysis in any fusion weld joint is essential for
understanding its strength and weldability. Detailed bead profile analysis by cross-sectional
macroscopy has been taken up for the purpose. As the principal aim of the study is to assess
the influence of heat input on weld bead profile characteristics, wide variation of heat input in
the range of 190 - 820 J/mm was adopted for experimentation under bead-on-plate
configuration with employment of both ALW and LHW methods. Further to explain influence
of mode of welding (conduction/keyhole) with type of welding process (ALW/LHW) on weld
bead profile in conjunction with heat input, it was felt pertinent to explain the mechanism of
weld bead formation at various stages with schematic representation as depicted in Figure 4.1.
Indeed explaining this schematic at various stages in bead profile help facilitate evaluating an
important critera termed as ROC, determined as “p” in our case, as it was observed to directly
affect liquation cracking suceptability at neck zone as reported by several studies on superalloy

[3-6].

Figure 4.1 (e) illustrate a typical weld bead profile that is generally obtained in a LHW
process involving two heat sources of laser and conventional MIG or TIG. Three
distinguishably different regions of interest namely, FZ constituting fully melted and
resolidified region, PMZ constituting dark etched region with eutectic formation next to FZ
and finally grey-etched HAZ region wherein transformed microstructure without involvement
of melting generally form in a typical weld bead of superalloy material such as Inconel 617.
The bead profile will be generally of wine-cup shape in high energy density welding processes

such as LHW with wide face at top and narrow bottom. The laser source being intense and high
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intensity allow for deep and narrow penetration with keyhole, whereas, MIG source induce
lateral spread in fusion bead with predominantly conduction mode. Thus bead width at upper
face region (Wupper) will be wider with low depth-to-width aspect ratio in LHW as compared
to that of ALW, although depending on the heat input and material coupling, the bead profile
varies to a great extent. Apart from the specified cross-sectional weld bead profile dimensions
of FZ, other characteristics such as FZ area, depth-to-width aspect ratio, PMZ and HAZ
characterictics are also found to greatly influence strength of joint and other properties of the

weldment.

E = [z
B e [ vn
w2 [ ot

Figure. 4.1: Schematic representation of (a) Laser conduction mode (b) Laser keyhole mode,
(c) MIG arc mode (d) Laser-MIG Hybrid mode, and (e) Laser-MIG hybrid weld bead
geometry

Notwithstanding the influence of various bead profile charcateristics, ROC was found
to be most influencing in laser and laser-hybrid welding process, more specifcally when the
material involved is a Inconel 617 superalloy due to PMZ formation and susceptibility to
liquation cracking. Figures 4.1 (a-d) illustrate typical schematic profiles that could evolve at
various stages in ALW and LHW methods. Figure 4.1 (a) illustrate typical weld bead that forms
in case of autogenous laser welding when processed in conduction mode with no protrusion
of keyhole (absence of “p”, the ROC at neck zone) and hypothetical radius (r) produced in this

case will be generally low. When the energy density increase due to increase in heat input to a
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level beyond threshold level wherein strong evaporation occurs on the melt surface, the recoil
pressure developed will be sufficient to induce a deep narrow depression through the thickness
of material, indicating keyhole effect. In such case, ROC “p” will evolve at the neck zone
intersecting conduction and keyhole modes of fusion zones (depicted in Figure 4.1 (b)). A
keyhole in laser welding is a unique phenomenon which includes various factors such as
multiple reflections, Fresnel absorption, recoil pressure and pressure due to surface tension [7].
Welds obtained by keyhole mode welding entail high aspect ratio (depth-to-width). However,
in case of LHW processes, as two different heat sources of laser and MIG act simultaneously
onto the material surface, a broadened weld bead width with deeper weld penetration profile

evolve as shown in Figure 4.1 (d) as compared to a simplified semispherical bead in case of

only MIG welding with reasonably low heat input energy (as depicted in Figure 4.1 (c)).

For the ease of understanding to account critical neck zone region of the weld bead
profile from other zones, it was felt pertinent to segregate the weld cross-section into three
distinguishably different regions longitudinally according to the definition provided in [4],
namely upper region, which extended from the upper bead surface to the upper point of contact
between the two circles lying on fusion line. The upper region is a wide fusion region
predominantly comprising of MIG effect in case of LHW and laser alone in ALW. Neck region
extends from the curved contour region of upper circle and lower points of contact between the
two circles of the bead cross-section. In case of LHW, neck zone is considered to be the
combined effect of laser as well as MIG, whereas in case of ALW it is alone due to laser heat
source. Lower region is the narrow region with heat effect of predominantly laser induced
penetration region covering the remaining region from the lower point of contact. Apart from
the above geometrical features of weld bead profile, area of FZ, area of HAZ, depth-to-width
aspect ratio, width of HAZ at maximum heat stagnation (near neck region), defined as HAZ max,
intersecting conduction and keyhole regions of ALW or laser and MIG FZs of LHW are also
evaluated to comprehensively understand the effects due to heat input variation and heat
sources. Evaluation of these profile parameters were assessed based on the criteria adopted by

several studies reported on laser and laser-hybrid welding of various materials [3-6].
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Figure. 4.2: Macrographs of ALW and LHW welds at different heat input conditions

Figure 4.2 depicts the cross-sectional weld bead macrographs obtained in both ALW
and LHW processes with variation of heat input ranging from 190 — 315 J/mm in former and
480 — 820 in later. Table 4.1 depicts processing parameters employed for bead-on-plate
experimentation. As welding speed affects the weld quality more than that of laser power since
it influences weld bead profile, all experiments were conducted at a fixed laser power of 3.5
kW, maximum available with the CO» laser system, in case of both ALW and LHW and varying
welding speed of 0.6 — 1.0 m/min. The influence of two different welding processes of ALW
and LHW, on weld bead formation is clearly discernible in macrographs presented in Figure
4.2. In LHW, bead profile illustrates a typical “wine-cup” shape with the wider and shallower
upper zone which is of similar morphology to that of the arc welds and a narrow deeper lower
zone which is in accordance to that of laser welds is due to the combined synergitic effect of
laser and arc sources. ALW bead profile shows a typical Y-shape bead, shallower at top and
narrower at the root, plausibly, due to the small concentrated CO- laser beam of diameter 180
um. Weld bead profiles obtained in the processes are associated with intensity distribution
profiles of heat sources as reported by several works involving laser and laser-hybrid welding

of metallic materials [8-10].

Figure 4.3 illustrates the influence of heat input in both ALW and LHW processes on
various bead profile geometrical features evaluated constituting weld bead widths and depth of
penetration as well as areas of FZ and HAZ zones obtained from the weld cross-sectional
macrographs. It is clear that due to the addition of MIG source in LHW, the upper fusion zone
(UFZ) width obtained was three times larger than that of ALW, although with a sluggish extent

of depth of penetration. Indeed the marginal improvement of 1.2-1.3 mm in penetration depth
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due to the addition of laser source in LHW is discernible on account of narrow laser-focus
based heat input as compared to that of ALW. Marginal improvement of penetration depth in
LHW even when the heat input is enhanced by combining MIG arc with laser beam indicated
that the MIG arc merely heats up the metal surface, whereas laser determines depth of

penetration.
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Figure. 4.3: Effect of heat input on (a) weld bead geometry, and (b) Area of fusion zone and
HAZ

Apparently, the reinforcement was also found to be higher in LHW (can be seen in
Figure 4.2) as compared to that of ALW weld beads. This can be attributed to the filler addition
in case of LHW. Apparently, bead width evaluated at all zones of upper, lower and neck regions
of FZ and depth of penetration increased with increase in heat input. However, the extent of
increase was gentler in case of penetration depth and neck/lower fusion widths associated with
laser source effect with not much effect of depth-to-width aspect ratio. Indeed, due to
marginally small variation in welding speed (0.6 — 1.0 m/min), significant attenuation in laser
beam energy by plasma could be visualized. Consequently, stabilization of weld pool obtained
could be optimum with variation in heat input within the range adopted for experimentation for
better weld quality and seam consistency. Other researchers also reported similar effects of

weld bead geometry with variation in heat input in laser and laser-hybrid processes [8-10].

Despite with production of defect-free weld joints, it is well known that the cross-
sectional area of FZ and HAZ surrounding it greatly influence joint properties of strength, stress
condition and distortion. Thus, the influence of heat input and type of welding process on weld
bead profile in terms of weld FZ and HAZ (surrounding both PMZ and HAZ) areas are
calculated and presented in Figure 4.3b. It is clear that both FZ and HAZ areas are found to
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increase with the increase in heat input as a direct consequence in both ALW and LHW
processes. FZ area nearly doubled from 10 sq. mm to 17 sq. mm with an increase in heat input
from 190 to 315 J/mm in case of ALW, whereas it enhanced from 29 sq.mm to 48 sq.mm with
an increase in heat input from 480 to 820 J/mm in LHW. Indeed, a small amount of FZ area
with high aspect (depth-to-width) ratio is the unique characteristic of laser beam welding
process on account of keyhole effect with highly concentrated laser energy source. Large
amount of weld metal in LHW as compared to that of ALW resulting in wider upper bead width
help facilitate in gap bridegability at the expense of joint strength. A similar trend could be
observed in variation of HAZ area with respect to heat input. Despite high variation in FZ area
in LHW, the extent of increase in penetration is rather monotonic and slow as compared to that
observed in ALW. This could be attributed to less hindrance of plasma in ALW as compared
to that of LHW. In other words, the small plasma/vapor absorption does not interrupt laser
energy penetration into the substrate effectively in the ALW process. Similar observations to
the effect of weld bead profiles in terms of fusion and HAZ area with variation in heat input
were reported in several welding studies [8-10]. Indeed, these aspects are found to greatly
influence thermal gradient profile, stress-strain distribution, and ROC along solid-liquid fusion

boundary and microstructure explained later.

4.4 Microstructure and hardness distribution analysis

Figure. 4.4: Optical micrographs in various regions (a) UFZ, (b) NFZ, (c) LFZ of LHW, (d)
UFZ (e) NFZ, and (f) LFZ of ALW,
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UFZ — Upper fusion zone, NFZ - Neck fusion zone, LFZ — Lower fusion zone

Figure 4.4 elucidates optical micrographs of various regions of upper, lower and neck
within central weld fusion line in both ALW and LHW. It can be seen that columnar/cellular
dendrites of y-Ni grew in direction of welding and converged towards the weld central line as
in the direction of heat flow. However, the coarser columnar/cellular dendritic microstructure
was observed in UFZ of LHW in comparison with UFZ of ALW, presumably, due to prevailing
high peak temperature and low cooling rate in LHW than ALW as reported study by Tomasz
Kik [11]. The cooling rate evaluated from SDAS and explained previously facilitated in
understanding its influence on microstructural coarsening and segregation effects. Indeed,
LHW process induced 25% higher peak temperature and thereby extended cooling time by
three-times as compared to that of ALW. Thus, FZ microstructure, morphology of dendrites,
and micro-segregation of elements in inter-dendritic regions influenced by cooling rate,
presented in Figure 4.5, are found to vary distinguishably different due to variation in heat
inputs associated with LHW and ALW processes. It is clear from Figure 4.5¢ that the cooling
rate decrease with increase in heat input in both LHW and ALW. In the UFZ, the cooling rate
is in the range of 0.2 — 0.35 x 10° K/s in LHW and 1.25 — 1.55 x 10° K/s in ALW, which are in
good agreement with the previously reported studies on Inconel 617 alloy [8]. Significant
reduction of cooling rate in UFZ of LHW (0.22 x 10° — 0.35 x 10° K/s) as compared to that of
ALW (1.26 x 10° — 1.54 x 10° K/s) on account of addition of MIG arc in case of LHW process.
Apparently, no obvious variation in cooling rates observed between lower fusion zones (LFZ)
of LHW and ALW welds. Whereas, variation of cooling rate still observed in NFZ between
LHW and ALW processes (shown in Figure 4.5¢), indicating that the NFZ of LHW is the
combined effect of MIG and Laser resulting in lower cooling rates compared to NFZ of ALW.
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Figure 4.5. FESEM micrographs (a) UFZ and (b) NFZ of LHW at 480 J/mm and (c¢) UFZ and
(d) NFZ of ALW at 190 J/mm heat input and (¢) Cooling rates vs heat input in NFZ of ALW
and LHW

Table. 4.2. Chemical composition of the Interdendritic region (IR) and the Dendrites (D) as
determined by EDS analysis (wt %)

Heat input
Sample Region Cr Mo Ni Co Al Ti
(J/mm)

IR 25.48 14.12 43.29 9.23 0.48 0.76

LHW_UFZ
480 D 23.80 8.57 50.14 11.33 0.31 0.51
IR 24.3 11.24 44.42 10.4 0.65 0.57

LHW_NFZ
D 23.19 8.07 50.75 11.63 0.57 0.46
IR 24.44 12.53 43.06 11.2 0.31 0.61

ALW_UFZ
19 D 23.59 7.91 51.84 12.15 0.21s 0.43
IR 23.98 11.09 44.12 11.04 0.55 0.58

ALW_NFZ
D 23.12 8.43 49.95 12.65 0.44 0.54

103



Figures 4.5 (a-d) elucidate the influence of cooling rate on FZ microstructures of UFZ
and NFZ in both LHW and ALW. As well known, the cooling rates in laser and laser hybrid
welded FZs influence the micro-segregation of alloying elements into the inter-dendritic
regions during solidification. Thus, to quantify segregation behavior in welded FZs due to heat
input and type of welding method, SEM/EDS spot analysis was carried out at weld central line
along with EDS spot analysis (depicted in Table 4.2) of both LHW and ALW FZs. Results
indicated that inter-dendritic region carbides formed in both LHW and ALW FZs are found to
be enriched with Mo (nearly doubled), Cr and Ti (marginally increased) as compared to the
surrounding matrix. The segregation of Cr and Mo into the inter-dendritic region results in the
formation of Cr, Mo-rich secondary carbides upon solidification. It is the lower solubility of
Mo content in the y-Ni matrix, micro-segregation enhances into inter-dendritic region of both
LHW and ALW FZs. The micro-segregation of Mo into the inter-dendritic region of ALW is
quite lower than compared to that of LHW and could be attributed to the high cooling rate and

prevailing low-temperature gradient in ALW.
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Figure. 4.6: SDAS and Hardness distribution as a function of heat input in Neck fusion zone

(NFZ) of ALW and LHW

The SDAS and micro-hardness values of ALW and LHW in NFZs under difterent heat
input conditions are shown in Figure 4.6. SDAS in the UFZ and NFZs is higher than that
observed in the lower fusion zone (LFZ) of both LHW and ALW. Apparently, SDAS increases

with increase in the heat input in both LHW and ALW as a consequence of temperature
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gradients and cooling rate effects. In LHW, the SDAS of UFZ is 2.5 — 3 times higher than LFZ
is plaussibly due to the presence of lower cooling rates in UFZ (0.22 x 10° — 0.35 x 10° K/s) as
compared to LFZ (2.30 x 10° —2.65 x 10° K/s). High heat input in LHW can drive the secondary
dendritic arms to grow at the expense of the lower cooling rate in UFZ. The cooling rate
variation within UFZ and LFZ in ALW is relatively unperturbed, and as a result, the extent of

variation of SDAS is significantly low.

Consistent with microstructural variation observed due to heat input and type of
welding process involved, microhardness of weld FZ decreases with increase in heat input in
both LHW and ALW welds. The hardness of UFZ and NFZ in LHW was found to be slightly
lower than that of UFZ and NFZ in ALW. It is clear that the average hardness in UFZ of LHW
is influenced by the low cooling rates associated with MIG arc resulting in coarser SDAS and
low hardness than compared to ALW. LFZ of both LHW and ALW welds showed the highest
hardness. This distinguishable hardness difference in LFZ, despite with similar composition,
could be attributed to the microstructural refinement (finer SDAS) accompanied with laser-
induced melting involving high cooling rate in ALW as compared to that of high heat-input
LHW process. Similar observation of reduction in average hardness distribution as heat input
decreased attributed to the finer SDAS at the expense of higher cooling rates of fiber and CO-
laser welded Inconel 617 has been reported in the study conducted by Ren et al. [8].

4.5 HAZ and ROC analysis at neck zone

As reported by several studies on high energy concentrated fusion welding process
involving superalloy prone for liquation cracking, analysis of PMZ/HAZ and ROC at neck
region were found to play a pivotal role in understanding the cracking phenomena [7,12,13].
In a study involving welding of Inconel 617, assessment of metallurgical factors including GB
liquation and mechanical factors of elevated temperature plastic strain or strain rate were found
to greatly influence strength of joints [5,6]. These liquation cracks were predominantly found
in the neck zone of weld bead cross-section where HAZ is widest and is more liable to heat
accumulation [3]. Therefore, in the present work, HAZ width has been evaluated in the neck
zone of both LHW and ALW welds and the results are depicted in Figure 4.7. The inset
micrograph of LHW interface in Figure 4.7 shows the measurement of HAZ width.
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Figure. 4.7: Width of HAZnax (microns) at neck zone of both ALW and LHW with inset

microstructure of LHW interface

The width of HAZ was found to increase with increase in heat input in both LHW and
ALW welds. However, the widest width of HAZ was obtained in LHW which is in the range
of 425 — 620 um for the heat input of 480 to 820 J/mm, whereas the HAZ width for ALW was
found to be in the range of 245 — 395 um for the heat input of 190 — 315 J/mm. This infers that
the width of the HAZ at neck zone in LHW is quite wider than in ALW and plausibly due to
the fact that, the neck zone of weld bead is more liable to heat accumulation and has a gentler
temperature gradient as a result widest width of HAZ at neck zone than in the other zones.
However, the widest HAZ width in LHW is due to the additional MIG arc heat and deposition
of molten metal from filler wire resulting in an extended region of upper bead width, thereby
increasing the ROC which in turn increases the width of HAZ in neck zone. Thus, the width of
HAZ in the neck zone primarily depended on degree of waist at neck zone i.e, the ROC.
Therefore, ROC for both LHW and ALW weld beads has been evaluated and presented in

Figure 4.8. The inset schematic image in Figure 4.8 shows the measurement of ROC.
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Figure. 4.8: Effect of heat input on radius of curvature of both ALW and LHW

It is clear that the ROC increases with an increase in heat input in both ALW and LHW
due to increase in the interaction time. It can also be seen that the ROC in wine-cup bead shape
LHW is quite larger than that in Y-type bead shape of ALW and associated with prevailing
heat inputs. The huge differences in depth and width of laser and arc penetration shape and
separation of these two heat sources at neck zone in LHW leads to an increase in the ROC,
whereas in ALW, the ROC obtained is due to the single concentrated CO> laser beam heat
source of diameter 180 um with high energy density. In a similar study on laser and laser-
hybrid welding performed by Gao et al. [6], reported strong detrimental effect of ROC on
PMZ/HAZ liquation cracking susceptibility due to high heat accumulation and larger
solidificaiton time occuring at neck zone of weld bead cross-section. They found that laser-
hybrid welding process alters the temperature and strain distributions in the vicinity to fusion
line which in turn ameliorates the cooling rates in the neck zone with magnitude of cooling
rates being lower than that in laser alone welding. Thus, LHW due to addition of two heat
sources causing wider HAZ in neck zone and larger ROC that envisaged reduction of cooling
rate in LHW than that of ALW and thereby resulting in less susceptibility to liquation cracking.
As shown in Figure 4.5e, that the cooling rates at neck FZ in ALW are higher (1.65 x 10° —
1.91 x 10° K/s) than compared to LHW (0.52 x 10° — 0.69 x 10° K/s). Therefore, the ongoing
results suggested that the LHW process is beneficial over ALW process in terms of resistance
to liquation cracking susceptibility and the ROC formation to primarily determine occurrence

of liquation cracking or weakening of strength at interface PMZ region.
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On the whole, in the present study, weld bead profile analysis with microstructure and
micro-hardness distribution co-related well with cooling rates associated with type of welding
process involved and heat input condition. However, in certain heat input conditions, liquation
cracking being observed in the vicinity to the fusion boundary. Therefore, it is a necessary
study to be undertaken to understand the nucleation of liquation cracking in Inconel 617 alloy

weldments during welding with laser-based welding process.
4.6 Conclusions

Two different welding processes including ALW and LHW were utilized in the present
bead-on-plate welding study of Inconel 617 with varying heat input. Results indicated that the
weld bead profile depends on the type of welding process employed. LHW weld bead profile
showed a typical wine-cup shape, whereas ALW produced a Y-shape bead profile on account

of differences in the number of heat sources and their intensities profiles.

Weld bead width, penetration depth, and FZ area were found to increase with an
increase in heat input of both LHW and ALW processes. The FZ area of LHW was three times
larger than that of ALW, although, heat input in LHW involved was 2.5 times higher in ALW.
LHW showed a 6 — 8§ mm wider UFZ due to the presence of MIG arc and 1.25 — 1.35 mm
greater depth of penetration than compared to that of ALW weld beads. Thus, it can be inferred
that the addition of MIG arc with a laser heat source in case of the LHW process helps in
obtaining wider weld bead width with marginally improved depth of penetration. LHW fusion
weld showed coarser dendritic microstructure with significant enhanced SDAS resulting in low
average hardness. Wider width of HAZ observed at neck zone due to heat stagnation be

observed in both ALW and LHW.

ROC at neck zone increased with increase in heat input and significantly larger in LHW
due to extended wide weld bead obtained by employing an additional MIG arc. Magnitude of
cooling rates in neck FZ were found to be less in LHW than in ALW and thereby leading to
microstructural coarsening with relatively higher micro-segregation of carbides in LHW than
ALW. On the whole, weld bead profile analysis with microstructure and micro-hardness
distribution co-related well with cooling rates associated with type of welding process involved

and heat input condition.
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CHAPTER 5

Investigations on liquation cracking susceptibility of Inconel 617 alloy

during CO; Laser and CO; Laser-MIG Arc Hybrid welding processes

5.1 Introduction

Further to the previous study on influence of processing parameters on weld bead
characteristics of both ALW and LHW process with liquation cracking being observed in the
vicinity to the fusion boundary, it was felt necessary to understand mechanism of liquation
cracking susceptibility and mitigate its effect with detailed study. Therefore, the present
investigation is aimed at analyzing the phenomena of liquation cracking in autogenous Laser
and Laser-MIG hybrid welded thick sections of Inconel 617 alloy by employing advanced
characterization techniques such as micro focused X-ray diffraction (XRD) and Nano-
Indentation which greatly facilitate in this understanding. Thus, comprehensive analysis of
influence of ALW and LHW weld bead profile on liquation cracking susceptibility with
detailed understanding the nucleation of liquation cracks employing FESEM with EDS and
Elemental mapping has been undertaken and correlated phase analysis by Micro-XRD
technique with mechanical behaviour of low melting eutectics (LME) using Nano Indentation
technique. Furthermore, mechanism of liquation cracking phenomena in thick-section laser-
based welded Inconel 617 alloy is proposed in this chapter. Moreover, influence of heat input
in both ALW and LHW on grain boundary resolidified phase and total liquation crack lengths

were quantified and compared understand underlying mechanism effectively.
5.2 Experimental Methodology

As explained previously in chapter 3, the base material used in the study is a solid-
solution strengthened Nickel based superalloy Inconel 617 in a form of plate of thickness 10
mm in solution-annealed condition with a nominal composition as tabulated in Table 3.1. Bead
on plate (BOP) welding experiments were carried out using Autogenous CO- laser welding
(ALW) and COz laser + MIG hybrid welding (LHW) processes is used in this study. The Laser-
MIG hybrid welding setup employed for the experimentation was shown in Figure 3.7 and the
process variables were depicted in Table 3.4. Welding process parameters with a fixed laser
power of 3.5 kW (maximum available with CO; laser system) and varying welding speed in

the range of 0.6 — 1.0 m/min employed for BOP welding experiments is presented in Table 4.1.

110



High speed Nano-indentation testing was carried out using advanced Nano-Indentation system
(Nano mechanics Inc., Oak Ridge, USA) with a Berkovich indenter as shown in Figure 3.20.
Micro-focused X-ray diffraction system (D/MAX RAPID II Rigaku Smart Lab system, Tokyo,
Japan) shown in Figure 3.19 was utilized for precise analysis of phases present in localized
areas such as PMZ and HAZ as well as fusion zones of both ALW and LHW by employing a

spot size of 100 um diameter.

5.3 Bead profile analysis
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Figure 5.1. Macrographs of (a) Laser-MIG hybrid weld (LHW) processed at 480 J/mm and
(b) Autogenous Laser weld (ALW) processed at 190 J/mm with vickers hardness values and
(c) Micrograph of LHW Inconel 617 alloy interface processed at 480 J/mm

Figure 5.1 shows the macrographs of two different weld cross-sections which clearly
reveal the influence of Laser and Laser + MIG hybrid heat sources on the weld bead profile.
Macrograph of LHW presented in Figure 5.1(a) shows a typical “wine-cup” morphological
bead profile with wider and shallower upper fusion zone (UFZ) region which is with
morphology akin to that of arc-weld profile and a narrow and deeper lower fusion zone (LFZ)
similar to that of a laser-weld bead profile. As can be seen from LHW weld bead profile, the
UFZ of LHW is three times larger with nearly semi-hemispherical geometry as compared to
that of narrow UFZ in ALW with Y-type bead which clearly illustrates MIG effect in LHW.
The LFZ of both LHW and ALW are more or less of similar geometrical and dimensional

features as evident from Figure 5.1 with finger-like shape, which could be presumably due to
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deeper penetration effects associated with laser keyhole. These weld bead profiles are found to
be of similar morphological and geometrical features as reported in several studies involving
laser-MIG hybrid and Laser welding processes [1,2]. Thus, it is clear that an increase in heat
input directly enhances weld bead fusion as evident from the melting of more metal in LHW

than in ALW [3].

Table 5.1. Cross-sectional bead profile analysis of Autogenous Laser (ALW) and Laser-MIG

hybrid (LHW) weldments
Welding Heat Input  Penetration (P) FZ Area
Process (J/mm) mm (sq.mm)
480 6.66 29.17
Laser-MIG
630 7.12 35.84
Hybrid
820 7.43 48.39
190 5.43 10.34
Autogenous
260 5.88 13.13
Laser
315 6.12 17.19

Table 5.1 depicts the effect of heat input on calculated FZ area and weld penetration
depth. FZ area nearly doubled from 10 sq. mm to 17 sq. mm in increase in heat input from 190
to 315 J/mm in case of ALW, whereas FZ area increased from 29 sq.mm to 48 sq.mm in
increase in heat input from 480 — 820 J/mm in case of LHW process. On the whole, the FZ area
was found to be a direct consequence of heat input, ranging from 10 sq.mm in the process
involving 190 J/mm heat input to 48 sq.mm in case of 820 J/mm heat input. However, the
extent of variation of penetration depth with heat input was found to be insignificant compared
to that of FZ area variation. The depth of penetration enhanced from 5.4 to 7.4 mm with an
increase in heat input from 190 J/mm to 820 J/mm. Figure 5.1(c) displays the optical
micrograph of Laser-MIG hybrid weld bead cross-section. It can be visualized that the weld
cross-section consists of various zones of interest formed due to thermal and compositional
gradients namely FZ, PMZ, HAZ and unaffected BM. The distinguishable difference between
PMZ and HAZ is the presence of low-melting eutectics, resolidified phase in PMZ and

numerous liquation cracks sometimes penetrating in to the FZ/HAZ.

5.4 X-ray Phase Analysis
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Further, to qualitatively assess various phases present in FZ, PMZ, HAZ and BM, an
advanced micro-focused X-ray diffraction analysis was utilized. Figure 5.2 illustrates XRD
patterns of various regions of interest obtained in both LHW and ALW weld beads. It is evident
from the XRD patterns that phases significantly varied in FZ, PMZ and HAZ regions as
compared to those of BM in both the welding processes. The unaffected BM of Inconel 617
consisted of predominantly y-Ni matrix and certain amounts of carbides M23C¢ (M = Cr, Mo)
and M2C (M = Cr, Mo). Low-intensity diffraction peaks from these carbides could be observed
at 20 of 37°, 42° and 48° (the zoomed inset image) in BM, although to a very meagre extent.
Indeed, in few reported studies, these carbides were detected by TEM and XRD analyses,

although observed in lesser amounts [4-6].
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Figure 5.2. Micro XRD patterns of ALW and LHW in FZ, PMZ, HAZ and base metal

Comparing XRD peaks of BM with HAZ regions in case of both ALW and LHW welds,

it is clear that additional chromium-lean phase such as Cr;C; (as compared to that of
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predominantly M»3Cs carbides) could be observed with its predominant presence at 26 of 48°,
although their amounts varied significantly between ALW and LHW welds. Apparently the de-
convoluted 20 peak at 75° of the HAZ regions of both welds revealed its presence with
significant peak broadening being observed. Formation of such different chromium carbides
could be attributed to the transformation of principal carbides into newer precipitated carbides
such as Cr7Csz from Cr23Cs as the HAZ region may experience high temperature with sufficient
diffusion (different thermal cycle) from the prevailing process condition. In a similar study
involving heat treatment of Inconel 617, similar effects of transformation of Cr7C3 from Cr23Cse

(at temperature ranging between 1200-1250°C) was observed and reported [7-9].

Moving further close to the fusion boundary with presence of cracks and eutectic
morphological microstructure region (as revealed by high-resolution SEM micrograph
explained later), termed as partially melted zone (PMZ), XRD patterns clearly showed
elimination of Cr7Cs phase with formation of new carbide phase identified as MsC (M being
Mo). Indeed, identification of this phase at 20 of 42° (that could be observed in zoomed inset
portion) corroborates its formation, plausibly associated with more Mo-rich carbide
precipitation in the ternary eutectic comprising y-Ni and carbides of M23Cs and M¢C. In a
similar study involving TIG welding of Inconel-617B alloy, formation of such Mo-carbides in
the liquated HAZ was revealed by TEM analysis and attributed to the weld thermal cycle
experienced close to the fusion boundary [10]. Further, by comparing X-ray diffraction patterns
of PMZ and FZ regions, it is clear that not much secondary precipitates of MosC could be
observed in FZ with microstructure predominantly being comprised of y-Ni dendrites and inter-
dendritic boundary constituting Cr and Mo rich carbides of M23Ce types. Apparently few low-
intensity peaks of Cr and Mo rich M>C carbides could still be observed in the diffraction pattern
of FZ regions of both LHW and ALW welds.

5.5 Hardness distribution Analysis

Furthermore, hardness distribution presented in Figure 5.1 clear that the average
hardness remained more or less similar in the FZ of both LHW and ALW weld beads but with
insignificant reduction as compared to that of BM. The microhardness was found to be in the
range of 210-265 HV in FZ regions as against 232-267 HV in BM. However, microhardness
reduced further in HAZ to the level of 220-241 HV from the BM values. The wide scatter in
hardness values of all these regions of FZ and BM regions could be attributed to significant

variations in inter-dendritic/grain boundary carbides. Indeed presence of relatively soft
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chromium and molybdenum enriched carbides transformed from primary carbides in HAZ, as
evidenced from the XRD analysis envisage its reduction in hardness as compared to that of
BM. Although hardness variations across the upper fusion zone (UFZ), lower fusion zone
(LFZ), neck zone (NZ) and HAZ of weld bead exhibited similar effects in both welds processed
with different heat inputs, marginal enhancement in hardness of fusion region of LFZ (both in
ALW and LHW) could be observed as compared to that of BM. This distinguishable difference
in LFZ, despite the similar composition, could be attributed to the microstructural refinement
(dendritic grain size) accompanied with laser induced melting involving high cooling rate as

compared to that of high heat-input MIG process.

5.6 Fusion zone Microstructural Analysis
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Figure 5.3. FESEM micrographs of fusion zone in different regions (a) LHW and (b) ALW

Figure 5.3 shows the SEM micrographs of FZ microstructures of both LHW and ALW
welds. It can be seen that the columnar dendrites of y-Ni had grown perpendicular to fusion
boundary (evident from high magnification SEM micrographs of FZ/PMZ interfaces presented
in Figure 5.3 (a,b) and got converged towards the weld center, a typical weld FZ microstructure
in the direction of heat flow as reported by several studies involving welding of Inconel 617
[2,11.12]. In comparison with ALW, LHW showed coarser columnar/cellular dendrites,
although with a varied morphology. Presumably, high peak temperatures (25% higher in LHW
than that of ALW as per calculations based on model predicted by Tomasz Kik and co-workers
[13]) with extended duration in cooling time (tripled in LHW to that of ALW) facilitate in
dendritic coarsening with significant compositional variation in interdendritic region carbides.
The primary and secondary dendrites constituting y-Ni matrix in the fusion zone

microstructures are richer in Ni and Co, whereas interdendritic carbides are relatively rich in
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Mo (nearly doubled) and Cr (marginally increased) compared to surrounding matrix as per
EDS spot analysis. As solubility of Mo in y-Ni is lower than that of Cr, segregation of Mo-rich
carbides in interdendritic boundary enhances. These metallic carbides were observed to be of

M23Cs and M2C (M being Cr and Mo) type as analysed by XRD.

5.7 Analysis of PMZ and HAZ

\ Cr diffused
area

Figure 5.4. FESEM images of PMZ of (a) LHW specimen (b) magnified view of eutectic
phase marked as a dotted box in (a) and (¢) ALW specimen (d) magnified view of eutectic
phase marked as a dotted box in (c)
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Figure 5.5. Element map analysis of the eutectic phase

Table 5.2. EDS analysis in wt % of the eutectic phase and surrounding matrix in PMZ of
LHW and ALW

Region Cr Mo Ni Co Al Ti

Eutectic 47.42 29.75 11.73 3.97 037 1.11

LHW_PMZ Matrix 24.60 8.74 50.64 1232 032 0.65
Diffused area  27.49 8.49 49.73 12.01 042 0.96

Eutectic 43.91 24.66 17.64 5.26 031 1.18

Matrix 2493 8.63 49.59 1276 034 0.54

Diffused area ~ 26.67 8.12 48.91 12.11 047  0.88

ALW PMZ

Figure 5.4 shows FESEM micrographs of PMZ constituting austenite grains and
pockets of network structure with fine particulates in the GBs in both welds. Indeed further
high magnification images (Figures 5.4(b) and (d)) of these networks with EDS analysis
indicate that they are plausibly formed due to eutectic reaction with multiple phases enriched
with Cr and Mo. Elemental mapping of the eutectic network structure in PMZ microstructure
depicted in Figure 5.5 shows that the eutectic network constitutes carbides of both Cr and Mo.
Indeed, nearly doubling of weight percentage of Cr and tripling of Mo with depletion of Ni and
Co as compared to austenite matrix as evident from EDS analysis. Correlating these eutectic
networks with compositional variations in terms of enrichment of Cr and Mo and XRD
analysis, it can be the outcome of the formation of ternary eutectic comprising Y-
Ni+MsC/M23Cs. The eutectic network was observed to be doubled with wider PMZ in neck
region of LHW than ALW, indicating the direct influence of heat input. Greater the heat input,
higher is the quantity of low melting eutectic network formation in the grain boundary of the
PMZ. Furthermore, higher level of diffusion of Cr and Mo in eutectics of LHW than ALW is
discernible as evident from EDS analysis. In a similar study involving GTA welding of Ni-
based 617B alloy, presence of MosC carbide in eutectic network resulting in ternay phase
formation was observed and confirmed by TEM analysis [10]. Thus pockets of eutectic
network microstructure could be observed in PMZ, wherever constitutional liquation
associated with compositional changes in terms of Cr and Mo occurred during welding thermal
cycle. Indeed, nano-indentation cluster map presented in Figure 5.6 further fortifies these

effects.
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Figure 5.6. (a), (d) and (g): FESEM images of Base material (BM) carbides, LHW LME
(Low melting eutectic), and ALW_LME respectively.

(b), (e) and (h): Hardness contour map of BM, LHW and ALW respectively
(c), (f) and (i): Modulus map of BM, LHW and ALW respectively obtained by Nano
Indentation technique

Table 5.3. Nano hardness range (GPa) of the eutectic phases, carbide in base material, HAZ,
FZ and surrounding matrix of LHW and ALW specimens

Phases (Graiwlll_sl\//][)aglizrites) Eutectic v Ig?t:r:‘:)(iigz antie
LHW _PMZ 33-4.1 104-12.2 -
ALW_PMZ 29-35 83-10.4 -

LHW HAZ 3.5-4.7 - 22.5-254
ALW HAZ 32-43 - 21.2-23.6
LHW_FZ 55-71 - 18.3-22.2
ALW FZ 57-6.6 - 17.6 -19.5
BM 44-53 - 243 -28.1

The dissolution of Cr and Mo in the eutectic network resulted in phases with low
hardness of 8 — 11 GPa nanohardness as against hard intermetallic carbides in BM comprising

Cr, Mo-rich M23Cs and M>C carbides with 24 — 28 GPa nanohardness. Furthermore, diffusion
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of Cr into the eutectic network and formation of Mo-rich carbide precipitates enabled reduction
in hardness of austenite grains as evident from the reduction of nanohardness from 4 — 5 GPa
to 3 — 4 GPa. Thus the constitutional liquation process associated with rapid thermal heating
enables insufficient diffusion of solute atoms with incomplete dissolution of hard M23Cs
(previously present in base metal) carbides leading to eutectic reaction between the surviving
carbides of M23Cs and austenite matrix when the eutectic temperature is attained. The liquid
formed in due course gets rapidly frozen into eutectic network comprising Mo-rich and Cr-rich
carbides of M23Cs and MsC types, depending on the concentration of Cr and Mo. Similar
observation of constitutional liquation occurring in the liquated HAZ of TIG-welded IN 617B
has been reported in the study conducted by Li and co-workers [10] and attributed to the
prevailing heating cycle, although with absence of any cracking. Indeed, high temperature
gradient with low cooling rate that prevails in LHW caused a significant enhancement in nano-
hardness of eutectic network of LHW than that of ALW (10 — 12 GPa in LHW and 8 — 10 GPa
in ALW) and is attributed to dissolution of Mo (visualized from the EDS analysis). Apparently,
variation in modulus values of these phases in PMZ regions of both LHW and ALW and

depicted in cluster maps of Figure 5.6 corroborate these effects.
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Figure 5.7. FESEM images of HAZ of (a) LHW specimen (b) magnified view of carbides
marked as a dotted box in (a) and (¢c) ALW specimen (d) magnified view of carbides marked
as a dotted box in (¢)

Table 5.4. EDS analysis in wt % of the grain boundary (GB) carbide and surrounding matrix
in HAZ of LHW and ALW
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Region Cr Mo Ni Co Al Ti

GBC 413 1918 1548 594 03 086
LHW HAZ
Matrix 2437 875  49.64 1213 039  0.62
Diffusedarea  29.39 829 4724 1130 0.14 0.84
GBC 5821 1735 1352 6.02 045 1.47
ALW HAZ
Matrix 2411 889  49.62 1283 046 1.16

Diffused area  27.04 7.94 48.66 11.11 0.16 0.56

The HAZ microstructures of LHW and ALW welds below the PMZ regions depicted
in Figure 5.7 clearly indicate slightly modified microstructure as compared to that of BM with
absence of any low melting eutectics. Some pockets of partially dissolved carbide precipitates
could be observed in the region. As peak temperatures experienced in HAZ will be well below
1250°C, beyond the solvus temperature of carbides of Cr and Mo, only partial dissolution could
be visualized and as a result serrated carbides with different morphologies could be observed
in the microstructures shown in Figure 5.7. Furthermore, selective EDS point analysis (shown
in Table 5.4) at diffused area indicated that these regions comprised of slightly higher amount
of Cr than that of the pre-existing y-matrix grains. Thus variation in nano-hardness of y-matrix
grains in HAZ as compared to that of BM is evident from the values depicted in the Table 5.3.
However, these modified carbides of M23Cs (morphologies) observed in GB were relatively
Cr- and Mo- lean than that of GB carbides of BM as evident from higher nano-hardness values
of 20 — 25 GPa, slightly lesser than that of GB carbides of BM whose nano-hardness was in
the range of 24 — 28 GPa with high-Cr and high-Mo contents. Furthermore, as previously
observed, these carbide clusters at grain boundary may plausibly comprise of M7C3 — type as
per micro-XRD analysis. Indeed, significant peak temperature that prevails at HAZ region
facilitates dissolution of more Cr and thereby modifies the carbide phase with compositional
variation. Apparently there is not much variation in y-matrix grains and as a result no significant
variation in nano-hardness and FCC crystal structure of austenite. Although microstructural
scatter exists from the PMZ interface to unaffected BM in both weldments, deeper structural
changes could be observed in HAZ region of LHW than ALW owing to higher heat input

effects.

5.8 Mechanism of Liquation cracking susceptibility in Laser weldments
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Figure 5.8. Schematic illustration of Liquation cracking phenomena

The susceptibility of constitutional liquation cracking in superalloy welds is governed
by the critical PMZ regions formed due to the welding method adopted. Several researchers
attributed the cracking phenomena to the formation of the continuous liquid film along the
grain boundaries and the thermal stresses induced by weld thermal cycle [14,15]. It is, however,
important to consider the factors responsible for its formation in our present Inconel 617
superalloy. Figure 5.8 shows one such schematic illustration proposed for the occurrence of
liquation cracking phenomena. Initially, the BM of Inconel 617 superalloy in solution-annealed
condition comprises of several (Cr, Mo)-rich M23Cs carbides with distinguishably different
morphology and size dispersed along GBs and within austenitic grains as depicted in Figure
5.8 (a). As the temperature during welding cycle reaches these carbides solvus temperature,
adjacent to the fusion boundary, they become unstable and undergo partial dissolution. This
phenomena when subjected to rapid heating conditions such as laser or arc welding result in
liberation of solute elements such as Cr and Mo with partial dissolution of these carbides,
especially more predominantly at PMZ region. These Cr atoms diffuse into the surrounding y
matrix and Mo segregates at the boundary of v / M23Cs due to its lower diffusion coefficient

[16]. 1

n this way, the surrounding y matrix gets enriched by Cr, causing the compositional
gradient at the network between the decomposed (Cr, Mo)-rich M23Cs carbides and matrix.
This surrounding Cr-rich area is considered as Cr-diffused area in Figure 5.8 (b). Segregation
of Mo contents resulting in the formation of Mo-rich M¢C carbides at the junction of y / M23Ce.

Thereby resulting injunction consisting y matrix and M23Cs/MsC carbides. As soon as the
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temperature reaches to eutectic point, then a proportion of liquid film form as shown in Figure
5.8 (b) by a eutectic reaction between y matrix and M23Ce¢/MsC carbides. This constituional
intergranular liquid film connects with the adjacent liquid pockets and spread along the GBs in

PMZ as shown in Figure 5.8 (¢).
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Figure 5.9. (a) PMZ liquation crack in neck zone region (b) Elemental mapping analysis (c)
EDS results of GB resolidified phase and matrix of LHW

Subsequent to the solidication of weld during cooling cycle of the process, the
constitutional liquid film at PMZ may get strained and degrade the ability to accommodate
thermal stress developed at boundary and therby result in cracking with decohesion along the
solid-liquid interface. These cracks are generally referred to as liquation cracks surrounding
the eutectic microstructure which are enriched with Cr and Mo contents. Sometimes, these
cracks were observed to propagate in FZ/HAZ depending on the amount of heat input and the

rate of cooling involved in the welding thermal cycle.
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Figure 5.10. Variation of total crack length (TCL) and quantity of grain boundary (GB)
resolidified phase (%) of LHW and ALW under different heat input

Figure 5.9 illustrates one such PMZ region of LHW bead with liquation crack formed
along the grain boundary with irregular and zigzag morphology (processed with 630 J/mm heat
input). However, the liquation cracks were propagated into the HAZ and FZ in some of the
heat input conditions. EDS point analysis and elemental mapping shown in Figure 5.9 (b) and
(c) show that this GB resolidified phase consists of 3.5 times higher amount of Mo (28.78 wt%)
and 2 times higher amount of Cr (46.23 wt%) than the surrounding austenite matrix. This
indicates that the GB resolidified phase is highly enriched with Mo than Cr along with depletion
in Ni and Co contents. Further, to assess the influence of heat input by adopting different
welding methods (laser and laser-hybrid) on the amount of GB resolidified phase and density
of cracking (measured in terms of total crack length (TCL)) were analyzed and depicted in
Figure 5.10. With the decreased heat input, the TCL increased steadily in both ALW and LHW
processes. LHW showed nearly 50% reduction in TCL than ALW, whereas the quantity of GB
resolidified phase enhanced by 50% in LHW than ALW. The relatively low heat-input process
with high cooling rate such as ALW was found to produce less quantity of GB resolidified
phase, but higher TCL due to higher thermal stresses associated with high cooling rate of the
laser cycle. On the contrary, even though the high heat input in LHW process results in
generation of higher quantity of GB resolidified phase, the occurrence of liquation cracking is
less due to lower thermal stresses associated with low temperature gradient. At high heat input,
the LHW and ALW welds showed the lowest TCL values that imply that the susceptibility to
liquation cracking in both LHW and ALW could be reduced with an increase in heat input.
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Alternatively, increasing heat input, by employing a different process such as LHW may
enhance higher resolidified eutectic phases but with less susceptibility to liquation cracking on

account of vast reduction in temperature gradients with slow cooling rate.
5.9 Conclusions

Two different joining techniques, namely, laser-hybrid welding (LHW) and autogenous
laser welding (ALW) processes, on Inconel-617 with emphasis on understanding the
mechanism of PMZ liquation cracking have been comprehensively studied. Cracking
susceptibility was co-related with microstructure and hardness analysis by employing
advanced characterization techniques like Micro-XRD and Nano-Indentation, along with
standard OM, SEM and EDS characterization tools. The study indicated that bead profile
changes with the type of welding technique employed. Ternary eutectic network phase
constituting y-Ni + M23Cs + MeC has formed on account of eutectic reaction associated with
constitutional liquation with cracking in PMZ region of both welds, with amount of network
being high in LHW than ALW, accompanied with reduced cracking rate. Higher the welding
speed, lower the weld penetration in both welding processes. As expected, wine-cup shaped
penetration was observed in LHW, whereas ALW produced deep-penetration narrow weld
bead on account of the intensity-profiles involved in the process. Higher amount of low melting
eutectic phases at the neck region with higher diffusion of Mo-rich MsC carbides (with lower

hardness) segregation was observed in LHW bead than ALW counterpart.

Susceptibility to PMZ liquation cracking was found to be higher in ALW than LHW
and attributed to high cooling rate that prevails in laser cycle. Apparently with increase in heat
input susceptibility to liquation cracking reduced in both the processes. High heat-input in
LHW process produces low temperature gradient and therby promoting higher diffusion of
solute elements (Cr and Mo) released from the (Cr, Mo)-rich M23Cs carbides into y matrix. As
the thermal gradient in ALW is much greater than LHW, which significantly enhances the
thermal stresses and thus contribute to cracking susceptibility, although low amount of
eutectics in partially melted region could be produced. Thus it can be inferred that the addition
of MIG arc to the laser heat source (LHW) helps to improve the resistance to liquation cracking
by modifying the thermal cycle with enhanced stress relaxation in PMZ even at low heat input
conditions. The LHW process could be beneficial over Autogenous laser welding (ALW)

process in terms of resistance to liquation cracking.
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CHAPTER 6

Optimization of high-power fiber-coupled diode laser process parameters

for deep penetration welding of Inconel 617 superalloy

6.1 Introduction

Although LHW using CO:> laser could effectively reduce liquation cracking
susceptibility as observed in previous study, employing single laser heat source with enhanced
coupling efficiency under relatively low heat input condition can effectively improve the
weldability of Inconel 617 alloy thick-sections. Due to limited availability of CO2 laser power
for welding thick-sections and low coupling with superalloy due to high wavelength, it was felt
pertinent to attempt welding using latest high-quality high-power fiber-coupled diode laser
under controlled heat input. Therefore, the current study is aimed to optimize the high-power
diode laser welding (DLW) process parameters for 10-mm thick Inconel 617 alloy. However,
based on the literature review on deep penetration autogenous laser welding of thick sections
it was observed that, it is a daunting task to obtain satisfactory appearance on surface as well
as bottom of the weld employing a single-pass autogenous laser welding process in thick plates
as several literature studies reported occurrence of imperfections such as underfills, undercuts,
spatters, root humps, porosity, lack of side-wall fusion etc. [1-3]. Moreover, no studies have
been reported so far on high power diode laser welding of thick Inconel 617 superalloys. This
entails the crucial need to investigate the feasibility of using latest high-quality high-power
diode laser for single-pass welding of thick Inconel 617 superalloy with comprehensive
understanding on the influence of critical processing parameters on weld characteristics and

joint efficiency.
6.2 Experimental Methodology

In the present study, diode laser welding (DLW) experiments were performed by using
a high-power fiber-coupled diode laser system (Model: LDF-10000-60 VGP, Laserline GmbH,
Germany) integrated to a 6 + 2 axis robotic workstation (Model: RV40-RSV, Reis Robotics,
Germany) as shown in Figure 3.9 and an optical head tailored to deliver circular laser beam
spot of 0.9 mm diameter in multi-mode spacial intensity distribution shown in Figure 3.10. As
identifying effective laser focal point to enable maximum coupling efficiency is a primary step

to optimize any laser processing method, firstly, bead-on-plate (BOP) welding experiments
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were performed with varying focusing distance from -14 to +10 mm with an appropriate laser
power of 6 kW and welding speed of 5.5 mm/s. BOP study was principally aimed to investigate
the effect of focusing distance for the laser beam spot used for welding with comprehensive
analysis of various bead profile characteristics such as Upper bead width (UBW), Fusion zone
area (FZA), Weld penetration (WP), and aspect ratio (depth to width). Later, with optimized
focusing distance from BOP study, welding experiments were carried out in square butt-joint
configuration (shown in Figure 3.4c) by varying the welding speed in the range of 4 — 18 mm/s.
The details of process parameters for BOP and Butt joint study are shown in Table 6.1. Base
material utilized for the present study is a solid-solution strengthened Nickel based superalloy
Inconel 617 in a form of plate of thickness 10 mm in solution-annealed condition with a

nominal composition as tabulated in Table 3.1.

Table 6.1. Laser welding process parameters

Laser Welding speed
Configuration power £ sp Defocusing distance (mm)
(mm/sec)
(kW)
-14, -10, -8, -6, -4, -2, 0,
BOP 6 33 +2, +4,+6, +8, +10
Butt 5.5 4,6,10, 14,18 -2

6.3 Weld bead profile analysis

In any welding process optimization, weld bead profile is known to play a pivotal role
in assessing influence of processing parameters on weld quality with joint efficiency
assessment for fabrication application. Foremost, in a laser welding process, it is the power
density that determines the penetration possible in the material and its thickness. As heat input
in laser welding process is determined by the laser power and welding speed, laser power of
6.0 kW for 0.9 mm diameter spot that can deliver power density of ~ 9.5 X 10° W/cm? and a
welding speed of 5.5 mm/s were fixed to entail keyhole mode welding and melt-runs generated
on plate in BOP configuration. Prior to optimization of welding speed, it was necessary to
locate the focus position for optimizing the process for maximizing melt efficiency. Thus,
initial BOP welding experiments were conducted by varying focusing distance from -14 to +10
mm to assess weld bead formation and evaluated weld bead profile characteristics. Later on,

after optimization of focus position, actual welding experiments on plates were performed in
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square butt-joint configuration with variation in welding speed in the range of 4 — 18 mm/s.
Table 3.5 and Table 6.1 illustrate setup conditions and processing parameters utilized for the
study. Although, the focal position is known theoretically and experimentally (with earlier
experimental works with other materials), it is necessary to optimize focusing position for each
material and thickness involved in welding as coupling efficiency depends on various factors
of thermophysical properties of material, material thickness, joint design, optical system and
condition of the laser system delivering 3D intensity profile distribution. Additionally, poor
consistency in laser beam quality and maintenance aspects of optical modules in diode lasers
entails the optimization of focusing distance every time when new experiment for welding the
material. As laser spot parameters of focus shift, Rayleigh length and focus diameter in diode
laser welding setup depends on wavelength combination, laser power and conditions of laser
system and optics, it is mandatory to optimize the defocusing parameter [4-10]. Comprehensive
analysis of bead profile taken up to assess influence of focusing position both in positive and
negative defocusing distance in the range of -14 mm to +10 mm from the zero-focus position
(focal plane) from the surface of the metal plate. The range chosen in a way to cover the focal
depth of approximately 10 mm evaluated both experimentally (9.8 mm as per burn prints of
spot diameter measurement) and theoretically (9.3 mm as per Eq. 3.6). Thus, after fixing
optimum defocusing position (-2.0 mm below the surface) experiments were conducted by
varying welding speed in the range of 4 — 18 mm/s and a fixed laser power of 5.5 kW for flat-

butt joint configuration.

Various critical cross-sectional weld bead profile characteristics such as WP, UBW,
NW, RSW and FZA were evaluated in weld joints by employing image analysis software.
Figure 3.12 elucidates schematic illustration of these characteristics that form in a typical deep
penetration laser welded joint. Underfill at the top of the bead as well as and root sag hump at
the bottom are found to be more prevalent in joints involving high thickness deep penetration
welding [1-3]. Apart from these, process inter-dependent and weld quality characteristics of
underfill/root sag defects, aspect ratio, FZA, and surface finish/appearance were also evaluated

and assessed their influence with variation of defocusing distance and welding speed.
6.3.1 Influence of defocusing distance on melt-runs in BOP configuration

In any laser welding process optimization, it is the laser beam spot size and its energy
intensity profile distribution that governs laser-material interaction and its melt behaviour that

eventually determine joint efficiency. Although, once the laser system along with its optical

128



setup and laser power is fixed, it is presumed that its power density will envisage easy
understanding of weld behaviour. In actual practice, the conditions of the laser source and
optical elements does not remain same and hence assuming power density of a defined laser
spot remains elusive. Thus, identifying focusing position becomes most important in
optimizing a laser-based welding process. Furthermore, in a thick-section welding, it becomes
further critical due to material thickness, joint design and their associated heat-transfer and
melt-pool thermodynamics. In fact, many studies involving laser welding of moderate-to-thick
sections reported consideration of focus shift few millimeters below the focal plane (negative
defocusing) for effective penetration with melt-pool stability [4,10-16]. Furthermore, focus
shift with variation in focal depth was observed to profoundly effect when processing using
diode laser and attributed to the fluctuating power efficiency of the laser and its poor-quality
maintenance [4]. Thus, optimization of focusing distance is mandatory before optimizing other

processing conditions of laser power, welding speed and other setup conditions.

smm | +10mm

Figure 6.1. Cross-sectional optical macrographs of BOP welds at different defocusing
distances

Figure 6.1 illustrates cross-sectional macrographs of melt-runs obtained in BOP
welding configuration when processed with a fixed laser power of 6 kW and a fixed welding
speed of 5.5 mm/s. The power density at focus was observed to be 9.5 x 10° W/cm?, sufficient
enough for inducing keyhole welding using fiber-coupled diode laser with 66 mm-mrad beam
parameter product (BPP) quality. Further to cover entire effective focal depth of nearly 10 mm
(measured from spot size calculation as well as mathematical calculation following Eq. 3.6),
experiments were performed at every step of 2 mm defocusing in both positive and negative
distance of the focal plane (zero focus) amounting -14 mm to +10 mm. It is clear that bead
profile with melt volume efficiency (determined by weld fusion zone area) varied significantly
with defocusing distance. This elucidates the effect of laser spot diameter variation in zee

direction (both positive and negative directions) governed by the laser beam quality of focal
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depth and its intensity distribution profile. Figure 6.2 depicts results of measured bead profile
characteristics constituting UBW, WP and FZA as a function of defocusing distance. It is clear
that defocusing distance induce significant effect on weld bead profile and melt efficiency
(FZA) on account of their associated effects of power density, spot size, intensity distribution
and energy coupling behaviour of laser-material interaction. Indeed, the mode of welding
shifted from conduction mode at defocusing distance beyond focal depth (above +4 mm and
below -6 mm) with depth-to-width Aspect Ratio (AR) below 1.0 to effective fully transitioned

keyhole mode (AR > 1.0) when processed within the range of focal depth of ~ 10 mm.
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Figure 6.2. Variation in WP, UBW and FZA as a function of defocusing distance

A close observation of weld FZA clearly indicated more or less constant within 30 — 40
mm? when processed within the focal depth region of 10 mm (approximately), i.e., -6 mm to
+4 mm, evident from the bead profiles. This FZA reduced by half (11 — 20 mm?) with AR
falling below 1.0 (0.18 — 0.57) when processed beyond the focal depth with focusing distance
beyond -6 mm and +4 mm. Thus, the approximate defocusing distance in both directions could
plausibly lie between 6 mm below focus and 4 mm above focus with focal depth approximating
to 10 mm. Indeed, calculated aspect ratio also fell above 1.0 indicating keyhole mode of
welding with focus spot diameter falling within focal depth range (evaluated experimentally
and calculated mathematically). Consistent to the aspect ratio observation, power density
observed was also within the range of 10° — 10°® W/cm?. In conjunction with the effect, laser
spot diameter was also observed to fall within in the range 0of 0.91 mm — 1.56 mm (1.75 times),

a tolerance factor (p) based on the measured experiments of beam profile (Inset of Figure 3.10).
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Indeed, the measured and calculated focal depth fell within the range of experimental result
with 6% error. In fact, the results of focal depth evaluation matched well with that of result
obtained in the study reported by Alcock and Baufeld using laser intensity measurements and
calculations in welding of 10 mm stainless steel using similar fiber-coupled diode laser and
optical setup. In their study, diameter of the focus spot varied with output power and Rayleigh
length in conjunction with the brilliance and multi-mode quality (top-hat in slow axis and

Gaussian in fast axis) of the diode laser beam [4].

A close observation of bead profile further indicates smooth transition of mode of
welding from fully conduction mode (nearly hemispherical bowl shape bead) without any
keyholing protrusion (in case of melt-run processed with -14 mm and +10 mm focusing
distances) to fully penetrated keyhole mode (Y-shape bead) with violent melt pool turbulence
and excessive evaporation resulting in heavy underfill and root sagging (in case of melt-run
processed with -2 mm defocusing distance) be observed with beyond-thickness weld
penetration and maximum AR (1.66) in weld processed with -2.0 mm defocusing distance. As
evident from Figure 6.1, the maximum weld penetration of beyond material thickness (12 mm
that includes root sagging) with maximum FZA of 42 mm? obtained in case of weld processed
a negative defocus of 2.0 mm as against the weld processed with zero defocus. Although UBW
obtained was slightly higher (7.3 mm) in weld processed with -2 mm defocus, as against UBW
of 7.0 mm in weld with zero defocus, maximum penetration beyond thickness of material could
be obtained with highest aspect ratio of 1.66. It is plausible that at a considerable negative
defocussing distance, laser beam entering into keyhole converged gradually to the focal point
imposing optimum power density with maximum intensity inside the material than that of weld
processed with zero focussing on surface of the material. Various similar studies involving
laser welding of thick materials, a defocusing of -2 mm exhibited highest depth of penetration
over the surface-focusing (at focus) attributing to enhanced laser energy transfer enabling
deeper weld penetration [17,18]. However, for positive defocus, this phenomenon gets
deteriorated owing to attenuated intensity associated with outwardly diverging laser beam
entering into the keyhole through the surface of the material and thereby resulting in shallow
penetration. At negative defocus, power density induced in the laser keyhole wall with inward

beam divergence is higher than that of outward beam divergence at positive or zero defocusing

[2].

Theoretically, focal depth is defined by the Rayleigh length of the optical system, a

distance from focal point to the position at which the laser beam diameter increases by a factor
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of square root of two. Change in laser beam diameter is governed by the laser and its beam
quality (divergence) quality and thereby determines its power density variation along its focal
depth. Indeed, high brilliance and high beam quality (beam parameter product of 66 mm-mrad)
with advanced collimation and focusing optics entailed large focal depth in the present fiber-
coupled diode laser as compared to previously used diode lasers with high divergence and poor
focusability. This is evident from producing a partially keyhole penetration in weld processed
even with -8 mm and +6 mm defocusing distances, indicating availability of sufficient power
density at large focal distance and thereby providing high leverage in welding with zee
direction variation. On the whole, an optimum defocusing distance of -2 mm entailed maximum
penetration with highest aspect ratio and melt efficiency (maximum FZA and WP). Another
contrasting feature that can be observed, is, formation of defects such as huge underfill (2 mm)
and large root sag (3 mm) in weld processed with optimum defocusing position as compared
to that of other welds with absence of such defects. It appears, there exists a threshold power
density limit defined by focal position, material-thickness and thermophysical properties over
which the recoil pressure developed by the violent keyhole envisages depression with massive
evaporation at surface and root sag due to excessive drag of melt. Nevertheless, the study on
the influence of defocusing distance employing 10-mm thick viscous material such as Inconel
617 superalloy suggests that effective focal depth not only influence melt efficiency but also
induction of under-filling / root sagging defects on account of varied laser-material interactions
governing melt pool stability. Similar observations in weld defects were also reported in high
power laser welding studies employing thick metallic materials [1,2,19]. Thus, after optimizing
the focusing distance with BOP experimentation, further optimization to effectively produce
defect-free through-thickness weld (without underfill and root sag) by varying welding speed

undertaken with experiments conducted on square-butt joint configuration.
6.3.2 Influence of welding speed on welds of square-butt joint configuration

Subsequent to the optimization of defocusing distance employing BOP configuration,
experiments were conducted in square butt joint configuration with same 10-mm thick Inconel
617 superalloy plates with variation in welding speed ranging from 4 — 18 mm/s. A fixed laser
power of 5.5 kW and defocusing distance of -2 mm was utilized for all experiments to study
the influence of welding speed with comprehensive analysis of bead profile, microstructure
and hardness distribution. The reason to maintain a fixed power of 5.5 kW, although lower to
that of BOP experimentation, was to produce similar effects of melt efficiency in butt joints. It

is well known that amount of material to melt will be lower in butt-joint as compared to melt-

132



run on BOP owing to air gap existence between plates that facilitate deeper power distribution
in vertical direction. Additionally, butt-joint configuration entail enhanced laser energy
utilization with improved keyholing effects as compared to BOP configuration [8]. Subsequent
to optimization of welding speed leading to formation of defect-free weld joint with full
penetration, tensile properties of the joint were compared vis-a-vis substrate material by
subjecting to uniaxial tensile testing with sectioning of the joints from the butt-welded plates

produced.

Figure 6.3. Cross-sectional optical macrographs of butt welds at various welding speeds (a)
18 mm/s, (b) 14 mm/s (¢) 10 mm/s, (d) 6 mm/s and (e) 4 mm/s

Figure 6.3 shows the cross-sectional macrographs of butt welds processed with
different welding speeds. As similar to previous observation in defocusing distance
experimental analysis, here again deep underfill with heavy root sag bump observed in through-
thickness penetrated joint and no such defects in other partially penetrated welds. Indeed,
application of sufficient fixed laser power density of 8.3 x 10° W/cm? entailed keyhole welding
in all welds with aspect ratio being maintained greater than 1.0. Figure 6.4 summarizes various
bead profile characteristics of UBW, WP, FZA and Aspect Ratio AR (depth to width) obtained
as a function of welding speed. It is clear that welding speed greatly influences weld bead
profile on account of heat input (interaction time). Increase in welding speed from 4 mm/s to
18 mm/s resulted in reduction of penetration in non-linear way with depth of penetration
becoming halved and aspect ratio reducing from 1.6 to 1.3. FZA associated with melt volume
per unit length also increased gradually in non-linear way from 13 mm? to 52 mm? with
reduction in welding speed from 18 mm/s to 4 mm/s. Thus, all these aspects of increase in WP

and FZA are in line with decrease in welding speed as reported by several studies on laser
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welding [4,14,20]. Apparently, extent of increase in UBW was relatively lower to that of weld
penetration depth with enhancement of heat input by virtue of weld interaction time, typical of

a laser welding process.
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Figure 6.4. Variation in (a) WP and UBW and (b) Aspect ratio (depth to width) and FZA as a
function of welding speed

At lowest welding speed of 4 mm/s, beyond-thickness penetration was obtained with
underfill and root hump defects as compared to partially penetrated weld (6.4 mm weld
penetration depth) with no such defects in bead processed with 18 mm/s. Defect-free nearly
full penetration (9.75 mm) bead without any underfill/root hump was obtained in case of butt
joint processed with 6 mm/s welding speed. Welds with surface underfills/undercuts and root
hump defects not only affect the surface integrity but also deteriorates the weld mechanical
properties. It is noteworthy to observe such underfill and root hump defects were only observed
in case of fully penetrated weld, whereas no such defects were observed in partially penetrated
welds in high power diode laser welding of Inconel 617 alloy. This observation was similar to
that observed in previous experimental results of melt-runs in BOP with variation in defocusing
distance. Similar effect of producing underfill/root hump only in full penetration welds as
compared to partially penetrated ones were reported in few studies involving laser welding of
thick steels [2,3,14]. A possible reason for such defects in full penetration welds be attributed
to melt pool dynamics and keyhole behaviour when processed under specific heat input

condition determined by welding speed.

The dynamics of melt pool in keyhole laser welding are governed by the combination
of parameters comprising heat input (laser power, welding speed and beam intensity profile),

joint design (thickness and butting edges design) and thermophysical properties of the material
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involved. If the heat input is sufficiently low with high welding speed resulting in partial
penetration, the molten pool may not behave violently due to prevailing stable keyhole
solidification process, although with trapped porosity. In contrast, when heat input by virtue of
low welding speed increase to a threshold level (governed by laser energy, joint design and
material properties) that result in violent fluctuation of melt flow, the weld metal at the rear
end may billow down to form hump at the bottom and also generate underfill at top due to
spatter. Thus, producing such defects of underfill or root sag or undercut or humps when
keyholing remains unstable with rapid solidification. Further to these conditions, if highly
viscous material such as Ni-based superalloy, fluctuating melt pool becomes violent and
unstable leading to high difficulty in control and as a result producing weld defects of
underfill/undercut (excessive localized evaporation and spatter) and root hump (excessive melt
flow rearwards leading to droplet formation). Thus, root humps in weld bead are more prone
in butt-joint configuration than in BOP and attributed to melt drag in the gap and air plume.
Thus, such defects of underfill/root humps were not observed in partially penetrated weld when
processed at welding speed beyond 4 mm/s, whereas, when processed with 4 mm/s, huge
underfill and root hump defects appeared in the weld bead. Indeed, high-speed downward flow
of molten metal accompanied with high recoil pressure and localized vaporization decisively

resulted in occurrence of surface underfill and root hump defects [1,2,15,21].

Once the melt pool is fully penetrated, the molten metal in the bottom melt pool flows
rearward i.e., opposite to the welding direction and accumulates significantly at the bottom
surface resulting in droplet formation. When this molten droplet achieve significant volume
may begin to sag due to gravity and grows continuously. Thus, droplets of mass solidified in
the form of hump at the bottom surface of weld processed with 4 mm/s is clearly discernible.
Similar welding defects were observed in several studies of deep penetration laser welding and
attributed to keyhole instability [1-3,10]. Thus, process optimization by controlling welding
speed (6 mm/s) entailed nearly full penetration weld joint with complete avoidance of underfill
and root hump effects as through-thickness penetration welding in 10-mm thick superalloy
Inconel 617 became elusive. Similar effects of such defects were reported in YAG, diode and
fiber laser welding studies of thick metallic materials and suggested to control heat input by

virtue of laser defocusing and welding speed parameters [12,14,16].

6.4 Microstructure and hardness distribution analysis
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Figure 6.5. XRD of substrate BM and weld fusion zone of Inconel 617 alloy

Since, the butt joint processed with 5.5 kW laser power, 6 mm/s welding speed and -
2.0 mm defocusing produced defect-free nearly full penetration weld (9.75 mm), the same was
subjected to tensile testing and comprehensive analysis of its microstructure and hardness
distribution employing FESEM, EDS, XRD and Vickers Hardness Test undertaken and
compared with substrate. Prior to detailed microstructure analysis, phases formed in both weld
fusion and substrate regions were first analyzed by employing XRD technique with slow
scanning. Figure 6.5 shows the XRD patterns obtained in fusion zone of laser welded butt-joint
specimen processed with 6 mm/s welding speed as well as as-received substrate material. The
diffraction peaks located at 43.5°, 51° and 75° for weld fusion zone correspond to y-(Ni-Cr-Co-
Mo) matrix akin to that of as-received base material (BM), although in varied quantity. A
zoomed-in inset image of XRD pattern presented in Figure 6.5 further confirms enhanced
intensity of secondary peaks of carbides of chromium and molybdenum in weld fusion zone as
compared to that of base metal. These phases were observed to be of MoC (M = Cr, Mo) and
MqeC-type (M =Mo) as reported by several studies on welding of Inconel 617 alloy. Apparently,
reduced peak intensities of M23Cs-type of chromium carbides could be observed in fusion
region as compared to that of base metal. Indeed, precipitation of Mo-rich carbides of M>C and

MsC types from dendritic matrix (y) accompanied with partial dissolution of chromium
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carbides resulted in such fusion zone microstructure of laser welded Inconel 617 alloy [22].
Furthermore, significant peak broadening of the X-ray diffraction patterns of y-(Ni-Cr-Co-Mo)
in weld fusion zone as compared to that of BM indicates dendritic refinement due to the
prevailing high cooling rate of laser welding cycle. Indeed, elemental distribution analysis of
these microstructures of fusion and base metal by employing FESEM/EDX depicted in Figure
6.6 corroborated this aspect. Weld metal microstructure composed of columnar dendrites of y
(Ni-Cr-Co-Mo) symmetrically distributed around its weld centre following the direction of
thermal gradient of laser welding cycle. Indeed, formation of such columnar dendritic structure
along the laser energy distribution line in laser welding process is attributed to the prevailing
high cooling rate and large thermal gradient in deep penetration laser welding process [2,20].
Furthermore, growth of dendrites perpendicular to the fusion boundary and directed towards
the weld centre opposite to the direction of heat flow is clearly discernible from high

magnification weld interface micrograph depicted in Figure 6.6b.
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Figure 6.6. FESEM micrographs of (a) weld fusion zone and (b) weld interface with an inset
image showing Micro-Vickers hardness values and EDS results (D — Dendritic core, IR —
Interdendritic)

It is common in any weldment of alloy with carbide forming elements, micro-
segregation along interdendritic region following weld solidification that determine its joint
strength to a great extent. As Inconel 617 is more prone to liquation cracking, understanding
microstructural variations throughout the weld region encompassing FZ, PMZ and HAZ
becomes tantamount. Figure 6.6 illustrating high magnification micrographs of central weld

fusion region and interface boundary along with micro-hardness distribution and elemental
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spot analysis (Table of Figure 6.6) help facilitate in understanding microstructure and
distribution of carbides in dendritic core (D) and interdendritic (IR) regions. Results indicate
that distinguishable elemental segregation existed in both FZ and PMZ regions of laser welded
Inconel 617 alloy. The dendritic core constituting y (Ni-Cr-Co-Mo), as indicated by XRD
analysis, are richer in Ni and Co contents, whereas IR are predominantly Mo-rich and Cr-rich
carbides of M>C and MsC (Mo being double compared to surrounding matrix). In addition,
pockets of Ti-rich carbides were also found micro-segregated in the inter-dendritic region of
weld metal. The results are convergent with that of phases being analyzed by XRD previously.
Indeed, Mo and Ti carbides segregated strongly (as compared to that of Cr) into at IR in weld
microstructure due to the fact that the Mo and Ti are powerful carbide forming elements with
strong affinity. Moreover, the diffusivity of Mo and Ti into y matrix is also significantly low
and as a result segregated with expulsion from the matrix [23]. Pronounced segregation of Cr
and Mo into the IR of fusion zone (identified by EDS analysis) could weaken the strength of
the microstructure as previously observed in y-Ni matrix intensity peaks by XRD analysis when

compared to that of BM.

As the strength of the weld also depend on microstructure at fusion boundary and HAZ,
detailed analysis with elemental distribution in PMZ and HAZ regions is necessary. Figure
6.6b depicts high magnification microstructure at fusion boundary and HAZ with elemental
analysis at various regions of PMZ, HAZ and BM. Indeed, partially melted region associated
with constitutional liquation of low melting eutectics (LME) is discernible in the vicinity of the
boundary along with partially dissolved carbides at HAZ without involvement of melting.
Formation of such LMEs is attributed to liquation reaction possible between y-Ni matrix and
secondary carbides during heating of the welding cycle as reported in laser welding of Inconel
617 alloy [24]. Indeed, EDS elemental distribution analysis presented in Table of Figure 6.6
elucidating higher amounts of Cr and Mo in LME than in matrix envisaging ternary phase
constituting y-Ni + M23Cs + MeC as reported by our previous study employing advanced XRD
and Nano-Indentation analyses [25]. However, Cr content decreased and Mo content increased
in carbides of HAZ and LME in PMZ as compared to substrate BM (Table in Figure 6.6).
Indeed, pronounced segregation of these carbides of Cr and Mo may cause significant reduction
in strength of the joint due to weakening of the surrounding matrix. Moreover, Ding. K, et al
[26] found that the continuous eutectic network along the GBs may plausibly weakens the
connection between the grains leading to micro-cracking or loss of ductility that will eventually

impair joint strength. Hong et al [27], observed micro-fissuring at nail head site of bead profile
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during CO; laser welding of IN 718 and attributed to reduction of strength on account of grain
coarsening and liquation cracking. Furthermore, micro-hardness evaluation of FZ, PMZ/HAZ
and BM (depicted in the inset of Figure 6.6b) reconfirmed varied strength of the microstructure.
FZ hardness was found to be in the range of 235 — 270 HV as against substrate BM hardness
of 230 — 265 HV. A wide scatter in the BM hardness is attributed to the mixture of fine and
coarse austenitic grains. Marginally improved hardness in FZ of diode laser welded Inconel
617 alloy could be attributed to the microstructural refinement (finer dendritic grain size)
associated with rapid solidification with high cooling rate of the laser welding cycle. Further,
HAZ including PMZ region showed slight reduction in hardness (210 — 240 HV), plausibly
due to the dissolution of carbides in the austenitic grains and enrichment of alloying elements
in the grain boundary carbides causing variation in solid-solution strengthening of y-Ni matrix
[28]. Overall, hardness and strength of the weld remained more or less similar to that of base
metal except to the formation of low melting eutectics in PMZ of 70 — 100 micro-meters

indicating optimization of the welding process.

6.5 Analysis of tensile properties of welded butt joint

Further to the microstructural analysis, tensile testing of the optimized butt welded joint
(processed with optimum conditions of 5.5 kW laser power, 6 mm/s welding speed and -2.0
mm defocusing distance) conducted at room temperature to assess its joint efficiency and
compared to that of BM. The engineering stress-strain curves of substrate BM and welded

Inconel 617 alloy are presented in Figure 6.7 along with tensile properties evaluated.
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Figure 6.7. Stress-strain graphs of substrate and welded Inconel 617 alloy, with inset of
fractured tensile test specimens with cross-section macrographs (yellow dash line indicates
fusion boundary)

The YS and UTS of the optimized butt-welded joint are 354-360 and 745-765 MPa
respectively with an elongation of 42-51 %. In contrast, BM showed YS and UTS of 325-335
and 765-769 MPa respectively with an elongation of 60-67%. A 97-99% joint efficiency could
be achieved during autogenous diode laser welding at optimum conditions along with
improvement in YS, although with a reduction in elongation as compared to BM. Moreover,
the weld joint strength obtained in the present study is found to be comparable and slightly
superior to that of reported studies of other researches adopting various multi-pass and
modified advanced techniques of TIG, MIG or CMT. Fink et al. [29] obtained a joint strength
of 761 MPa, 759 MPa and 764 MPa in CMT, Pulsed-MIG and Pulsed-Arc weldments of
Inconel 617 alloy respectively. Moreover, Young et al. [30], obtained a joint strength of 675
MPa during multi-pass TIG welding of Inconel 617 alloy. Similarly, Shanlin et al. [31],
obtained joint strength of 745 MPa in multi-layer NG-TIG welding of Inconel 617 alloy. Thus,
it is evident that joint strength of high-power diode laser welded Inconel 617 alloy is stronger

than that of joints produced with other arc welding methods.

Figure 6.8. Fracture surfaces of the tensile test specimens (a) substrate and (b) welded

In order to analyze strengthening mechanism of weldment and assess fracture
behaviour, cross-sectional analysis of fractured tensile test specimens was undertaken. Inset
images in Figure 6.7 illustrate location failure of tensile test coupons at the end of fracture of
tensile testing. It is clear from the inset macrographs of tensile specimens (Figure 6.7) that the
location of failure in weldment was found to be in PMZ/FZ boundary region. The cracks during
tensile loading appear to have nucleated from the weak PMZ region and propagated through

the fusion boundary into the FZ. More precisely at the neck zone of weldment during tensile
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loading, as it is likely to be prone to high stressed condition with loss of ductility and micro-
fissuring. Similarly, presence of micro-fissures and/or liquified film formation along GBs in
PMZ were observed and attributed to crack nucleation during tensile loading in several works
involving welding of several alloys [27,32]. The high magnification fracture surfaces presented
in Figure 6.8 further fortify ductile rupture mode of fracture in both welded and base metal
specimens. However, deep dimples were observed in BM as against shallow dimples with clear
micro-pores in weld fracture surface indicating higher strength with elongation in BM as
compared to that of weld joint. A close look into the fractographs indicate that BM fractured
with cracks being propagated along grain boundary, whereas, multiple cracking originated
along the interdendritic region of refined microstructure of weld fusion region in weld joint.
Indeed, strength of the 10-mm thick laser welded joint of Inconel 617 produced under optimum
processing conditions with a single pass using high-quality diode laser in single pass matched

with that of BM envisaging its adoption in various industry.
6.6 Conclusions

The study demonstrated successful autogenous laser welding of 10-mm thick Inconel
617 in single pass in square-butt configuration utilizing advanced high-quality diode laser.
Defect-free nearly full penetration welding with 97-99% joint efficiency could be achieved
with optimization of parameters of laser power, welding speed and focusing distance. Indeed,
the study demonstrated the efficiency of the deep penetration welding process on par with
multi-pass, multi-joint, hybrid and modified advanced welding processes employing
conventional lasers as well as other fusion welding techniques with advantages of producing
deeper welds with control in distortion, high speed processing and minimal melting (no filler

requirement) and high productivity.

Depth of penetration, width-to-depth aspect ratio and weld bead profile in high-power
diode laser welding of Inconel 617 alloy was found to principally depend on precise location
of focal position and power density governed by laser power and welding speed. Indeed, there
exists an optimum focal spot position over which effective laser energy coupling with material
exists depending on laser, optical setup, depth of focus and material thickness/joint design.
Although full penetration without underfill and hump defects could not be achieved due to
ineffective precise control in keyhole melt pool stability associated with laser intensity
convergence of viscous Inconel 617 alloy, optimum processing conditions of focusing distance

(- 2 mm) and welding speed (6 mm/s) entailed production of defect-free nearly full penetration.
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The weld bead profile produced at optimum processing conditions consisted of typical

Y-shape with fusion zone microstructure constituting dendrites of y-matrix with directional

solidification and segregation of Mo and Cr carbides along inter-dendritic boundary. In PMZ,

in the vicinity of fusion boundary, LMEs were observed and attributed to the possible

constitutional liquation of secondary phase particles during welding.

Weld joint obtained at optimized processing conditions had slightly higher yield

strength as compared to base material; however, tensile strength and elongation was found to

be slightly affected by the welding process due to formation of weak PMZ (70 — 100

micrometers wide) in joint with micro-porosity in fusion region. Moreover, the weld joint

efficiency of diode laser welded Inconel 617 alloy was in the range of 97 — 99 % indicating

suitability of its application for components of use in thermal power plant and other sectors.
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CHAPTER 7

Statistical Analysis and Multi Objective Optimization of Diode Laser
Welding Process by means of RSM and Desirability Approach

7.1 Introduction

As previously observed, complete elimination of underfill in DLW process remained
unsolved, although full-penetration could be achieved with optimization of critical parameters
of welding speed, laser power and focusing distance. Most of the defects of undercuts, porosity,
root-sag could be minimized to a greater extent for joint efficiency with optimization of critical
processing parameters, there seems to critical fine tuning required to minimize or eliminate
underfill in the joint. Indeed, defects of underfill and root sags in weldments affect both the
surface integrity, joint efficiency and thereby mechanical properties of the joints. As weld
defects of underfill and root sag could not be eliminated completely by optimizing parameters
of focusing distance and welding speed with full penetration in diode laser welding (DLW)
process optimization previously studied in Chapter 6, it was felt necessary to assess
comprehensively influence of all three critical parameters of laser power, focusing distance and
welding speed to optimize weld quality employing RSM based statistical model. Thus, the
present chapter critically investigate influence of critical process parameters employing

statistical approach with RSM-BBD (Box-Behnken Design) methodology.

In this study, statistical methodology utilized was RSM-BBD with three-factor and
three-level design of experimentation approach available with Design-Expert software with
range of parameters and outputs presented in Table 3.6. High-power fibre-coupled diode laser
welding experimental setup as explained previously and shown in Figure 3.11 is utilized for
validation of the model. The statistical analysis software Design-Expert V-11 tool was utilized
for the purpose to generate the design matrix for three-factor and three-level and subsequent
analysis and co-relation with experimental outputs. The model developed is intended to
effectively maximize penetration of weld joint with complete elimination of welding defect of
underfill and minimization or elimination of other defects of undercuts, root sag humps and
maximization of radius of curvature (ROC) for producing effective joints usable for
applications. The mathematical model developed is validated with experiment conducted by

employing desirability approach.
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7.2 Experimental Methodology

The development of mathematical model is carried out for high-power DLW welding
on 10-mm thick Inconel 617 in butt joint configuration to optimize the processing parameters
that can eliminate or minimize underfill and root hump defects coupled with maximization of
other weld profile parameters. Critical processing parameters such as Laser Power (LP),
Welding Speed (WS) and Defocusing distance (DF) were considered as input variables while
other processing conditions and parameters of laser beam size, mode of processing, shielding
parameters, positioning of nozzle/optical head were retained same as used for initial works. As
the principal aim of the model was to optimize these specific process variables to obtain joints
with full penetration and minimal or complete elimination of critical weld defects of surface
underfill/undercut and root sag hump defects, range of variation in level for the statistical model

was chosen based on the optimized parameters obtained in the previous chapter.

In previous study, nearly full penetration welds with aspect (depth-to-width) ratio
greater than one in bead-on-plate configuration were obtained at defocusing distances ranging
from -6 to +4 mm from the entire range of study with defocusing distances from -14 mm to
+10 mm. It is clear from the previous study, full penetration was obtained with occurrence of
huge underfill and root hump defects at -2 mm defocusing distance and therefore in the present
statistical approach, it was felt pertinent to optimize DF in the range of -2 to +2 mm. Thus, -2
to +2 mm for DF was the range considered in RSM model. Furthermore, the optimum levels
of WS and LP entailing production of defect-free near full penetration welds in butt-joint
configuration was observed to be 5.5 kW and 6 mm/s respectively from the previous study.
Thus, a range of 5 — 6 kW for laser power (LP), -2 to +2 mm for defocusing distance (DF) and
6 — 14 mm/s for welding speed (WS) were considered best for developing the statistical model
to envisage defect-free full penetration welds. Table 3.6 shows the range of laser welding
process parameters with three-factor and three-level design approach obtained from the RSM
model. A sum total fifteen experiments were required as per the three-factor and three-level
matrix design obtained from RSM-BBD method (depicted in Table 3.7). Analysis of variance
(ANOVA) technique was utilized to examine the significance of the developed model and the
output responses were corelated with input variables using regression equation. Four important
responses constituting Upper bead width (UBW), Fusion zone area (FZA), Weld penetration
(WP) and Radius of curvature (ROC) were considered for output responses. The mathematical

model to be developed should entail response factors to be maximized in some cases (WP and
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ROC) and minimize in other (UBW and FZA). Similar high-power diode laser welding setup

utilized for welding experiments as explained previously in chapter 3.

7.3  Statistical Model for upper bead width (UBW)

Table 7.1 depicts the ANOVA test result for UBW with variation of input variables
such as LP, WS and DF. Results indicated that the all three input variables LP, WS and DF
significantly influence UBW linearly as coded values of F and P were found to be greater than
1 and below 0.05 respectively. Interactive effects of WS and DF were also found to be
significantly influence linearly UBW. Indeed, among these parameters, WS parameter
influenced maximum as linear terms of WS has got highest and lowest F and P values
respectively as compared to other variables effects. It suggests that the WS induced maximum
influence on UBW. Indeed, it is the welding speed that governs the melt spread to a greater
extent due to lateral expansion associated with the fixed laser beam spot. Further, no significant
effect was observed on UBW with interaction terms between other parameters and no
significant quadratic effects were seen of all three influencing parameters. The influence of DF
is minimal due to the fixed laser spot size convergent with intensity profile within the range of
parameters chosen. Therefore, linear terms of all input variables (LP, WS and DF) and
interactive effect of WS and DF were found to be the predicting input parameters for UBW
efficiently. Thus, the resultant regression equation to obtain UBW in relationships with actual

variables are expressed as presented in equation 7.1:

UBW (mm) =+ 6.5810 + 0.5075 * LP - 0.26156 * WS + 0.6743 * DF - 0.04343 * WS* DF
Eqn (7.1)

Table 7.1. ANOVA analysis for UBW

Sum of Mean

Source Squares Df Square F-value p-value

Model 11.60 4 2.90 30.80 < 0.0001 Significant
A-Power 0.5151 1 0.5151 5.47 0.0414

B-Speed 8.76 1 8.76 93.03 <0.0001

C-Defocus  1.84 1 1.84 19.58 0.0013

BC 0.4830 1 0.4830 5.13 0.0469

Residual 0.9413 10 0.0941
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Not

Lack of Fit  0.3468 8 0.0434 0.1459 0.9816 L.
significant

Pure Error  0.5945 2 0.2972

Cor Total 12.54 14

R%: 92.42%; Adj. R*: 89.41
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Figure 7.1. Perturbation plot of UBW

As clearly seen from the ANOVA test result shown in Table 7.1 that the adequacy
measures such as R? (0.924) and adjusted R? (0.894) values are closer to 1 for UBW, indicates
the adequacy and predicting measures are found to be in good agreement and induced
significant relations of input parameters. Indeed, high F and low P values of both WS and DF
indicate their significant effect on formation of UBW in laser welding process. However, LP
were less significant for the formation of UBW. This elucidates the effects of WS and DF on
the formation of UBW, with WS more pronounced than DF. In fact, WS (interaction time)
greatly influences the weld bead profile in fusion welding processes on account of heat input
[1,2]. Indeed, after WS, DF is the significant term for the formation of UBW as DF induce
significant effect on weld bead profile on account of their associated effects of power density,
spot size, intensity distribution and energy coupling behaviour of laser-material interaction [3-
6]. Furthermore, Figure 7.1 shows the perturbation plot for UBW which illustrates the
comparison effect of all three input variables (LP, WS and DF) in the central point of the design
space. It indicated that the influence of WS and DF on the formation of UBW are significantly
more, with WS more pronounced than DF. However, LP has less significant on UBW. This is

convergent with limited possibility of variation in lateral expansion of weld bead (top width)
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due to LP range chosen in the study and not much variation in UBW due to DF more or less

remaining same with energy intensity distribution.
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Figure 7.2. Contour plots showing influence of all three input parameters (LP, WS and DF)
on UBW

Figure 7.2 shows the 2D & 3D plots of interaction of all three input parameters (LP,
WS and DF) on UBW. It is clear from 2D & 3D graphs that with decreasing WS and increasing
DF and LP, UBW increases. With lowest WS and highest DF and LP, maximum UBW
obtained. Indeed, heat input which is a ratio of LP and WS, increases with increase in LP and
decrease in WS. However, higher the positive DF, larger the spot size with outwardly diverging
laser beam entering into the keyhole through the surface of the material and thereby resulting
in shallow and wider UBW at positive defocus [7-9]. Similar observations were observed on
model employing RSM-statistical approach in laser-based welding by various researchers [10-
13]. On the whole, the regression mathematical model developed for UBW were found to be

in good agreement in forecasting results in conjunctions with results obtained by experiments.
7.4 Statistical Model for weld penetration (WP)

Table 7.2. ANOVA analysis for WP
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Sum of Mean

Source Squares Df Square F-value p-value

Model 23.65 4 591 26.86 <0.0001 Significant

A-Power 3.73 1 3.73 16.93 0.0021

B-Speed 12.13 1 12.13 55.10 <0.0001

C-Defocus  6.50 1 6.50 29.52 0.0003

B2 1.30 1 1.30 5.89 0.0356

Residual 2.20 10 0.2201

Lack of Fit  2.10 8 0.2622 5.08 0.1749 I\.IOt .
significant

Pure Error  0.1033 2 0.0516

Cor Total 25.85 14

R%: 91.46%; Adj. R* 88.02

Table 7.2 depicts the ANOVA test result for WP with variation of input variables such
as LP, WS and DF. Results indicated that the all three input variables LP, WS and DF were
significantly influenced WP linearly as F and P were found to be greater than 1 and below 0.05
respectively. Indeed, among all three input variables, WS parameter influenced maximum as
linear terms of WS has got highest and lowest F and P values respectively as compared to other
variables effects, similarly to the effect on UBW. It suggests that the WS induced maximum
influence on WP as compared to other variables of LP and DF. In addition to this, quadratic
term of WS were also found to be significantly influence WP as F and P are within desired
limits of LP and DF. Further, no significant effect was observed on WP with interaction terms
between any input parameters as observed in case of UBW and no more significant quadratic
effects were seen between other influencing parameters. Indeed, interactive terms involving
LP and DF is less decisive in influencing WP on account of the marginal effect of heat input
per unit area variation involved. Therefore, linear terms of all input variables (LP, WS and DF)
and quadratic term of WS were found to be the predicting input parameters for WP efficiently.
Thus, the resultant regression equation to obtain WP in relationships with actual variables are

expressed as presented in equation 7.2:

WP (mm) = + 6.0890 + 1.3650 * LP — 1.0446 * WS — 0.4506 * DF + 0.0368 * WS"2  Eqn
(7.2)
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As clearly seen from the ANOVA test result shown in Table 7.2 that the adequacy
measures of R? (0.914) and adjusted R? (0.880) are closer to 1 for WP, indicating adequacy
with predictability for good agreement and induced significant relations of input parameters.
Indeed, high F and low P values of WS and DF indicate their significant effect on formation of
WP in laser welding process. However, LP was found more effective variable for the formation
of WP but to lesser extent as compared to WS and DF as obvious from their respective F and
P values. This elucidates effect of all three input variables on the formation of WP, with WS
and DF more pronounced than LP. WP of the through thickness in laser welding processes
depends on extent of heat input such as WS (interaction time), and LP (power density) and
finally DF (intensity distribution profile governing laser-material interaction) [1,2]. WS
parameter induced highest influenced on WP, it is due at the direct effect of interaction time to
fuse the material for melting. After WS, DF is the significant term for the formation of WP as
DF induce significant effect on weld bead profile associated with spot size and intensity
distribution and energy coupling behaviour of laser-material interaction [3-6]. Indeed, small
parametric range of LP selected in the space design, showed not much significant influenced
on WP as obvious from the ANOVA analyses shown in Table 7.2 as compared to other
parameters. Similar observations were made on welding processing employing RSM-statistical

modelling by various researchers [10-13].
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Figure 7.3. Perturbation plot of WP

Furthermore, Figure 7.3 shows the perturbation plot for the response WP which
illustrates the comparison effect of all three input variables (LP, WS and DF) in the central

point of the design space. It elucidates dominant negative effect of WS and DF and moderate
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positive effect of LP on WP. It indicates that the WS and DF has direct effect on the response
of WP of laser welded superalloy as compared to LP. As effective interaction time associated
with WS has a pivotal role in determining the depth of penetration (WP). DF (negative defocus)
has direct effect on WP due to the fact that at negative defocus, laser beam energy density
induced in laser keyhole wall with inward laser beam divergence is comparatively high as
compared to that of outward laser beam divergence at positive and zero defocusing [8,9].
However, LP has less significant on WP, due to its sluggish effect associate with the utilization

of small parametric window in the design space.

(a) , (c)

Penetration (mm) Penetration (mm)
B =

H
=

N
)

B: Speed (mm/s)

C: Defocus (mm)
B: Speed (mm/s)

5 52 54 56 58 6
A: Power (kW)

HH
b\

Penetration (mm)
Ao N®©OOR
Penetration (mm)

Penetration (mm)

Figure 7.4. Contour plots showing influence of all three input parameters (LP, WS and
DF) on WP

Figure 7.4 shows the 2D & 3D plots of interaction of all three input parameters (LP,
WS and DF) on the response WP. It is clear from 2D & 3D graphs (Figure 7.4) that by
decreasing WS coupled with reducing DF and by increasing LP, maximum depth of penetration
(WP) could be obtained as manifest from the curving nature of 3D graphs. Indeed, either
increase in LP or decrease in WS increases the heat input (heat input is a ratio of LP and WS)
with extended interaction time to enhance the WP through thickness in laser welding processes
[1,2,10]. However, at negative DF, laser beam enters into the keyhole wall converged gradually
to the focal point imposing optimum power density with maximum intensity inside the material
than that of weld processed with zero or positive focussing on surface of the material [7-9].
Similar observations were made on welding processing employing RSM-statistical modeling

by various researchers [10-13]. On the whole, the regression mathematical model developed

152



for WP were found to be in good agreement in predicting results in conjunction with

experimental values.

7.5 Statistical Model for fusion zone area (FZA)

Table 7.3. ANOVA analysis for FZA

Sum of Mean
Source Squares df Square F-value p-value
Model 687.44 4 171.86 47.86 <0.0001 Significant
A-Power 49.10 1 49.10 13.68 0.0041
B-Speed 547.47 1 547.47 152.48 <0.0001
C-Defocus 49.70 1 49.70 13.84 0.0040
B? 41.16 1 41.16 11.46 0.0069
Residual 3591 10 3.59
Lal‘::l.l‘t of 33.74 8 422 3.90 0.2200 Sigﬂgzam
Pure Error 2.16 2 1.08
Cor Total 723.34 14

R%: 95.02%; Adj. R* 93.07

Table 7.3 shows the ANOVA test result for the response FZA (to be minimized) with
variation of input variables of LP, WS and DF. ANOVA test results indicated that the all three
input variables LP, WS and DF significantly influence FZA linearly as F and P were found to
be greater than 1 and below 0.05 respectively. Indeed, among all three input variables, response
WS influenced maximum as linear terms of WS has got highest and lowest F and P values
respectively as compared to other variables effects, similarly to the effect on UBW and WP. It
suggests that the WS induced maximum influence on FZA as well. However, DF and LP
showed almost similar effect on the response of FZA as values of F and P for DF and LP are
more or less similar. In addition to this, quadratic term of WS were also found to be
significantly influenced FZA as F and P are within the desired limit, similarly to the effect
observed in case of WP. Furthermore, no significant effect was observed on FZA as well with
interaction terms between any input parameters as observed in case of UBW and no more
significant quadratic effects were seen between other influencing parameters. The result is
convergent with the fact that interaction time greatly influence on melt efficiency and thereby

FZA. Furthermore, the range of laser power and defocusing distance chosen may not alter the
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melt efficiency due to more or less constant heat input induced for welding. Therefore, linear
terms of all input variables (LP, WS and DF) and quadratic term of WS were found to be the
critical predicting input parameters for FZA efficiently. Thus, the resultant regression equation

to obtain FZA in relationships with actual variables are expressed as presented in equation 7.3:

FZA (mm"2) =+ 34.4381 + 4.9550 * LP - 6.2185 * WS — 1.2465 * DF + 0.2075 * WS"2
Eqn (7.3)

As clearly seen from the ANOVA test result shown in Table 7.3 that the adequacy
measures such as R? (0.950) and adjusted R? (0.930) values are closer to 1 for FZA, indicates
the adequacy and predicting measures are found to be in good agreement and induced
significant relations of input parameters. Indeed, highest F and lowest P values of WS indicate
its significant effect on formation of FZA in laser welding process. However, DF and LP were
also the significant variable for the formation of WP but to lesser extent as compared to WS as
manifest from their respective F and P. This elucidates effects of all three input variables on
the formation of FZA, with WS more pronounced than DF and LP. However, DF and LP
showed similar effect on FZA. Similar to WP, FZA of the through thickness in laser welding
processes depends on extent of heat input such as WS (interaction time), and LP (power
density) and finally DF (nature of laser beam-material interaction) [1,2,10]. WS parameter
induced highest influenced on FZA as evident from the ANOVA test, it is due at lower welding
speed interaction time increases causes significant transfer of laser beam energy to material
with prolonged duration as a result of high interaction time causing large melt fusion zone area
(FZA) to form. DF and LP induced almost similar significant effect on the response FZA. After
WS, DF induce significant effect on melt efficiency (FZA) on account of their associated
effects of power density, spot size, intensity distribution and energy coupling behaviour of
laser-material interaction [3-6]. Indeed, small parametric range of LP selected in the space
design, showed not much significant influenced on FZA as manifest from their low F and high

P values.
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Figure 7.5. Perturbation plot of FZA

Furthermore, Figure 7.5 shows the perturbation plot for the response FZA which
illustrates the comparison effect of all three input variables (LP, WS and DF) in the central
point of the design space. It elucidates dominant negative effect of WS and DF and moderate
positive effect of LP on FZA. It indicates that the WS has direct effect on the response FZA of
laser welded superalloy followed by DF and LP. As effective interaction time associated with
WS has a pivotal role in determining the melt efficiency (FZA) similar to that for WP. DF has
direct influence on FZA due to the fact that at higher defocus specially at -2 mm DF, the laser
beam energy interacts with the material with slightly larger spot size coupled with enhanced
laser energy transfer enabling larger FZA and deeper weld penetration (WP) as explained
previously. Similarly, LP has significant effect on response FZA on account of high heat input

(interaction time) associated with high LP.
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Figure 7.6. Contour plots showing influence of all three input parameters (LP, WS and DF)
on FZA

Figure 7.6 shows the 2D & 3D plots of interaction of all input parameters (LP, WS and
DF) on the response FZA. 1t is clear from 2D & 3D plots (Figure 7.6) that by decreasing WS
coupled with reducing DF and by increasing LP, maximum fusion zone area (FZA) could be
achieved as evident from the curvature in 3D contour plots. Indeed, either increase in LP or
decrease in WS increases the heat input (heat input is a ratio of LP and WS) with extended
interaction time to enhance the FZA cross-sectionally in laser welding processes [1,2,10].
Indeed, at high DF specially at -2 mm, laser beam interacts with the substrate material with
slightly larger spot size coupled with enhanced laser energy transfer resulting in enhanced FZA
as evident from the curvature in the contour plots (Figure 7.6). Similar observations were made
on welding processing employing RSM-statistical modeling by various researchers [10-13].
On the whole, the regression mathematical model developed for FZA were found to be in good

agreement in predicting results in conjunction with experimental values.

7.6  Statistical Model for radius of curvature (ROC)

Table 7.4. ANOVA analysis for ROC

Sum of Mean
Source df F-value p-value
Squares Square
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Model 1.29 2 0.6432 35.69 <0.0001 Significant

A-Power 0.2278 1 0.2278 12.64 0.0040

B-Speed 1.06 1 1.06 58.74 <0.0001

Residual 0.2162 12 0.0180

. Not
Lack of Fit 0.1150 10 0.0115 0.2271 0.9575 -
significant

Pure Error 0.1013 2 0.0506

Cor Total 1.50 14

R%: 85.61%; Adj. R*: 83.22

Radius of Curvature - ROC is another most important response parameter required to
be assesses for this welding process since it determines susceptibility of liquation cracking at
neck zone in welding superalloy [14,15]. Table 7.4 illustrates ANOVA test result for the
response of ROC with variation in input variables of WS and LP. It is clear from ANOVA test
results that only LP and WS induced significant effect on ROC linearly as F and P were found
to be greater than 1 and below 0.05 respectively. Indeed, among the parameters of WS and LP,
WS influenced maximum as linear terms of WS has got highest and lowest F and P values
respectively as compared to other variables effects. However, all other parameters of linear
terms (DF), quadratic as well as interactive terms influence in the selected matrix have no
obvious significant effect in determining ROC as F and P were found to be beyond their
required limit. This is obvious, since heat stagnation at neck-zone remains uninfluenced due to
variation in DF as heat dissipation and transfer characteristics does not alter and remain
constant. Thus, the resultant regression equation to obtain ROC in the laser welded cross-

section in relationships with actual variables be expressed as presented in equation 7.4:
ROC (mm) =-0.0322 + 0.3375 * LP - 0.0909 * WS Eqn (7.4)

As clearly seen from the ANOVA test result shown in Table 7.4 that the adequacy
measures such as R? (0.856) and adjusted R? (0.832) values are closer to 1 for ROC, indicates
the adequacy and predicting measures are found to be in good agreement and induced
significant relations of input parameters. Indeed, highest F and lowest P values of WS indicate
its significant effect on formation of ROC in laser welding process. However, DF did not show
any significant influence on ROC as compared to that of its significant influence on UBW, WP
and FZA due to the utilization of small parametric window in the design space. High interaction

time associated with low WS is so significant (negatively) to develop ROC as it principally
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depends on the depth-to-width aspect ratio in laser welds. The effect of WS on ROC is
maximum as manifest from the ANOVA analysis. Indeed, lower the WS, higher the depth-to-
width ratio and as a result higher the ROC and lower will be the liquation cracking
susceptibility. In contrast to the effect of WS, influence of LP on ROC found to be significant
positively. Thus, higher the LP, higher is the ROC.
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Figure 7.7. Perturbation plot of ROC

Figure 7.7 shows the perturbation plot for the response ROC which explains nearly
linear converge plots (converged at central point) for both WS and LP. Therefore, higher ROC
in laser welded superalloy could achieve by reducing WS (interaction time) and increasing LP.
Further it is clear from Figure 7.7, that the WS has significant maximum negative influence

and LP has significant positive effect on the response ROC, with effect of DF being void.

Radius of curvature (ROC) (mm)

B: Speed (mm/s)
Radius of curvature (ROC) (mm)

T T T
5 52 54 5.6 5.8 6
A: Power (kW)

Figure 7.8. Contour plots showing influence of input parameters (LP, and WS) on ROC
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Figure 7.8 shows the 2D & 3D plots of interaction parameters LP and WS on ROC. It
is clear from 2D & 3D graphs (Figure 7.8) that by decreasing WS coupled with increasing LP,
maximum ROC could be achieved as evident from the curvature in 3D contour plots. On the
whole, the regression mathematical model developed for ROC were found to be in good

agreement in predicting results in conjunction with experimental values.
7.7 Optimization using desirability approach

Table 7.5. Optimization criteria using desirability approach

Constraints Goal Lower Limit Upper Limit Importance
A: Power is in range 5 6 3
B: Speed is in range 6 14 3
C: Defocus is in range -2 2 3
UBW (mm) is in range 5 10 3
WP (mm) Maximize 5.37 10 5
FZA (mm?) is in range 13.37 38.01 3
ROC (mm) Maximize 0.47 1.64 5

As various quadratic as well as interactive terms of the independent input variables
influence output responses such as UBW, WP, FZA and ROC in the regression model, it is
difficult to find the optimal processing parameters. Therefore, by applying a mutual objective
optimization method using desirability function, is necessary to solve such problem. The
desirability approach is a numerical method to explain and solve a combination of objective
optimization problem, which satisfies all output responses and search optimal input variables
with desirability values ‘0’ indicating improper design for the output responses whereas value
‘1’ indicates perfect design [16-18]. Table 7.5 illustrates the criteria for optimization of
parameters used in this study. In this process, all input variables and the output responses such
as UBW and FZA entail equal importance and kept in a range. Indeed, output responses
particularly WP and ROC are kept as maximum. Indeed, higher the ROC lowers the liquation
cracking susceptibility [14]. Thus, maximizing the ROC to as much as possible is the important
criteria for the developing the model. As well known, critical laser welding processing
parameters such as LP, WS as well as DF influence the weld bead profile (weld bead width,
FZA, and WP) that effect the weld quality and joint performance. However, depth of

penetration (WP) in high-energy density beam process including laser beam welding is of more
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very importance to obtain high depth-to-width ratio welds. Thus, obtaining high WP without
producing any defects is of primary need. Therefore, the principal aim of the model was fixed
to optimize the input variables to obtain full penetration welds with minimization or complete
elimination of critical welding defects generally encountered during thick sections welding
such as underfill/undercut and root sag hump defects and increase ROC to as maximize as
possible is the desired criteria in this study. Table 7.6 depicts the various solutions found based

on the design criteria.

Table 7.6. Optimized solutions obtained from the model

Number Power  Speed Defocus UBW WP FZA ROC Desirability
1 6.000 6.000  -1.489  7.441 10.008  36.183 1.447 0.914 Selected
2 5.965 6.000 -2 7212 10.191  36.647 1.435 0.908
3 6.000 6.000  -0.359  7.908 9.499  34.774 1.382 0.863

Desirability
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A: Power (kW)
C: Defocus (mm)
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Figure 7.9. Contour plots for overall desirability for laser welding process

Further, the 2D plots shown in Figure 7.9 illustrates overall desirability of developed
model with an overall desirability value of 0.914. Therefore, from desirability approach, the
optimum values for high-power diode laser welding processing parameters on 10-mm thick
Inconel 617 alloy are 6 kW laser power (LP), 6 mm/s WS and -1.489 mm DF. The predicted
output responses from the RSM model are: weld penetration (WP) was 10.008 mm with fusion
zone area (FZA) being of 36.183 mm? and upper bead width (UBW) of 7.441 mm and radius
of curvature (ROC) of about 1.447 mm.
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7.8 Validation of the optimum solutions

Table 7.7. Validation of experimental results with predicted one

Responses Predicted Desirability Experimental  Error (%)

UBW 7.441 0.914 7.177 3.5
WP 10.008 0914 11.127 0.1
FZA 36.183 0.914 37.69 39
ROC 1.447 0914 1.411 2.4

Further the validation of the RSM model was carried out by conducting the actual laser
welding experiment on 10-mm thick Inconel 617 alloy employing welding parameters obtained
from the model. Then metallography samples were cut cross-sectionally, mechanically
polished and etched chemically same procedure as previously described. Figure 7.10 depicts
the cross-sectional macrograph of weld bead profile produced from the predicted RSM model

and Table 7.7 depicts the validation of results.

Figure 7.10. Macrograph obtained from the optimized parameters

The resulting optimized weld penetration (WP) was 11.127 mm with fusion zone area
(FZA) being of 37.69 mm? and upper bead width (UBW) of 7.177 mm and radius of curvature
(ROC) of about 1.411 mm. The error percentage between the optimal predicted values obtained
from statistical model and actual experimental values was found to be less than 5%, which is
in the acceptable range. Therefore, it can infer that the actual experimentation values are in fine
agreement with the values provided by statistical approach, thus concluding that the optimum

solutions obtained from the RSM model for welding thick-sections using high-power diode
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laser can be applied with high precision. Although the weld bead obtained by statistical
modeling approach found to be superior as compared to the welds obtained in chapter 6.
However, marginal level of underfill/root humps could still be observed in deep penetration

laser welding of superalloy.

7.9 Analysis of tensile properties of optimized butt joint produced by RSM
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Figure 7.11. Stress-strain graphs of welded Inconel 617 alloy produced by RSM optimized

parameters

Further to the validation of the RSM model, tensile testing of the optimized butt welded
joint (processed with optimum conditions of 6 kW laser power (LP), 6 mm/s WS and -1.489
mm DF) conducted at room temperature to assess its joint efficiency and compared with
previously obtained with DLW process. The engineering stress-strain curves of welded Inconel
617 alloy is presented in Figure 7.11 along with tensile properties evaluated. The YS and UTS
of the optimized butt-welded joint are 355-362 and 755-770 MPa respectively with an
elongation of 45-53 %. In contrast, BM showed YS and UTS of 325-335 and 765-769 MPa
respectively with an elongation of 60-67%. A 98-99% joint efficiency along with improvement
in YS, although with a reduction in elongation as compared to BM was achieved during
autogenous diode laser welding at optimum conditions obtained from the RSM model.
Moreover, the weld joint strength obtained in the present study is found to be slightly superior

to that of previously observed by DLW methods as discussed in chapter 6. On the whole, welds
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obtained by statistical modeling approach found to be superior as compared to the previous
study. RSM model efficiently helped in reducing the critical welding defects such as underfills
and root sag humps and thereby enhancing weld joint strength with improved weld quality.
Indeed, fine-tuning of DF parameter played a decisive role in optimizing the process effectively

with development of the mathematical model.
7.10 Conclusions

In the present study, RSM-BBD method with three-factor and three-level methodology
was utilized to optimize the deep penetration diode laser welding critical process parameters to
obtain full penetration welds with reduced welding defects such as underfill, undercuts, root
sag humps. Influence of three Laser welding critical process parameters such as Laser power
(LP), Welding speed (WS) and Defocusing distance (DF) on quality of welds such as Upper
bead width (UBW), Fusion zone area (FZA), Weld penetration (WP) and Radius of curvature
(ROC) were assessed. Following conclusions can be made:

» There exists an optimized process parametric range during deep penetration diode laser
welding of 10-mm thick Inconel 617 superalloy, where a reduced underfill and root
hump defects could be obtained.

» Process optimization was obtained by maximizing weld penetration and radius of
curvature (ROC), whereas fusion zone area (FZA) and upper bead width (UBW) were
kept in the obtained range.

» Based on regression equations obtained from the model indicated that the linear terms
of all three input parameters such as LP, WS and DF exert significant effect on UBW,
WP and FZA. Also, interactive terms between WS and DF has significant influence on
formation of UBW. Quadratic terms of WS were found to have significant effect on
both WP and FZA. However, for ROC response, only linear terms between LP and WS
was found to have significant effect.

» Optimized process parameters were obtained from the model to achieve maximum
depth of penetration in 10-mm thick Inconel 617 alloy with maximum ROC were, laser
power of 6 kW, welding speed of 6 mm/s and a defocusing distance of -1.48 mm.

» Validation of the model was done using desirability approach and the experimental
results were found to be in good agreement with the predicted one with <5% error.

» Tensile test results indicated that the weld joint efficiency of the optimized butt-welded
joints obtained from RSM model are found to be in the range of 98 — 99% and superior

to that of previously obtained by DLW
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Indeed, RSM methodology used for developing the model facilitated in fine-tuning
defocusing distance effectively welding process with application of other parameters

(LP and WY) in the applicable range and also optimize joint strength.
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CHAPTER 8

Development of novel two-step diode laser welding technique without filler-
wire feeding and designing of specific joint configuration for thick-section

welding of superalloy

8.1 Introduction

Further to the difficulty in resolving defects of underfill, root sag and such similar
defects in single-pass laser welding of 10-mm thick superalloy 617 material, it was felt
necessary to develop a new modified process with manual placement of wire by tack welding
and subsequent seam welding. Although various advanced methods of laser-hybrid-welding
and multi-pass laser welding processes are available for thick-section welding (greater than 10
mm), the aim was to eliminate costly and cumbersome wire-feeder apparatus and additional
heat sources like TIG, MIG etc. Apparently, other techniques like multi-pass welding with
process variants such as both side autogenous welding, multi-layer/multi-groove welding with
filler addition, single-pass welding with additional setups of magnetic stirring, welding with
pre-heating of filler-wire and/or work piece were observed to resolve the issues of
undercut/underfill and root sagging defects in thick section welding to certain extent [1-7],
cost-effective welding in single-pass is the need of the hour and as a result development of new
method using latest high-quality diode laser.

Moreover, multi-layer narrow-gap laser welding of Inconel 617 alloy effectively
produced joints in thick plates, although with multiple-passes [1,6]. In their method, joint was
made by continuous feeding of filler wire during laser seam welding with laser being focused
on filler wire to fill the gap. However, defects such as lack of sidewall fusion and/or root non-
fusion due to large gap width persisted. Although, welding of thick-sectioned large component
could be made by above method with multi-pass and multi-layer deposition, the high heat-input
welding strategy reduced the joint efficiency in terms of impact strength, elongation and creep
resistance on account of large heat affected zone and residual stresses with heavy distortion.
Additionally, the economy of the process will be higher due to the additional wire-feeding
apparatus required for the purpose. Many a times, post-weld treatments and post-process
machining requirements become mandatory to overcome these issues in thick-section welding

for use in actual application [1-7]. Therefore, a novel laser welding technique involving two-
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step welding method with addition of filler wire help facilitate to weld thick sections has been
taken up and comprehensive elaborated the study undertaken in this chapter. The novel method
(patented) provides a cost-effective single-pass laser welding method without wire feeder to
obtain satisfactory full penetration welds in thick-sections with complete removal of
underfill/undercuts, root humps defects etc. along with improvement in weld joint efficiency

and significant reduction in distortion with good-bead appearance.

8.2 Experimental Methodology

The present novel welding method utilizes the same high-quality high-power fibre-
coupled diode laser integrated to 6 + 2 axis robotic workstation (similar to that previously
explained, shown in Figure 3.11) with additional fixturing and shielding setup as shown in
Figure. 3.13, for joining thick-section metal plates using a newly designed butt joint
configuration for preplacement of solid filler wire followed by two steps of laser welding. Base
material utilized for the present study is a solid-solution strengthened nickel-based superalloy
Inconel 617 in a form of plate of thickness 10 mm whose nominal composition is tabulated in
Table 3.1. Details of optimum parameters and conditions including filler material type, size
and groove geometry utilized in the present study is presented in Table 8.1. Appropriate
fixturing setup designed and fabricated with shielding setup for the purpose as shown in inset
image of Figure 3.13. Inert shielding gas (helium) was provided by a shielding nozzle to protect
from atmospheric oxidation during welding. Furthermore, a back-purging shielding setup was
also provided by supplying the same shielding gas at the root side of the weld during laser
welding. Further, the included angle between the shielding nozzle and its vertical was in the
range of 45 — 50°. The developed method involved two-step welding method (tack welding and
seam welding). In the first step, filler wire was tack-welded with suitable laser processing
parameters and conditions (based on plate thickness, groove-design, filler-wire type and size)
so that wire should completely stick in between the grooves. After successful tack welding of
filler wire into the narrow groove, seam welding (second step) was performed with optimized
processing parameters and conditions. Details of optimized process parameters for laser tack
and seam welding experiments are provided in Table 8.2 and 8.3 respectively. Subsequent to
welding experiments, visual and radiography examination of welds were carried followed by
macro and microstructural analysis by preparing the cross-sectional samples as per the standard
metallography procedure. Further, hardness distribution and tensile properties were also

evaluated to qualify the method developed.
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8.3 Joint design configuration with setup conditions

As previusly observed, underfill and root hump defects in single-pass thick-section
laser welded joint are common whenever full penetration is achieved. It is due to the violent
ejection of molten metal with excessive downward melt flow on account of high heat input
parameter involved with high viscous superalloy. High-speed downward flow of molten metal
caused by the recoil pressure induced by the localized vaporization of metal in deep penetration
keyhole welding played critical role for inducing surface underfill and root hump defects in
weld bead [8-10]. Therefore, additional filler material at the top of the surface is required in
such case to refill the underfill region during deep penetration laser welding in single pass. And
at the same time, huge root hump defect occurs at the bottom surface, thus, a special groove
design at the bottom surface was implemented to overcome this issue. Based on these

observations, a new joint geometry was designed as shown in Figure 8.1a in the present study.

Geometry of butt-joint configuration needed appropriate included angles of top and
bottom groove with sufficient depths to fix additional amount of melt depending on the size
and type of filler material utilized. For the purpose, various filler wires of similar composition
(as base material Inconel 617) but with different diameters ranging from 1.2 to 3.2 mm were
utilized in this study. Figure 8.1b shows the positioning of filler rod onto the top groove of the
butt joint. Initial welding experiments were carried out employing smaller diameter filler wire
of size 1.2 mm in diameter for welding 10-mm thick Inconel 617 alloy. However, welds
obtained using a 1.2 mm diameter wire consisted of underfill / undercut defects due to
insufficient quantity of molten weld metal provided by the smaller filler wire during welding.
Further, welding trials were carried out employing larger diameter filler wire of size 3.2 mm in
diameter. Satisfactory welds in terms of filling were produced by employing a 3.2 mm diameter
filler rod to weld 10-mm thick Inconel 617 superalloy. Details of optimized variables for joint
configuration and filler material size are presented in Table 8.1. However, it is still a daunting
task to obtain desired quality welds due to various factors such as exact location of filler
material to be placed (completely inside the plates or outside or half-way through or half-
inside) and appropriate tack welding between filler and base plate followed by final laser seam
welding under optimum processing parameters and conditions. The included angle of 60 degree
at top is found to be sufficient and effective to fix the filler wire with minimal gap between
wire and groove edge (critical for suppressing porosity arising due to lack of melt pool
sufficiency of filler metal mix with base plate). The included angle of 90 degrees at the bottom

with 0.5 depth was found to be sufficient for avoiding excessive melt flow resulting in root
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hump based on the analysis and calculation observed on previous experimentation. Indeed, the
amount of gap arising due to grooves designed at top and bottom were observed to be dependent
on the filler material melt volume required to fill grooves adequately. Furthermore, the amount
of heat input determined by critical processing parameters of laser power, welding speed and
defocusing distance entail optimum filling of the underfill area with melting of filler at top and
bottom grooves. Influence of all these factors will be discussed in detail in the following

sections.

Figure 8.1. Schematic illustrations of (a) Design of joint configuration and fit-up and (b)

Filler wire pre-placed in the groove

Table 8.1. Optimized variables for joint configuration and filler wire

Parameters Values
Base metal plates Inconel 617 alloy
Thickness 10 mm
Filler material ER NiCrMo-4
Filler material size 0 3.2 mm
Included top groove angle (o) 60°
Included bottom groove angle () 90°
Depth of top groove (a) 3.6 mm
Depth of bottom groove (b) 0.5 mm

8.4 Process optimization of laser tack welding

The first task in developing the welding process after optimizing conditions of grove
design and filler material requirement is to fix the filler wire laser tack welding appropriately

onto the top groove with firm bonding that will not disturb during final seam welding. For laser
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tack welding experiments, pulsed-mode of spot welding adopted with specific pitch between
the tacks by optimizing parameters of laser power, pulsing parameters and defocusing distance.
Other common parameters of shielding gas conditions, positioning setup laser beam and
shielding gas nozzle remained same (as previously adopted in welding experimentation). The
critical parameters were varied in appropriate range to optimize tack-welding leading to firm
fixing with strong interface bonding between base metal and filler wire with minimal melting
of base plate (not crossing 0.1 mm penetration). Laser power was varied from 0.5 — 3 kW,
whereas defocusing distances were varied from -3.2 to + 3.2 mm (to match with filler wire
diameter) for tack welding of 10-mm thick Inconel 617 superalloy with 3.2 mm diameter filler

rod.

Figure 8.2 shows typically three different tack welds obtained with varying laser power
in pulsed mode of spot welding. It can be observed that low laser power results in improper
sticking of the filler wire to the base plate, while excessive laser power (determined by pulse
width and laser power) caused improper melting of the filler material. Additionally, the
focusing distance also determine the efficiency of melting the filler to entail appropriate
bonding at its interface with sufficient nugget formation required for firm joint. Thus,
experiments were conducted by varying laser power (both laser power and pulse width) and
defocusing distance and studied bonding of the wire with base metal at top grove. It was found
that defocusing distance is most critical parameter determining nugget formation with
sufficient interface bonding without disturbing wire for effective tack welding. A negative
defocusing distance obtained when laser focal point is below the filler rod, zero defocus
obtained when focal point is on the surface, whereas positive defocus obtained when the focal
point is above the filler rod surface. A negative defocus is preferable as compared to zero or
positive defocus during tack welding experiments. Optimized defocusing distance and laser

power for laser tack welding experiments are presented in Table 8.2.

oy

05kW 15kW

o/

Figure 8.2. Laser tack welds with variation in laser power
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The criteria for optimization of these parameters were to obtain satisfactory tacks
between filler and base plate, so that the filler material filler wire fuses with minimal melting
of base plate to the extent sufficiently to entail metallurgical bonding between the wire and the
plates without absence of any undulations throughout the groove of the plates and smooth edge
fit up. Figure 8.3a depicts the cross-sectional macrograph of laser tack welds and Figure 8.3b
shows the laser tack welded joint overview of sample plate obtained with an optimized

parametric condition.

Table 8.2. Optimized process parameters for laser tack welding experiments

OPTIMIZED LASER TACK WELDING PARAMETERS

Laser Fiber-coupled diode laser
Laser spot diameter 0.9 mm
Laser power for Tack welds 2.5 kW
Pulse width 150 ms
Defocusing distance for tack welding 1 mm (inside filler rod)
Shielding gas 100% Helium
Gas pressure 3 bar

(b)

Figure 8.3. (a) Cross-sectional macrograph of tack-welded spot (b) Pre-placed filler wire on

the top groove of base plate after tack welding

8.5 Process optimization of laser seam welding
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Sample A Sample B Sample C Sample D Sample E
Base {)Iate Filler rod s

Figure 8.4. (a) Schematic representation of different methodologies adopted for laser welding

and (b) Macrographs of the representative methodologies

As mentioned previously, the daunting task is to obtain desired quality welds with
perfect location of filler material to be placed (completely inside the plates, completely outside
or half-inside and half-outside), therefore, laser seam welding experiments to be carried out
(after successful laser tack welding) with different methodologies as shown schematically in
Figure 8.4a. Subsequent to laser tack welding, the plates were cleaned with acetone and wire-
brush to remove any defects or un-melted or oxidized particles formed if any during tack
welding operation. Furthermore, appropriate shielding and fixturing setup as described in
chapter 3 was utilized for experimentation. All experiments for seam welding were conducted
with similar optimum parameters obtained from study conducted for diode laser welding

previously explained in chapter 7.

Table 8.3. Optimized process parameters for laser seam welding experiments

OPTIMIZED LASER SEAM WELDING PARAMETERS

Laser Fiber-coupled diode laser
Laser spot dia 0.9 mm
Laser power for seam welding 6 kW
Defocusing distance for seam welding 1.5 mm inside filler rod
Welding speed 6 mm/s
Shielding gas 100% Helium
Gas pressure 3 bar

Figure 8.4b shows the cross-sectional macrographs obtained with different

methodologies. It is clear from Figure 8.4b that without addition of filler rod and joint design,
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as in case of sample A, resulted in huge underfill and root hump defects similar to that observed
in previous chapters. Further, placing the filler rod completely on the surface without any joint
design as in case of sample B resulted in lack of penetration and huge reinforcement. However,
placing the filler material completely inside the base plates as in case of sample C resulted in
again small amount of underfill and root hump defects as similar to that of sample A. Therefore,
the filler wire was placed half inside the plate as in case of sample D. Underfill defects was
found to be completely eliminated in sample D, however, slight root hump defects could still
be observed. Thus, altered narrow groove was designed at the bottom of the plates as in case
of sample E. It is clear from Figure 8.4 that the placing filler rod half-inside the base plates
along with appropriate bottom groove design found to be the optimized joint configuration to
obtain welds with complete elimination of underfill and root hump defects. Optimized process
parameters for laser seam welding experiments in case of sample E are presented in Table 8.3.
Furthermore, bead geometry measurements shown in Table 8.4 confirm that the root sag width
of sample E was found to be smallest with no underfill as compared to that of other cases. It is
also clear by comparing sample E with A, C and D that fusion zone area, weld bead width and
penetration are found to be significantly adequate in case of sample E as compared to other

cases.

Table 8.4. Bead geometry measurements of welds obtained by various methodologies

Bead geometry Sample A | Sample B Sample C Sample D Sample E
measurement
Penetration (mm) 13.59 7.41 12.35 10.96 10.83
Bead width (mm) 8.20 6.74 8.10 7.31 7.17
Aspect ratio (depth-to- 1.65 1.09 1.52 1.49 151
width) ’ ' ) ) '
Reinforcement (mm) - 1.99 - 1.05 1.12
Fusi
Heon zoRe ared 48.47 32.66 43.05 40.56 38.25
(mm )
Underfill depth (mm) 1.87 - 1.23 - -
Root sag width (mm) 4.82 - 4.15 2.67 1.66

8.6 Weld joint characterization
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Prior to weld bead characterization, the welded joints were subjected to visual, dye
penetration and radiographic examination. Results indicated that the welds obtained by the
novel method was free from porosities, incomplete fusion, underfills and root hump defects,
cracks and undulations. Indeed, the novel method with two-step welding strategy with
optimization of grove design and processing parameters facilitated in obtaining defect-free
joint with complete elimination of underfill and minimization of root hump defects (Figure 8.5
(a)). Metallography analysis of cross-sectional weld seam was carried out to examine the weld
bead profile across fusion, heat affected zone and substrate regions. Figure 8.5a shows the
welded plate and Figure 8.5b shows the cross-sectional macrograph obtained produced by the
two-step novel welding method. A typical Y-type bead shape were obtained with high aspect
(depth to width) ratio and complete elimination of underfill/undercuts and root hump defects
as shown in Figure 8.5b. Furthermore, the welds produced by this method constituted of
uniform weld bead seam throughout the weld length with minimal distortion as well as small

HAZ as compared to previously produced DLW and LHW techniques.

Figure 8.5. Weld obtained by novel method (a) Seam welded plate and (b) Macrograph

Further, detailed microstructural analysis was carried out using FESEM in order to
examine any plausible microstructure variations arising within the fusion zone due to addition
of filler rod. Figure 8.6 shows the high magnification FESEM images of the locations marked
in the macrographs. It is clear from this microstructural analysis that the there are no significant
boundary separations within the fusion zone microstructure (especially between filler rod and
base metal at top grove region). It indicates complete mixing of filler material with the base
metal during welding without any gaps as well as turbulent melt flows entailing
voids/gaps/porosity. However, at the top region (as marked 1 in Figure 8.6), slight coarsening
with enhanced secondary dendritic arm spacing (SDAS) was realized. It is due to the presence
of filler rod at the top region causing significant coarsening of dendrites convergent with the

prevailing cooling rates. This phenomenon can be correlated to the Laser-MIG hybrid welding
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process, wherein wider top region with enhanced SDAS formed due to addition of filler wire

by MIG arc heat source.

Figure 8.6. Novel ADLW macrograph with high magnification FESEM images at top, neck
and bottom regions

Further to the microstructural analysis, tensile testing of the welded joint processed with
the novel method conducted at room temperature to assess its joint efficiency and compared to
that of BM. The YS and UTS of the welds produced by developed method are 355-365 and
760-775 MPa respectively with an elongation of 45-56 %. In contrast, BM showed YS and
UTS of 325-335 and 765-769 MPa respectively with an elongation of 60-67%. Results
indicated that the developed process produced welds with joint efficiency of 99 — 100 % with
improvement in YS, although with a reduction in elongation as compared to BM. Moreover,
the weld joint strength/efficiency of the developed novel method was found to be higher as
compared to that of previously produced by autogenous diode laser welding and also reported
studies of other researches adopting various multi-pass and modified advanced techniques of
TIG, MIG or CMT. Fink et al. [11] obtained a joint strength of 761 MPa, 759 MPa and 764
MPa in CMT, Pulsed-MIG and Pulsed-Arc weldments of Inconel 617 alloy respectively.
Moreover, Young et al. [12], obtained a joint strength of 675 MPa during multi-pass TIG
welding of Inconel 617 alloy. Similarly, Shanlin et al. [13], obtained joint strength of 745 MPa
in multi-layer NG-TIG welding of Inconel 617 alloy. Thus, it is evident that joint strength of
high-power novel diode laser welded Inconel 617 alloy is stronger than that of joints produced

with other arc welding methods.

Further, detailed analysis of weldments, microstructural analysis in fusion, PMZ, HAZ

along with segregation behaviour and with assessment of mechanical properties and fracture
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analysis were carried out in comparative study between novel diode laser welding method,

laser hybrid welding and conventional TIG welding processes in the next chapter.
8.7 Conclusions

The present study demonstrated novel two-step laser welding methodology with pre-
placement of filler wire and appropriate butt joint design for joining thick sections of metallic
material with complete elimination of underfills in single-pass for viscous materials such as
superalloys. The developed method provided a cost-effective single-pass laser welding solution
without wire feeder to obtain satisfactory full penetration welds in thick-sections with complete
removal of underfill/undercuts, root humps etc. along with excellent joint efficiency.

The developed laser welding method involved two step welding procedure; Tack and
Seam welding. A new joint configuration was developed and designed for pre-placement of
filler wire/rod for the purpose. In first step, filler wire was tack welded in pulsed mode to the
base plate with an optimized process parameter. Subsequent to tack welding, laser seam
welding experiments were performed with optimum joint configuration and process
parameters.

Welds produced by this method were found to be with uniform weld bead seam
throughout the weld length with minimal distortion as well as small HAZ as compared to
previously produced previously by DLW. Tensile test results indicated that the weld joint
efficiency of the butt-welded joints obtained by novel ADLW method are found to be in the
range of 99 — 100% and superior to that of previously obtained by DLW and RSM
methodologies.

On the whole, it can infer that new single-pass diode laser welding method with addition
of filler wire and without wire feeder proved to be a suitable welding method great promise to

join Inconel 617 alloy in various engineering components of thermal power plant.
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CHAPTER 9

Comprehensive Comparative Study on Metallurgical, Mechanical and Hot
Corrosion behavior of Weldments Produced by employing LHW, ADLW
and TIG Welding Processes

9.1 Introduction

As discussed previously, multi-pass arc welding processes are currently being utilized
for joining boiler components. However, conventional arc welding techniques often induce
deleterious effects due to high heat input and the need for multiple weld passes also entail
excessive filler material consumption. In addition, welding speed being low with multi-pass
requirements envisage in large HAZ, poor process repeatability with cumbersome edge-
preparation, high component distortion and high residual stresses and therby many a times
require heavy post-weld machining corrections for distortion. Further, due to high viscous
nature and poor weldability of Ni-based superalloy Inconel 617, several weld imperfections
and defects are also encountered during thick-sections welding such as lack of fusion, high
propensity to liquation cracking in HAZ and weld metal and porosity formation [1-5]. Thus,
due to these circumstances, successful development a high efficiency welding process for
welding moderately thick-sectioned Inconel 617 alloy materials for AUSC boiler components
is the primary need. Therefore, it was felt pertinent to compare single-pass laser hybrid welding
(LHW) and novel adaptive diode laser welding (ADLW) processes with conventional multi-
pass TIG welding process with assessment of their metallurgical, mechanical and high

temperature corrosion behavior.
9.2 Experimental Methodology

Conventional multi-pass TIG welding was carried out manually on 10-mm thick
Inconel 617 alloy in a butt-joint configuration with a sum of 6 overlay deposition tracks with
appropriate fixturing and shielding setup as shown in Figure 3.8. Welding current and voltage
maintained were kept in the range of 130 — 140 amp and 11.5 — 13.5 volts and the welding
speed was maintained between 50 — 60 mm/min. Details of conventional multi-pass TIG
welding process parameters are described in chapter 3, section 3.4.4. Base material utilized for

the present study is a solid-solution strengthened Nickel based superalloy Inconel 617 in a form
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of plate of thickness 10 mm in solution-annealed condition with a nominal composition as

tabulated in Table 3.1.

Further, Laser hybrid welding (LHW) of 10-mm thick alloy was carried out in a butt-
joint configuration using CO» laser source integrated to MIG arc heat source as shown in Figure
3.7. Welding experiments were carried out with a CO; laser power of 3.5 kW and MIG arc
current and voltage maintained was 167 amp and 28.2 volts respectively with a wire feed rate
of 7 m/min. Details of LHW process parameters are described in Table 3.4. Furthermore, diode
laser welding experiments were carried out based on the novel method developed as explained

previously.

9.3 Weld bead profile and macrostructure analysis

As weld bead profile analysis in any weld joint determine joint efficiency and
performance, detailed cross-sectional bead profile analysis of all three weldments were
analysed and assessed macrographically with borderline etching of metallographic samples.
Visual and radiography examination of all weldments showed no obvious external or internal
welding defects and thereby envisaging effective optimization of welding process and
confirming excellent reproducibility and optimum quality. Furthermore, distortion analysis of
weldments measured by distortion angle at the end of welding (presented in Figure 9.1)
envisaged possibly low residual stresses in ADLW as compared to that of LHW and TIG
weldments. ADLW weldment showed a remarkable decrease in the distortion level represented
by 0.43° distorted angle as compared to that of single-pass LHW (1.29°) and multi-pass TIG
(2.52% weldments (as marked in Figure 9.1). The comparatively low level of distortion (2.52°)
in six-pass TIG weldment, despite with high heat input (7760 J/mm) could be due to heavy
clamping by tack-welding of the plates to a thick-sectioned heavy duty “C” clamp prior to TIG
welding. Indeed, increase in heat input increased distortion as a direct influence of heat input
involved in the process of welding (low heat input in laser-based welding processes such as
LHW and ADLW and high heat input in TIG). Although, the heat input utilized in ADLW was
twice to that of LHW, it showed reduction in distortion by half and this can be attributed to
high depth-to-width aspect ratio obtained in ADLW weld bead accompanied with large
thickness in lower bead and high energy coupling of metal with short-wavelength diode laser.
In a similar study assessing distortion levels in weldments, heat input directly influenced

distortion levels [6,7].
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Figure 9.1. Schematic illustration of distortion measured in but joint after welding

Figure 9.2 illustrate cross-sectional macrographs of weld bead profiles obtained in all
three different welding processes of ADLW, LHW and TIG. As such, fusion zones are defect-
free with no cracks and porosity indicating effective optimization of the processes with full
penetration obtained in single-pass ADLW and LHW weldments as against multi-pass TIG
weldment. Corresponding bead geometry measurements for all three welded joints are depicted
in Table 9.1. Weld bead profile characteristics such as upper bead width (UBW), lower bead
width (LBW), depth-to-width aspect ratio (AR) and fusion zone area (FZA) were
distinguishably different for different welding techniques owing to their significant variation
in heat input, intensity profile distribution, number of heat sources and welding passes
involved. It is clear that LHW produced ‘wine-cup’ shape bead, ADLW produced “Y” shaped
bead and TIG resulted in “bath-tub” shaped bead profile as a consequence of distinguishably
different heat inputs and energy distribution profiles of heat sources (dotted lines marked in the
Figure 9.2 illustrate hypothetical energy distributions due to heat sources in single-pass LHW
and ADLW and multi-pass TIG).

Wine-cup shaped bead in LHW characterized by wide UBW and narrow LBW could
be the result of combined effect of laser beam and MIG arc heat sources with distinguishably
different power density and energy-intensity distribution profiles. Indeed, the wide UBW (8.1
mm) with low LBW (1.1 mm) formed in LHW (Figure 9.2(a)) be attributed to low power
density and wide radius spot of MIG arc (the distance at which the heat flux decays to 0.05 of
the maximum value) [8] and intense focused CO> laser beam spot (180 um diameter) with
prevailing keyhole dynamics. Nearly spherical wide MIG arc spot with low power density
entails lateral expansion of melt volume in conduction mode causing weld bead to bulge with
expansion of molten pool drop of supplied filler wire. Apparently, the narrow LBW with deep
penetration in lower part of the weld bead be due to deep keyhole mode heat penetration
associated with focused high-power density CO; laser beam. Thus, the “wine-cup” shaped
narrow fusion bead in LHW determined the combined effect of both heat sources of MIG torch
as well as CO; laser beam and the amount of heat input involved, as reported by several studies
involving laser hybrid welding [9-11]. Indeed, presence of MIG source could only facilitate in
improving gap bridgeability only, whereas, laser being principally responsible for weld

penetration.

180



Figure 9.2. Cross-sectional weld-bead macrographs of (a) LHW, (b) ADLW and (¢) TIG
welded joints

As compared to “wine cup” shaped weld bead in LHW, single-pass ADLW involving
multi-mode (Top-hat and Gaussian intensity distribution profiles) diode laser beam of 0.9 mm
diameter with 820 J/mm power density produced “Y” shaped profile (Figure 9.2(b)) with wider
UBW (6.8 mm) and narrow LBW (2.7 mm). Indeed, moderate top width of ADLW with
relatively wider LBW as compared to that of LHW bead profile with high depth-to-width ratio
entails high energy coupling efficiency of diode laser (shorter wave length of diode laser than
CO: laser) coupled with input power density and multi-mode intensity profile distribution.
Furthermore, the high focusability of the advanced diode laser used in the study enabled
effective keyhole mode welding with deeper penetration in ADLW. Further, welding defects
such as underfill and root sag hump were found to be completely eliminated by using the
ADLW method as compared to such defects observed in DLW methods as explained in the
previous chapters. Although with moderately enhanced aspect ratio in weld bead with wider
LBW and similar UBW produced in ADLW as compared to that of LHW facilitated in
improving gap bridgeability akin to that of laser-hybrid welding process.

Figure 9.2(c) depicting weld bead profile of conventional TIG-welded Inconel 617
alloy illustrate altogether a different profile, typically termed as “bath-tub”, as compared to that
of weld beads obtained in laser based LHW and ADLW techniques. Indeed, formation of such
bead profile be attributed to multiple-pass welding procedure adopted with conduction-mode
lateral expansion of melt of large sized TIG arcs. It manifests complete fusion of filler wire
with adequate fusion of side walls of the metal in conjunction with the heat input involved
coupled with design of multiple passes adopted. Sum total of six welding passes employed in
TIG welding are clearly distinguishable in cross-sectional macrograph of Figure 9.2(c) as
indicated by dotted lines. Indeed, wide UBW width to the tune of 18.2 mm and thick lower
bead width of 12 mm corroborate huge melt volume with low aspect ratio in conventional

multi-pass TIG process. Similar bead profile was also reported in several studies involving
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conventional multi-pass TIG, MIG and similar techniques and attributed to high heat inputs

involved with conduction mode of heat transfer and wide arc spots [1,12,13].

Table 9.1. Bead geometry measurements

Bead Geometry LHW ADLW TIG
Fusion zone area (mm?) 31.48 40.14 124.6
Upper bead width (mm) 8.15 6.82 18.13
Lower bead width (mm) 1.13 2.74 11.95

Aspect ratio (Depth to width) 1.22 1.46 0.55

Another point of concern to be noted is the influence of heat input on resulting weld
bead profiles employing contrasting welding techniques with varied melt efficiency. In the
present work, melt efficiency determined by FZA evaluation were observed to be 31.5 mm?,
40.1 mm? and 124.6 mm? in ADLW, LHW and TIG respectively. It is obvious that highest
bead width with huge FZA was obtained in TIG as a direct consequence of huge heat input
(7760 J/mm in TIG as compared to that of 415 J/mm in LHW and 820 J/mm in ADLW) with
multiple passes. Among the three welds, the highest depth—to-width aspect ratio of 1.5 was
obtained in ADLW as against lowest of 0.55 in TIG counterpart. LHW exhibited an aspect
ratio of 1.2, quite larger than that of TIG weld bead. The high aspect ratios in both laser-based
welding processes of ADLW and LHW are due to laser assisted keyhole mode heat transfer
involved due to narrow high energy intensity laser beam sources. Moreover, the melting
efficiency (n) of all these different welding processes evaluated were consistent with energy
consumed for melting of the metal as reported by several studies involving conventional as
well as high energy beam welding processes [14,15]. The melting efficiency in laser-based
welding processes such as LHW (0.43) and ADLW (0.37) are always found to be higher than
that of TIG (0.09), convergent with energy distribution profiles of welding processes involved.
Thus, it can be inferred that synergistic process combining laser with MIG, as in case of LHW,
lead to significant enhancement in welding process efficiency [16]. When using laser alone
process such as ADLW, the melting efficiency is still comparable to LHW on account of high
quality (high focusability) low spot size and high coupling efficiency of diode laser as
compared to that of CO2 laser-MIG hybrid. Low melting efficiency in TIG welding process is
obvious due to the lateral expansion of melt volume with a wider arc spot radius of TIG torch.

On the whole, it is clear that the type of welding technique employed played significant role in
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weld bead profile formation and melt efficiency on account of their associated effects of power
density, spot size, intensity distribution profile and energy coupling behaviour of laser/arc-

material interaction.

9.4 X-ray diffraction phase analysis
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Figure 9.3. XRD patterns of BM, fusion zones of LHW, ADLW and TIG welds

Subsequent to bead profile analysis of weldments, it was felt pertinent to analyse phases
formed in weld fusion zones of all three welds before undertaking comprehensive detailed
microstructural analysis employing characterization tools of SEM, EDS and EBSD. Figure 9.3
illustrate XRD patterns obtained in fusion zones of LHW, ADLW and TIG welds as well as
BM. For effective comparison, the central fusion regions in all weld beads were specifically
sectioned and polished to scan X-ray to obtain diffraction patterns with slow scanning. The
predominant X-ray diffraction peaks at 20 values of 43.5° 51° and 74.5° obtained in fusion
zones of LHW, ADLW and TIG welds as well as BM correspond to y (Ni-Cr-Co-Mo) dendrites
/ matrix. However, a zoomed-in inset image presented in the same figure indicated eruption of
additional secondary carbide peaks of Mo-rich MgC and Cr-rich M23C¢ type in weld fusion
zones of LHW, ADLW and TIG as compared to that of BM. It is possible that prevailing

welding thermal cycle entail significant dissociation and transformation of M23Cs carbides into
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MgC carbides with increased Mo diffusion as reported in several welding studies employing

Inconel 617 [17,18].

Comparing XRD patterns within weld fusion zones of LHW, ADLW and TIG welds,
it is clear that relatively more high-intensity carbide peaks of M23Cs and MeC carbides
(diffraction peaks located between 55° to 75° (as marked in Figure 9.3)) discernible in TIG as
compared to that of LHW and ADLW counterparts. It is possible that repeated thermal cycling
history associated with multi-passes and slow cooling rates experienced in TIG favour
diffusion and precipitation of M23Cs and M¢C carbides in the fusion zone microstructure.
Additionally, few pockets of low intensity M>C (M = Cr, Mo) carbide peaks were also observed
in BM and as well as in weld fusion zones of ADLW and LHW. It is noteworthy to mention
that intensity of diffraction peaks of austenitic y (Ni-Cr-Co-Mo) in dendritic microstructure of
TIG weld is significantly low as compared to that of LHW and ADLW. Indeed, involvement
of huge heat input (ten times to that of laser-based welding processes) with significant
reduction in cooling rate in TIG welds facilitate higher carbide segregation in interdendritic

matrix microstructure of weld fusion zone.

9.5 Microstructural analysis

Figure 9.4. Optical micrographs of fusion zones produced in weld joints of (a) LHW, (c)
ADLW, and (e) TIG with zoomed sections of respective NFZs in (b), (d) and (f).
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Prior to assessing joint efficiencies of weldments, it is necessary to assess solidification
behaviour with microstructure analysis of welds on account of distinguishably different
welding methods involved in the study. Figure 9.4 depicts cross-sectional optical micrographs
of fusion zones in Inconel 617 butt joints produced by LHW, ADLW and TIG processes.
Although dendrites of y (Ni-Cr-Co-Mo) in fusion zone microstructures are same in all welds,
their size and morphology varied on account of variation in heat input, cooling rate and
solidification behaviour of the prevailing weld cycles. Fusion zone microstructures of LHW
and ADLW (depicted in Figures 9.4(a-d)) predominantly comprised of columnar dendrites
aligned to central weld line opposite to the heat transfer direction. Indeed, the directional nature
of these microstructures be attributable to the symmetrical distribution of laser beam energy as
against non-symmetric dendrites alignment discernible in weld fusion zone of TIG (depicted
in Figure 9.4(e-)) [14,19]. In fusion of LHW, the microstructure transformed from coarse
dendrites at top to fine dendrites in neck and lower regions of fusion zone on account of cooling
rate variation within weld bead with transition from MIG zone to Laser zone entailed by change
in mode of transfer in conduction-dominated upper zone to keyhole mode in laser-alone

affected lower zone.
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Figure 9.5. High magnification FESEM fusion zone microstrucrures of (a) UFZ of LHW, (b)
NFZ of LHW, (c) UFZ of ADLW and (d) NFZ of ADLW
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High magnification SEM micrographs depicted in Figures 9.5 and 9.6 along with EDS
analyses (depicted in Table 9.2) provide deeper insight into the microstructural variations
observed in fusion zones of welds processed with different methods. Indeed high-magnification
microstructures of UFZ and NFZ of LHW, depicted in Figures 9.5(a) and (b) reconfirm this
aspect with average secondary dendritic arm spacing (SDAS) changing from 6.5 pm in upper
region to 3.6 um in neck region and 2.7 um in lower region. High cooling rate that prevails in
lower fusion zone of LHW is a consequence of laser alone effect as compared to that of
combined effect of laser and MIG arc in UFZ [20]. Furthermore, the microstructure at the
central fusion zone of LHW appears inhomogeneous with mix of coarse and fine columnar
dendrites, along with equiaxed dendrites, as a result of mixing of heat sources of MIG and
Laser. In contrast to LHW, ADLW involving higher heat input (twice that of LHW) with low
thermal gradient exhibited comparable columnar dendrites in microstructure of UFZ (5.7 um)
as evident from micrograph of Figure 9.5(c) [21]. Unlike LHW, relatively no much significant
variations be observed in fusion microstructures of UFZ and LFZ in ADLW weld bead as the

welding process involved only one heat source of laser.
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Figure 9.6. High-magnification FESEM fusion zone microstrucures with various regions of
TIG welded joint
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Cross-sectional optical micrographs of multi-pass TIG weld presented in Figures 9.4(e)
and 7(f) show altogether a different microstructure with no directional solidification behaviour
on account of multi-pass welding involvement. High magnification FESEM images of TIG
fusion region, shown in Figures 9.6(a) and 9(b) disclosed a mix of coarse columnar and cellular
dendrites as a result of the prevailing re-heating thermal cycle effect associated with multiple
welding passes. The average SDAS of multi-pass TIG weld bead was found to be 12.6 um
(twice that of LHW and ADLW weld beads). Indeed, coarse fusion zone microstructure in TIG
weld be attributed to the prevailing low cooling rate and high heat input [22,23]. Moreover,
along with solidification grain boundaries (SGB) and solidification sub-grain boundaries
(SSGB), migrated grain boundaries (MGB) were also observed in weld fusion zone (discernible
from micrographs of Figures 9.6(c) and 9(d)) as a consequence of reheating associated with
multi-pass TIG welding. Generally, in multi-pass welding process, the first bead experiences
repeated thermal cycle by virtue of subsequent pass and thereby emancipating parent SGB to
migrate during solidification. Thus, anisotropic characteristics of dendrites within grain prevail
in solidification microstructure. Furthermore, SSGBs evolve in boundaries between sub-grains
of cells/dendrites wherein SGBs intersect with sub-grains as a consequence of competitive
growth during solidification. Thus, tortuous SSGBs are evidently different from quite straight

MGBs (marked in Figure 9.6(c)), as discernible from fusion zone microstructures of TIG [23].
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Figure 9.7. EBSD analysis of fusion zone microstructure of (a) LHW, (b) ADLW, (¢) TIG
welds and (d) BM

In multi-pass welding such as TIG, it is possible that SGBs migrate to few micrometres
at the end of the solidification, in which case, new boundary emerges (marked in Figure 9.6(d)
with different morphological structure) formally termed as MGB. The driving force for such
MGBs could be the lowering of boundary energy, akin to that of simple grain growth. These
fusion metal MGBs are high-angle crystallographic boundaries that usually originate from
parent SGBs with pinning of precipitates [16,23]. Moreover, few reports on tensile testing of

such multi-pass TIG joints attributed failure due to crack nucleation at such MGBs or ductility
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dip cracking surrounding MGBs [23-25]. Thus, in accordance with the reported studies, similar
microstructural observations with presence of significant SSGBs and MGBs were observed in
our present six-pass TIG joint as against no-such grain boundary segregation in ADLW and
LHW. Furthermore, Inverse pole figure (IPF) map of weld fusion zone microstructure (more
specifically at NFZ) elucidating grain size and grain boundary misorientation angle distribution
presented in Figure 9.7 of all these three weld joints reconfirm directional nature of dendrites
in both LHW and ADLW as against non-directional nature in TIG. Dendrite/cellular austenitic
grain size evaluated as per EBSD analysis reconfirmed their increase from 540 um in ADLW
to 620 um in LHW and 850 pum in TIG welds in accordance with prevailing thermal gradient
associated with heat input and thereafter cooling rate of weld thermal cycle. BM microstructure
revealed refined grains with size varying between 20 and 250 pm (depicted in Figure 9.7(d)),
always lower than that observed in fusion microstructure of any weldment. Apparently,
evaluation of grain boundary misorientation in BM and welds represented by fraction of high
angle boundaries (ranging from 10 — 65°) and low angle boundaries (ranging from 5 — 259)
indicated 0.10, 0.12 and 0.2 of HABs ADLW, LHW and TIG respectively as against 0.15 in
BM. Thus, highest fraction of HABs was observed in TIG as against lowest in ADLW on
account of the prevailing cooling rate of the welding cycle. Thus, increase in cooling rate
promoted generation of low angle boundaries while reducing high angle boundaries and
thereby enhancing boundaries with substructures. Furthermore, strength of y (Ni-Cr-Co-Mo)
dendrite in fusion microstructure varied based on grain size distribution and misorientation of
grain boundaries, explained later with nano-indentation analysis. Similar observations in terms
of variation in authentic grains and grain boundaries misorientation on account of cooling rate

were reported in studies involving laser welding of superalloys [26].

Table 9.2. EDS analysis of fusion zones in LHW, ADLW and TIG welds
(D — Dendritic core, IR — Interdendritic region, SR — Segregation ratio)

Sample Region Cr Mo Ni Co Al Ti
Dendrite (y) 21.3 8.7 53.9 11.8 0.65 0.45
LW IR (Carbides) 25.8 12.4 431 9.4 0.72 0.59
SR 0.82 0.70 1.25 1.25 0.90 0.76
Dendrite () 22.9 8.9 51.7 11.3 0.41 0.42

ADLW

IR (Carbides) 24.6 11.7 42.7 9.5 0.55 0.54
SR 0.93 0.76 1.21 1.18 0.80 0.77
Dendrite (y) 20.6 7.4 50.2 10.8 0.71 0.43
Tl IR (Carbides) 27.3 13.9 39.7 8.24 0.85 0.61
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SR 0.75 0.53 1.26 1.31 0.83 0.70
Matrix (y) 24.87 8.68 50.78 12.41 0.45 0.63
Carbides 60.24 14.13 12.56 6.12 0.22 0.37

Microstructure analysis assessing micro-segregation at interdendritic regions provide
further insight into understanding strengthening mechanisms of weld fusion zone that
significantly affect joint strength. Thus, EDS analysis with spot elemental distribution within
dendrite (D) as well as at inter-dendritic region (IR) of critical NFZ presented in Table 9.2 help
facilitate in understanding solidification behaviour with segregation due to welding technique
involved. Since there is no specific bead profile of NFZ in multi-pass TIG welds, EDS analysis
was assessed at fusion region falling between the two weld passes. Results indicated significant
variation in concentrations of Cr, Mo, Ti and Al in austenitic dendritic core and interdendritic
grain boundaries (carbides), depending on the welding method involved. Segregation of Mo
and Ti is dramatically high in interdendritic boundaries (carbides) than that of Cr and Mo as
they are powerful carbide formers with low diffusivity in y-Ni. As such, concentration of these
elements (in the form of carbides) in the interdendritic region increased with increase in heat
input of welding cycle (low heat input in laser-based ADLW and LHW to high-heat input in
TIG). The elemental concentrations of Ni and Co were obviously lower in the interdendritic
region as compared to dendritic core. Thus, segregation ratio (SR) evaluated based on the
equation provided in [14,27] showed less than unity for Cr, Mo, Ti and Al in all welds.
Moreover, as diffusivity of the Mo and Ti are significantly low in y-Ni, it gets easily expelled

from dendritic matrix [17].

The segregation of Cr and Mo in interdendritic region results in formation of secondary
carbides at the end of the solidification [14]. Higher concentrations of Cr and Mo in the
interdendritic region (carbides) of TIG fusion zones (shown in Table 9.2) could be due to high
heat input coupled with repetitive heating due to multiple-weld passes as against low heat input
with high cooling rate in ADLW and LHW. Repetitive heating enhances diffusion of alloying
elements and provides enough time for precipitation and growth to occur, thus, large number
of Cr, Mo-rich carbide phases (9.1% of volume fraction) with enlarged sizes appear in multi-
pass TIG welded fusion zone microstructure as compared to LHW (7.5% in UFZ and 2.9% in
LFZ) and ADLW (6.1% in UFZ and 5.0% in LFZ) counterparts. Segregation of these elements
into the interdendritic region results by virtue of Cr, Mo-rich M23Cs¢ carbides through SSGB
and MGBS in multi-pass TIG weld fusion microstructure that weaken strength of matrix and

as a result joint efficiency [28]. Indeed, EDS results indicating enrichment of Cr and Mo in
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interdendritic region accompanied with depletion in Ni and Mo in TIG corroborate their
aspects. The degree of enrichment (segregation) with SR ratio (>1 in Ni and Co and <1 in Cr,
Mo, Al and Ti) increased with reduction in cooling rate of the welding process. Highest in TIG
followed by LHW and ADLW. Similar observations to the effect of heat input on the

segregation behaviour were reported in several studies involving laser welding [14,29].
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Figure 9.8. Weld interface micrographs of (a) LHW/ADLW and (b) TIG

Further to understand joint strength, apart from analysing microstructure at weld fusion,
determining strength of interface at heat affected zone (preferably at weak neck zone) is
necessary in terms of interface microstructure analysis (interface microstructures of laser
welded as well as conventional TIG presented at Figure 9.8). As heat affected regions in both
LHW and ADLW are more or less similar, representative interface microstructure of only one
laser-based process considered, i.e., ADLW. The maximum width of HAZ region was observed
to be 150 — 400 pm in LHW and 120 — 300 um in ADLW as against 350 — 550 um in TIG.
The widest HAZ width with large grain growth accompanied with dissolved secondary
carbides is clearly discernible in multi-pass TIG weld as compared to narrow HAZ with
enhanced low melting eutectics in both LHW and ADLW. Indeed, the cooling rate of the weld
thermal cycle determined formation of LMEs and grain growth with/without dissolution of Cr
and Mo rich carbides. The presence of continuous eutectic network along the GBs may
plausibly weakens the connection between the grains and thus micro-racking could easily be
facilitated and propagate along these GBs during tensile testing of laser weldments [30]. In
contrast, significant reduction in LMEs accompanied with increased dissolution of carbides
may help facilitate in strengthening of HAZ microstructure of TIG, despite grain coarsening.
Overall, strength of HAZ microstructures in weld joints are found to enhance in high heat input
TIG process as compared to LHW and ADLW counterparts on account of dissolution of

carbides in matrix.
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9.6 Mechanical properties of the weldments

9.6.1 Hardness distribution analysis
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Figure 9.9. Micro-hardness contour plots of welded joints of (a) LHW, (b) ADLW and (c)
TIG

Further to microstructure analysis with phase identification and compositional changes
of weld joint, micro-hardness as well as nano-hardness distribution within the weld regions
was carried out by employing conventional Vickers micro-hardness and high-speed nano-
indentation techniques. Figure 9.9 illustrate micro-hardness contour graphs of LHW, ADLW
and TIG weld cross-sections that envisage varied strengthening effects within weld
microstructure with welding method involved. The hardness of the BM varied between 232 —
266 HV with significant scatter due to mixture of fine and coarse austenitic grains as previously
explained. Apparently, significant variation in hardness within fusion zone of especially LHW
and ADLW be associated with the cooling rate of the prevailing weld thermal cycle with single
and multiple heat sources. Microhardness was found to be in range of 218 — 278 HV in FZ of
LHW, 235 — 272 HV in ADLW, and 210 — 260 HV in TIG. The slight scatter in hardness of
LHW and ADLW could be attributed to the significant variations in interdendritic carbides and
SDAS as visualized in microstructure and phase analysis previously discussed. Indeed,
relatively high micro-hardness concentrated in LFZ of both LHW and ADLW indicates refined
dendritic microstructure (including dendritic arm spacing) with hard carbide segregation as

previously confirmed by microstructure analysis.

However, high heat input with slow cooling rate in multiple-pass cycle of TIG
envisaged no such significant variation in hardness of upper and lower zones as observed in
LHW and ADLW. Comparing micro-hardness distribution within fusion regions of LHW,
ADLW and TIG, one can see marginally high hardness in LHW and ADLW as compared to

TIG counterpart. This evidently indicates the influence of heat input and the prevailing cooling
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rate associated with input energy intensity profile involved in the laser-based welding process.
Indeed, hardness distribution in weld microstructures reconfirm microstructural changes
previously observed and explained. Similar variation in microhardness distribution of weld
fusion regions was reported in studies involving laser and conventional fusion welding

processes of Inconel 617 and attributed to the prevailing thermal cycles [13,14,31].
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Figure 9.10. Load-displacement curves in FZ matrix of LHW, ADLW, TIG and BM (inset
image illustrating typical representative hardness mapping and FESEM image for BM)

Further to understand hardness variation within various regions of weld microstructure,
nano-hardness analysis with cluster mapping carried out using a high-speed nano-indentation
system. Figure 9.10 illustrate typical load-displacement curve obtained on austenitic dendrite
of central region of fusion zone of all welds and austenitic grain of substrate with nano-hardness
values of dendrites in weld (D) / grains in substrate and inter-dendritic (IR) / grain-boundary
regions being presented in Table 9.3. The inset micrograph presented in Figure 9.10 shows a
typical representative cluster hardness map of BM along with FESEM image. It is clear that
the nano-hardness of austenitic dendrites as well as inter-dendritic region constituting different
carbides varied with type of welding employed. This could be plausibly due to compositional
variation in dendritic and inter-dendritic segregation regions of the microstructure associated
with temperature-gradient and cooling rate of welding cycle. Indeed, nano-hardness in inter-
dendritic region (carbides) of LHW and ADLW welds are predominantly higher when
compared to TIG weld as a consequence of diffusion rates during solidification of welding
cycle. Moreover, dendritic matrix hardness for LHW and ADLW was found to be in the range

of 5.2 — 6.7 GPa and 5.4 — 6.3 GPa respectively, whereas in TIG counterpart, relatively low
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nano-hardness in the range of 2.9 — 4.3 GPa observed. As previously discussed in
microstructural analysis, severe segregation of alloying elements with Cr and Mo-rich carbides
accompanied with grain coarsening envisaged depletion of matrix strength in fusion zone of
TIG weld. Furthermore, load-displacement curve presented in Figure 9.10 fortify these effects
as nano-hardness of austenitic dendrite decreased from ADLW to LHW to TIG, necessarily in
the order of heat input. Thus, it may be presumed that FZ of TIG is comparatively weaker to
that of laser-based welding processes of LHW and ADLW and BM.

Table 9.3. Nano hardness range (GPa) of dendrites/interdendritic region carbides in welds
and grains/grain boundary carbides in substrate, LHW. ADLW, and TIG specimens

Matrix GB/Interdendritic
(Grains/dendrites) carbide
LHW_FZ 52-6.7 19.4-23.3
ADLW_Fz 54-6.3 17.2-20.6
TIG_FZ 39-43 12.4-15.8
BM 4.2-5.5 24.6-29.3

Furthermore, nano-hardness of low melting eutectics (LME) observed in PMZ close to
NFZ of all welds provide further insight to co-relate with weld joint strength. Nano-hardness
of LME region of LHW was in the range of 11.2 — 13.5 GPa, whereas LME region for ADLW
exhibited hardness in the range of 8.2 — 10.8 GPa. Indeed, high cooling rate with wide
temperature gradient associated with ADLW caused significant reduction of LME hardness
than that of LHW. Indeed, high level of diffusion of Cr and Mo possible in LME region of
LHW as compared to that ADLW (as previously analyzed by EDS) corroborated its effect.
However, comparing nano hardness values of inter-dendritic carbides of LMEs in welds to that
of intergranular carbides (nano-hardness in the range of 24.6 — 29.3 GPa) of BM, it can be
concluded significant diffusion of Cr with enrichment of Mo at interface of M23Ce/y-Ni
boundary during welding caused specific ternary eutectic phase (y-Ni + M23Cs + MsC) that
entailed depletion of strength in LME of weld-PMZ as compared to hard intermetallic Cr, Mo-

rich M»3Cs carbides in as-received BM.

Indeed, local enrichment with subsequent formation of LME in PMZ of both LHW and
ADLW welds caused significant depletion of strengthening elements in the surrounding matrix
with lowering of hardness i.e., local softening at PMZ. In similar studies involving laser as well

as electron-beam welding process of superalloys, such reduction of nano-hardness in
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PMZ/EQZ matrix with dissolution of strengthening precipitates and local softening were
reported [32,33]. Apparently, no such depletion in strength of PMZ observed in TIG on account

of significant low cooling rate that prevail in multi-pass welding cycle.

9.6.2 Tensile and Impact properties
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Figure 9.11. Tensile stress-strain curves of LHW, ADLW, TIG and BM
Mechanical properties of the welded joints produced employing ADLW, LHW and TIG

as well as BM were assessed by subjecting to room temperature uniaxial transverse tensile
testing as well as impact testing as per ASTM standards. Figures 9.11 and 9.12 illustrate
engineering stress-strain curves and impact energy absorbed employing Charpy-type notch
specimens by welded joints as well as BM. Maximum ultimate tensile stress of LHW, ADLW
and TIG welded joints were found to be 780-785, 760-775 and 748-757 MPa respectively as
against 765-769 MPa in BM. The yield strength of the weld joints is always higher than that of
BM in all cases, although, with reduction in elongation. Yield strength of the welded joints and
BM were found to reduce in the order of BM< TIG <ADLW <LHW. 1t is clear that weld joints
produced by laser-based welding processes of LHW and ADLW are superior in tensile strength
to BM with joint efficiency being obtained in the range of 99 — 100%.

The TIG welded joint whose ultimate tensile strength was 748-757 MPa was found to
be lower than that of BM with 97 — 98% joint efficiency. The enhanced tensile strengths in
laser welded joints could be attributed to refined weld fusion microstructures with finer SDAS

and low segregation in interdendritic regions. Indeed, high cooling rates that prevail in laser
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welding processes entail refinement in microstructure with limited inter-dendritic segregation
as previously explained in microstructure analysis. In contrast, despite with marginally coarse
dendritic fusion microstructure in TIG, evolution of large boundaries with micro-segregation
that reduce ductility entailed reduction of tensile strength, lower than that of BM. In contrast,
ductility of the weld joints represented by elongation are lower than that of BM. This could be

assessed by analysing fracture surface morphologies discussed later.
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Figure 9.12. Impact energy (J) of LHW, ADLW, TIG and BM

The micro-segregation into the interdendritic region in any superalloy weld during
solidification play pivotal role in producing tensile strength, although it depends on amount of
heat input involved in the welding process [13,31]. When using localised low-heat input
processes such as LHW and ADLW, because of rapid cooling, the microstructure becomes
finer and hence limits micro-segregation. However, when using high-heat input process with
repetitive thermal cycle employing multi-pass such as TIG entail low cooling rates (observed
nearly two-to-three times lower to laser welding processes) and associated high micro-
segregation with SSGB and MGB. Indeed, EDS results of the interdendritic boundaries and
dendritic core previously reported reconfirmed their effects in weakening the joint strength.

Apparently, fusion zone area being maximum in TIG further exacerbates the strength of the

joint [34].

On the whole, once sound fusion/substrate interface is produced in the welded joint, it
is the proportion of fusion area and strength of fusion microstructure determined by dendritic
refinement and micro-segregation that determine the tensile strength of the fusion welded joint.

Moreover, the weld joint strength obtained in the present study by LHW and ADLW processes
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are comparable and in fact slightly superior to that of reported studies of other researchers
adopting multi-pass conventional fusion welding techniques [1,31,35]. Indeed, the strength of
the fusion welded joints was found to depend greatly on the strength of the microstructure with
amount of micro-segregation and dendritic refinement coupled with fusion/substrate interface

strength.

As compared to tensile strength of the welded joints, room-temperature impact-fracture
absorbed energies presented in Figure 9.12 of welded joints as well BM show altogether
different behaviour on account of loading mechanism involved in testing. It can be evidently
seen that all impact absorbed energy values of welded joints are significantly higher by 35 —
50% as compared to that of BM. Apparently, the impact energy value of TIG welded specimen
is higher by 150 J as against 138 J for LHW and 144 J for ADLW specimens. As these values
of both tensile strength and impact energies satisfies application requirements, they can be
adopted in industry. As Inconel 617 is a solid solution strengthened superalloy with no ability
to form significant precipitation strengthening phases, it is the misorientation distribution of
dendrites/grains coupled with grain boundary / inter-dendritic segregation strengthening
elements that govern the impact absorbed energies of fusion microstructures as reported by
various studies reported [26,36]. Thus, presence of many misorientation grain boundaries (of
approximately 60°) coupled with high-angle grain-boundaries analysed as per EBSD analysis
in TIG entail highest impact energy followed by ADLW, LHW, and BM. Indeed, it is reported
that once micro crack initiates and propagates into the surrounding region, amount of
misorientation grain boundaries and their degree of misorientation can effectively arrest micro
cracks as well as their propagation [26,36]. Thus impact-fracture absorbed energies increased
in the order of BM<LHW<ADLW<TIG convergent with fusion zone microstructural changes

associated with welding thermal histories.
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Figure 9.13. Cross-sectional tensile-test fractured micrographs of LHW, ADLW, and TIG
welds

Further to understand the mechanism underlying tensile behaviour, fractured tensile test
specimens of all welds were assessed for location of failure and presented in Figure 9.13. It is
clear that location of failure in case of LHW and ADLW was at PMZ/FZ boundary regions
(Figures 9.13a-f)), whereas, location of failure in case of TIG specimen is in FZ (shown in
Figures 9.13g). This suggests that weld fusion zone is weaker in TIG than that of ADLW and
LHW counterparts and as a result joint strength of TIG weld is relatively lower than that of
LHW, ADLW and BM. High magnification images of TIG FZ shown in Figures 9.13(h) and
(i) reconfirmed occurrence of fracture along the SGBs. Additionally, evidence of MGBs in the
vicinity along the fractured path was also observed from high-magnification SEM analysis.
Indeed, similar influence of fracture occurrence in weld zone along the grain boundaries
envisaging weak tensile strength observed in multi-pass welds and associated with grain

boundary segregation and their migration in superalloy welds [24,25].

In contrast to TIG specimen, LHW and ADLW tensile specimens failed slightly away
from the weld fusion zone indicating strong weld joint compared to TIG counterpart. A close
look at the crack propagation morphology of LHW and ADLW indicates that plausibly, crack
initiated form soft PMZ (more precisely at localized highest ductility-dipped neck region) and
propagated through fusion boundary into the weld fusion zone in ADLW and towards
HAZ/BM interface in LHW. As previously reported in microstructure analysis, PMZ in the
vicinity of neck zone in both ADLW and LHW welds entail high heat stagnation and thereby

microfissuring and/or continuous film formation of low melting eutectics along GBs. Thus,
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possible crack initiation regions at PMZ during tensile loading observed in laser welds.
Similarly, mechanisms of failure in tensile loading were reported in several superalloy

weldments and attributed to micro fissures and/or liquid films along GBs in PMZ [32,38].

Figure 9.14. Fractographs of fractured tensile-tested coupons of (a) BM, (b) LHW, (C)
ADLW, and (d) TIG

A close look at high magnification SEM fractographs of tensile test specimens depicted
in Figure 9.14 demonstrate possible reasons for variation in tensile strengths and ductility of
various weld joints and base metal. The general texture of fractured surfaces of all specimens
indicate that mode of fracture was observed to be ductile rupture in both BM and welded
specimens with major difference between fracture surfaces was the morphology and size of
dimples. The dimple size exhibits direct proportional relation with the ductility of the joint or
base metal, finer the dimple size, higher will be the ductility of the joint or material [39]. As
per fractured surface morphologies of all welded specimens, it is the ADLW specimen (Figure
9.14(b)) that is exhibiting finest dimples with deeper depths which explicitly imply better
plasticity and highest elongation of 45 — 55 % as compared to LHW and TIG. However,
dimples were further finer with higher amounts with multiple cracks observed in BM as a result
lower strength (compared to ADLW and LHW) with maximum elongation. Moreover,
intergranular cracking in fusion region was more prevalent in TIG specimen (Figure 9.14(¢))
that entailed lower strength coupled with reduced ductility as compared to BM and laser welded

joints.
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Comparing laser welded LHW and ADLW fractured surfaces with that of TIG,
predominantly large quantities of dimples were observed in laser welded specimens with
fracture surface of TIG joint exhibiting a layered-crack morphology (marked in Figure 9.14(e)).
Indeed, shallow dimples with layered crack morphology in TIG joint could be attributed to the
larger columnar dendritic microstructure of fusion zone [19], as TIG joint failed completely in
weld region. Result further corroborated occurrence of cracking along GBs in TIG associated
with segregation of ductility-dipped SSGBs and MGBs emancipated from the multi-pass TIG
welding technique. Overall, analysis of tensile specimen fractographs helped to understand the
underlying mechanism of failures in weld joints in conjunction with microstructural analysis
entailed by thermal histories of the welding processes. Single-pass laser-based welding
processes clearly demonstrated the feasibility of obtaining better joint strengths and efficiencies
than that of conventional multi-pass TIG, more particularly ADLW welding for easy adoption
for applications owing its engineering advantage of reduced distortion and ease of process

maneuverability.

9.7 High temperature corrosion behaviour of superalloy joints and base

metal

As previously explained in literature review, higher operating temperatures of AUSC
boilers can cause premature failure of the boiler components due to combined effect of coal
ash and flue gas environment encountered in thermal power plant boilers which significantly
accelerates the corrosion reactions. Further to the optimization and qualification of the welding
process in terms of joint strength, it was felt necessary to assess high temperature corrosion
behaviour of welded surface and compare with base metal to adopt in fabrication of parts of
thermal power plant. Thus, detailed comparative analysis of hot corrosion resistance both in
coal-ash coated and salt-coated environment are tested and analysed. In the present study, high
temperature corrosion test of weldments and untreated base metal was performed at 600°C for
a time period of 1000 hours in 5 cycles (200, 400, 600, 800 and 1000h) using a horizontal
tubular furnace as shown in Figure 3.23. In this type of hot corrosion test setup, actual power
plant environment be simulated in laboratory by combining synthetic coal-ash mixture with
flowing synthetic flue gas. The synthetic coal-ash comprised of Fe2O3 (6 %) + 1.6 % K2SO4 +
AlO3 (30 %) + SiO2 (60 %) + 0.4 % NaxSO4 + TiO2 (2 %) (in wt. %). The salt composition
used was in the ratio of NaxSO4 : KoSO4 : Nacl — 75:24:1. The synthetic flue gas mixture
composed in the ratio of CO> cylinder — Nz : CO2 : O2 — 75.99 : 3.44 : 20.57 and SO; cylinder
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—S0O2 : N2 — 0.134 : 99.866. The synthetic flue gas mixture was passed through the furnace

tube at a flow rate of 100 ml/min.

The corrosion rate was determined in terms of thickness of corroded layer formed at the end of
the duration of test. The characteristics of the corroded layer was analysed for elemental
composition as well as phases by employing XRD, FESEM and EDS tools with elemental
mapping and spot elemental analysis at appropriate regions of microstructure covering weld

zones and base metal.
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Figure 9.15. Variation of thickness of the corroded layer in fusion zones of ADLW

(laser), TIG welded and BM in coal-ash and salt-coated conditions

Figure 9.15 illustrates thickness of corroded layer obtained in weld fusion zone region
as well as base metal in ADLW (represented here as laser), TIG and BM after exposing in coal-
ash as well as salt-coated environments at 600°C for 1000 hours. Corroded layer at the centre
of the exposed sample was considered for examination to obtain comprehensive analysis. It is
clear that thickness of the corroded layers in weld fusion zones of ADLW, TIG and BM
specimens in salt-coated environmental condition were always higher (3 — 5 fold) when
compared to that in case of coal-ash coated environment. In both the environment (coal-ash
and salt-coated), ADLW specimens provided best corrosion resistance as compared to TIG and
BM counterparts. Further the weight gain per unit surface area was found to increase
monotonically with increase in the exposure time for a period of 1000 hours at 600°C. Weight
gain was observed to be very less in ADLW specimens as compared to that of TIG welded and
BM specimens. The cumulative weight change in ADLW specimen was observed to be 1.5 —
3 times less than that of TIG welded and BM specimens. However, in salt coated conditions, a

rapid increase in weight was observed in both ADLW/TIG weldments and BM due to the
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presence of corrosive salt mixtures of Na;SOas, K2SO4, and NaCl in salt-coated environment

that entail acceleration of corrosion rate rapidly [40,41].
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Figure 9.16. XRD patterns of hot corroded specimens after exposed to 1000 hours at
600°C (a) Coal-ash coated and (b) Salt-coated conditions

Further, X-ray diffraction analysis of specimen surfaces after corrosion test was carried
out to identify the corrosion products that formed on the surface of the corroded specimens
after exposing to coal-ash and salt-coated environment for 1000 hours at 600°C. Figure 9.16
shows the XRD patterns of ADLW, TIG welded and BM specimens after exposed to coal-ash
and salt-coated environments. Major phases found in the corrosion product after exposed to
1000 hours in coal-ash environments were Cr203, Al,O3 and FeS in all specimens. However,
NiCr204 spinel phase was found to be predominant in case of welded specimens as compared
to that of BM counterparts. Generally, oxides of Cr.03, AlO3, NiO and spinel oxides of
NiCr204 are intended to form as corrosion products due to high-temperature corrosion exposure
of superalloy material [40]. However, these oxide phases formed at the surface provide
different levels of protection against corrosion based on their types. Among them, Cr,O3; and
AlLOs were envisaged to offer high resistance against high temperature oxidation and
corrosion. In Ni-based superalloys, spinel oxide phase is usually designated as combination of
NiO and Cr20s3 (alternatively termed as NiCr2O4). Presence of oxides of Cr and Mo on any Ni-
based superalloy surface react with NiO to nucleate and form spinel oxide phases of Ni(Cr,
Mo),04 which eventually further act as a highly dense protective oxide layers at elevated

temperature.

These phases inevitably prevent further diffusion of oxygen and thereby decelerate rate
of corrosion. Indeed, corrosion rate in BM specimen tested under synthetic coal-ash

environment could be relatively high on account of presence of meagre spinel phases as
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compared to that of welded specimens. Figure 9.16b corroborate these aspects represented by
XRD patterns of ADLW, TIG welded and BM specimens exposed to salt-coated environments.
Major phases found in the form of corrosion products after exposure for 1000 hours in salt-
coated environments were Cr203, NiO, Ni(Cr, M0)204, Na;SO4, KoNiSO4, K3Co0; and (Ni,
Cr)S. In ADLW specimens, Cr203, Ni (Cr, M0)204 and K3CoO> were predominant oxides
observed, whereas, NiO, Na;SO4, KoNiSO4 and K3CoO; were found to be more dominant in
TIG-welded specimens. However, in addition to oxides of Cr203, NiO, Na;SO4, Ni(Cr, M0)204
and KoNiSQy, few other complex oxides of Na and K were also observed in BM. Thus, it infers
from the qualitative and quantitative analysis of various corrosion products as per XRD, BM
experienced highest corrosion rate followed by TIG and ADLW specimens, as a consequence

of varied reaction products with complex compounds of Na and K salts.

Figure 9.17. FESEM micrographs of hot corroded specimens in Coal-ash condition (a)
ADLW, (b) TIG and (c) BM

Figure 9.18. FESEM micrographs of hot corroded specimens in Salt-coated condition (a)
ADLW, (b) TIG and (c) BM

Figure 9.17 illustrate cross-sectional FESEM images of ADLW and TIG weld fusion
zone specimens along with BM at the end of the exposure duration. Indeed, distinguishably
different thicknesses of the corroded layers are discernible on account of variation in corrosion

rates determined by the microstructural features. The thickness of the corroded layer in coal-
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ash tested condition of weld fusion zones of ADLW and TIG were observed to be 1.3 + 0.3 pm
and 1.77 = 0.45 pm, whereas, BM exhibited corroded layer thickness of 2.9 = 0.7 um. In case
of salt-coated environment (shown in Figure 9.18), corroded layer thicknesses were observed
to be 21 £ 3 um, 24 + 6 pm, and 34 + § um, respectively in ADLW, TIG and BM. It is clear
that ADLW specimen exhibited highest hot corrosion resistance than TIG-welded and BM
counterparts. The scale formed on TIG welded and BM specimens (Figure 9.18 (b and c)) are
with quiet irregular, whereas, relatively uniform thin-scale observed in ADLW specimen
(Figure 9.18(a)). Indeed, as determined by XRD analysis previously, formation of complex
oxides of Na>;SOs4, KoNiSO4 coupled with presence of other compounds of Na and K in TIG
welded as well as BM plausibly accelerated the corrosion rate resulting in porous, non-uniform

and thick corroded layers.
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Figure 9.19. Elemental mapping of the BM cross-sectional after exposed to 1000 hours in

salt-coated condition

Further to understand type of oxide products formed due to high-temperature corrosion,
subsurface EDS analysis has been carried out for all welded ADLW/TIG and BM cross-
sectioned specimens. The surface oxide layer formed on the specimens were found to be
enriched with Cr, Mo, O, S and Na, although their quantity varied with type of corroded layer.
However, no elements of Ni and Co were detected on the surface owing to their depletion by
corrosion. Agglomerates constituting Cr, Ni, Mo and Co were predominantly found in higher
amounts in ADLW when compared to TIG and BM counterparts. Thus, results elemental
composition analysis indicated formation of corrosion resistant oxide scale, (Cr-O) rich Cr20s,
in both coal-ash and salt-coated environment, consistent with phase analysis observed
previously. Another aspect observed is the presence of higher amounts of Na and K in TIG and

BM specimens tested with salt-coated environment as previously observed in XRD analysis.
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Thus, it reaffirms relatively enrichment of Na and K in TIG and BM samples leading to

formation of complex compounds of various Na and K-rich salt species.

Further, to understand the elemental distribution in oxide layer formed on the specimen
surface and subsurface, elemental mapping was carried out and depicted in Figure 9.19, which
revealed, presence of oxide layer on the surface to a depth of 21 + 3 pm, 24 + 6 um, and 34 +
8 um, respectively in ADLW, TIG and BM after 1000 hours of exposure at 600°C in salt-coated
environment. It is clear from Figure 9.19 that the oxide layer formed on the surface of the BM
specimen are enriched with O, Cr, Mo and S with elimination of Ni and Co. Among these
elements, Cr and O were observed in large quantity envisaging formation of oxides of Cr203,
NiO predominantly coupled with few spinel oxide phases of Ni(Cr, Mo0)>O4 as observed from
XRD analysis. Indeed, many reports on hot corrosion analysis of superalloy materials
evidenced reaction of Cr and Mo oxides with NiO at elevated temperatures to form such
complex spinel oxide [40,42-44]. Furthermore, non-uniform porous oxide layer formation
indicates formation of sulphides of Mo [42,45]. In addition, evidence of Cr-depleted region as
marked in X-ray map of Figure 9.19 evidently reaffirm severe depletion of Cr due to high
temperature corrosion. Essentially of sulphides of molybdenum particles could be observed as
reported in hot corrosion studies of Inconel 617 alloy [42,43,45]. Moreover, Inconel 617 alloy
containing Mo may suffer rapid hot corrosion rate due to the reaction between Mo oxide and
NazSO4 present in the salt and thereby form complex compounds of Na;MoO4 [46]. Moreover,
TIG welds showed higher number of Mo-rich carbides (at SSGBs and MGBs) as compared to

that of laser welds that may plausibly accelerated corrosion rate.

Another aspect that can distinguishably observed is the difference in thickness of
corroded layers of welded and BM specimens. Indeed, ADLW specimen exhibiting significant
amounts of Ni(Cr,Mo0),04 inevitably prevent further diffusion of oxygen and thereby reduce
rate of corrosion to a great extent. However, in TIG welded and BM specimens, extensive
weight gain and thick corroded layer entailed absence of protective surface layer to hinder the
diffusion of oxygen and corrosive salts into the specimen. Similar observations were found in
the study analysing hot corrosion behaviour of superalloy coatings deposited by laser and TIG
techniques, wherein presence of continuous protective Cr2O3 scale layers on laser deposited
specimens provided better hot corrosion resistance as compared to TIG counterpart and BM
counterparts [40,47]. Overall, laser welding by ADLW was found to impart noticeably better
hot corrosion resistance as compared to that of TIG welded and BM counterparts on account

of refined microstructure with reduced micro-segregation and less dispersoids-agglomeration.
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9.8 Conclusions

The present study compared the single-pass laser and laser hybrid welding of 10-mm
thick nickel-based Inconel 617 superalloy with multi-pass conventional TIG in terms of
metallurgical and mechanical properties evaluation and assessment. Following conclusions can

be made:

The welds produced by LHW and ADLW constitute ‘wine-cup’ and ‘Y-shape’ bead
profiles with high aspect (depth-to-width) ratios, reduced weld fusion zones and low distortion
levels as against large weld fusion zone with ‘bath-tub shape’ bead profile of multi-pass TIG
weld on account of highly localized low heat input high-power density laser beams involved
in laser-based welding processes with high energy coupling. Microstructural analysis indicated
that the fusion zone microstructures of LHW and TIG welds were found to be inhomogeneous
owing to the involvement of double heat sources of laser and arc in LHW and multiple weld
passes in TIG. Indeed, uniform and refined microstructure with finer SDAS and reduced micro-
segregation of Cr and Mo in interdendritic regions observed in LHW and ADLW owing to fast

cooling rates of laser welding cycle.

X-ray diffraction phase analysis of weld fusion zones revealed presence of more
number of M23Cs and MeC Carbide peaks in TIG as compared to that of LHW and ADLW
counterparts and attributed to high heat input with low cooling rate with possible micro-
segregation at GBs experienced by repeated thermal cycles of multiple weld passes involved.
Micro and Nano-hardness profiling indicated that the hardness of fusion region of TIG welds
are comparatively lower to that of ADLW and LHW on account of enhanced segregation of

inter-dendritic Cr-rich and Mo-rich carbides and grain coarsening effect.

Tensile test results indicated that the joint strength of TIG weldment is lower than that
of base metal as against superior strengths observed in both laser welded joints of LHW and
ADLW to that of base metal. Indeed, formation of ductility-dipped SSGBs and MGBs in weld
fusion zone of TIG entailed weakening of the joint strength and failing in fusion zone. High
temperature corrosion studies conducted in both salt coated and coal-ash mixed flue gas
environment indicated that laser welded specimens provided higher resistance than that of TIG

and BM counterparts owing to refined microstructure with less micro-segregation.

On the whole, the joint efficiency of single-pass laser based ADLW and LHW

weldments along with impact resistance are superior to that of TIG and BM and thereby suggest
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ease adoption in fabrication of high-temperature corrosion resistant superalloy components for

thermal power plant and other application sectors.
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CHAPTER 10
CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

In the present research work, three different laser-based welding processes constituting CO»
laser, CO2+MIG and Diode laser were utilized to weld moderately thick sections of Inconel
617 superalloy material for AUSC boiler applications with assessment of their metallurgical,
mechanical and corrosion properties. Initially, autogenous CO; laser welding (ALW) and
CO2+MIG laser-hybrid welding (LHW) techniques were utilized and their joint properties were
evaluated. Later, an advanced high-power diode-laser based welding (DLW) technique was
used to weld 10-mm thick Inconel 617 alloy in butt joint configuration. However, to overcome
welding persisting defects of underfill and root sag hump, a novel welding method (patented)
termed as Adaptive diode laser welding — ADLW developed using same diode laser with
specially designed joint configuration and a two-step joining strategy for welding thick metal
in a single pass. In order to compare engineering advantages and economics of the process, this
single-pass ADLW technique was compared with LHW and conventional multi-pass TIG
welding process. Furthermore, comprehensive metallurgical, mechanical and corrosion
properties was carried out utilizing advanced characterization techniques of EBSD, Nano-

Indentation and Micro-focus XRD tools.

Various work elements constitute: (a) Comprehensive study on process optimization of laser
and laser hybrid welding of Inconel 617 alloy (b) Detailed study with understanding and
analysis of liquation cracking susceptibility in both ALW and LHW processes in Inconel 617
alloy (c) Process optimization of thick-sectioned autogenous laser welding using high-power
fiber-coupled diode laser with assessment of weld joint mechanical properties. (d) Statistical
modelling with multi objective optimization employing RSM-BBD method with desirability
approach for deep penetration laser welding of thick sections using DLW (e) Setting up of an
apparatus and a method for laser welding of thick metallic material such as Inconel 617 using
two-step welding procedure using same DLW and finally, (f) Comprehensive comparative
study on single-pass ADLW / LHW processes with conventional multi-pass TIG welding

process with assessment of their metallurgical, mechanical and hot-corrosion behavior.
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From the preliminary study on influence of heat input in both ALW and LHW of 10-mm thick

Inconel 617 alloy and its liquation cracking susceptibility assessment; following conclusions

are drawn:

>

LHW weld bead profile showed a typical wine-cup shape, whereas ALW produced a
Y-shape bead profile on account of differences in the number of heat sources and their
intensities profiles

Weld bead width, penetration depth, and FZ area were found to increase with an
increase in heat input of both LHW and ALW processes. The FZ area of LHW was
three times larger than that of ALW, although, heat input in LHW involved was 2.5
times higher in ALW

Wider width of HAZ observed at neck zone due to heat stagnation in both ALW and
LHW. Radius of curvature at neck zone increased with increase in heat input and
significantly larger in LHW with low cooling rates due to extended wide weld bead
obtained by employing an additional MIG arc.

Ternary eutectic network phase constituting y-Ni + M23Cs + MsC has formed on
account of eutectic reaction associated with constitutional liquation with cracking in
PMZ region of both welds, with amount of network being high in LHW than ALW
Susceptibility to PMZ liquation cracking was found to be higher in ALW than LHW
and attributed to high cooling rate that prevails in laser cycle and susceptibility reduces
with increase in heat input in both welds

LHW provided enhancement in nano-hardness of eutectic network than that of ALW
and attributed to dissolution of Mo content in PMZ

LHW was more beneficial in terms of resistance to liquation cracking susceptibility as

compared to ALW process

From the comprehensive study on process optimization of autogenous single-pass diode laser

welding (DLW) of Inconel 617 and their assessment of tensile properties, the following

conclusions are drawn:

>

>

Depth of penetration, depth-to-width aspect ratio and weld bead profile in DLW is
mainly controlled by defocusing distance, laser power and welding speed.

Full penetration could only be achieved at a negative defocusing distance and lower
welding speed due to effective energy coupling with keyhole formation associated with

laser heat input but with underfill/undercuts and root hump defects.
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>

>

DLW produced a Y-shape weld bead profile with wider at top and narrower at bottom
with fusion zone microstructure constituting dendrites of y-matrix with directional
solidification and segregation of Mo and Cr carbides along interdendritic regions

Weld joint efficiency of diode laser welded Inconel 617 alloy was found to be in the

range of 97 — 99 % with improved yield strength as compared to base metal

From the study on optimization of high-power diode laser welding (DLW) process by adopting

Response Surface Methodology (RSM) and validation with desirability approach, influence of

three critical processing parameters, namely, Laser Power (LP), Welding Speed (WS) and

Defocusing distance (DF) on the quality of weld joint in terms of upper bead width (UBW),

weld penetration (WP), fusion zone area (FZA) and radius of curvature (ROC) were

investigated and assessed, the following conclusions are drawn:

>

There exists an optimized process parametric range during deep penetration diode laser
welding of 10-mm thick Inconel 617 superalloy, where a reduced underfill and root
hump defects could be obtained.

Based on regression equations obtained from the model indicated that the linear terms
of all three input parameters such as LP, WS and DF exert significant effect on UBW,
WP and FZA. Also, interactive terms between WS and DF has significant influence on
formation of UBW.

Optimized process parameters were obtained from the model to achieve maximum WP
in 10-mm thick Inconel 617 alloy with maximum ROC were, laser power of 6 kW,
welding speed of 6 mm/s and a defocusing distance of -1.48 mm.

Validation of the model was done using desirability approach and the experimental
results were found to be in good agreement with the predicted one with <5% error.
Tensile test results indicated that the weld joint efficiency of the optimized butt-welded
joints obtained from RSM model are found to be in the range of 98 — 99% and superior
to that of previously obtained by DLW

Indeed, RSM methodology used for developing the model facilitated in fine-tuning
defocusing distance effectively welding process with application of other parameters

(LP and WY) in the applicable range and also optimize joint strength.

From the comprehensive study carried out to develop novel two-step diode laser welding

(Adaptive diode laser welding ADLW) methodology with pre-placement of filler wire and
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appropriate butt joint design for joining thick sections of superalloy material with complete

elimination of underfills in single-pass, the following conclusions are drawn:

>

The ADLW method involved two step welding procedure; Tack and Seam welding. A
new joint configuration was developed and designed for pre-placement of filler
wire/rod for the purpose.

In first step, filler wire was tack welded in pulsed mode to the base plate with an
optimized process parameter. Subsequent to tack welding, laser seam welding
experiments were performed with optimum joint configuration and process parameters
Welds produced by this method were found to be with uniform weld bead seam
throughout the weld length with minimal distortion as well as small HAZ as compared
to previously produced previously by DLW

Tensile test results indicated that the weld joint efficiency of the butt-welded joints
obtained by novel ADLW method are found to be in the range of 99 — 100% and
superior to that of previously obtained by DLW and RSM methodologies
Microstructure and mechanical behaviour of Inconel 617 weldments produced by ADLW
technique are found to be similar to that obtained in DLW joints except for excess
reinforcement due to addition of additional filler rod in ADLW process.

On the whole, it can infer that new single-pass diode laser welding method with addition
of filler wire and without wire feeder proved to be a suitable welding method great
promise to join Inconel 617 alloy in various engineering components of thermal power

plant.

Finally, from the comparative study conducted between single pass welding processes

employing ADLW, LHW with multi-pass TIG with comprehensive metallurgical, mechanical

and hot corrosion properties evaluation, following conclusions can be drawn:

>

The welds produced by LHW and DLW constitute ‘wine-cup’ and ‘Y-shape’ bead
profiles with high aspect (depth-to-width) ratios, reduced weld fusion zones and low
distortion levels as against large weld fusion zone with ‘bath-tub shape’ bead profile of
multi-pass TIG weld on account of highly localized low heat input high-power density
laser beams involved in laser-based welding processes with high energy coupling.

Microstructural analysis indicated that the fusion zone microstructures of LHW and
TIG welds were found to be inhomogeneous owing to the involvement of double heat

sources of laser and arc in LHW and multiple weld passes in TIG. Indeed, uniform and
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refined microstructure with finer SDAS and reduced micro-segregation of Cr and Mo
in interdendritic regions observed in LHW and DLW owing to fast cooling rates of laser
welding cycle.

» X-ray diffraction phase analysis of weld fusion zones revealed presence of strong
M23Cs and MeC Carbide peaks in TIG as compared to that of LHW and DLW
counterparts and attributed to high heat input with low cooling rate with possible micro-
segregation at GBs experienced by repeated thermal cycles of multiple weld passes
involved.

» Micro and Nano-hardness profiling indicated that the hardness of fusion region of TIG
welds are comparatively lower to that of DLW and LHW on account of enhanced
segregation of inter-dendritic Cr-rich and Mo-rich carbides and grain coarsening effect.

» Tensile test results indicated that the joint strength of TIG weldment is lower than that
of base metal as against superior strengths observed in both laser welded joints of LHW
and DLW to that of base metal. Indeed, formation of ductility-dipped SSGBs and
MGB:s in weld fusion zone of TIG entailed weakening of the joint strength and failing
in fusion zone.

» High temperature corrosion studies conducted in both salt coated and coal-ash mixed
flue gas environment indicated that laser welded specimens provided higher resistance
than that of TIG and BM counterparts owing to refined microstructure with reduced

micro-segregation in fusion microstructures.

On the whole, the welded joints produced employing single-pass laser based DLW and LHW
systems were comparable to tensile strength requirements with superior impact resistance as
compared to TIG and BM and thereby suggest easily adoptable in fabrication of high-
temperature corrosion resistant superalloy components for thermal power plant and other
application sectors. Indeed, the novel single-pass ADLW process developed proved to be more
advantageous in terms of eliminating underfill/root sag defects with joint efficiencies on par
with other laser-based welding methods and conventional TIG. Additionally, ADLW process
developed is found to provide tremendous economic advantage with enhanced process

manoverability with elimination of wire-filler feeding apparatus and additional heat source.
10.2 Future Scope of work:

Although extensive research work has been conducted in developing and assesing feasiblity

of COz laser, Diode laser and laser hybrid welding of thick Inconel 617 alloy and assessing
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their microstructural, mechanical and corrosion properties of joints, it is apparent that there are

ample scopes for further work in this area.

>

High temperature tensile testing of the novel-ADLW and LHW weldments and
comparison with conventional TIG weldments

Applications of ADLW processing on actual Tube-to-Tube and Tube-to-Fin joints of
Superheater and Reheater tubings

Application with actual in plant testing of LHW, DLW and ADLW joints used in boilers
parts of thermal power power plants

Further studies on high temperature corrosion and oxidation behaviour of weldments
for longer period of time (>1000 hours) at various exposure temperatures

Creep rupture strenght analysis of weldments

Modeling with experiments of ALW, LHW, DLW, ADLW and TIG welding

techniques with process validations
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