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JOINING BEHAVIOUR OF THICK PLATE USING HIGH-FREQUENCY INDUCTION ASSISTED ARC WELDING

Combining a preheating source with conventional arc welding is a promising method to study the weld quality and improve-
ment of strength for high-strength super-alloy materials. The present research used an induction preheating source with plasma arc
welding (PAW) to weld Inconel 625 thick plates. The investigation was performed at a constant induction current of 600 A, welding
speed of 100 mm/min and a plasma welding current of 135 A. The induction-assisted plasma arc welding (IAPAW) demonstrated
that a weld joint was possible with static induction preheating and a high plasma welding current at low welding speed. The mi-
crostructural observation showed various dendritic structures in the fusion zone (FZ). The FESEM and EDX analysis confirmed
the formation of Laves phase in the interdendritic structure of the FZ. The ultimate tensile strength of the IAPAW joint reached to
658 MPa. The tensile fracture surface of the welded sample revealed a lower number of dimples, indicating the reduction of ductility.
The XRD analysis was carried out at various zones and it confirmed the peak shifting towards the higher 2-theta value of the FZ.
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1. Introduction
1.1. Inconel 625 welding

Inconel 625 superalloy is a Ni-base solid solution hardena-
ble material. They are primarily strengthened by adding substitu-
tional elements like Cr, Mo, and Fe in the austenitic matrix. Many
researchers have reported that this material has high strength and
toughness from cryogenic temperatures to elevated temperatures,
i.e., up to 1100°C. This alloy has high tensile, fatigue, thermal
fatigue, creep and rupture strength. In addition to mechanical
properties, this alloy offers outstanding corrosion resistance at
elevated temperatures. These characteristics make the Inconel
625 ideal for various industries, including geothermal, marine,
power generation, acrospace, chemical processing, nuclear etc.
[1]. The alloying elements Nb, Mo, and Ti improve mechanical
characteristics at low and high temperatures. Additionally, alloy
625 has improved weldability and fabricability. As a result, this
material is highly desirable for industrial applications [2]. In FZ,
the variations of alloying elements like Nb, Mo, Ti Ta, Fe and C
in the austenitic matrix strongly influence the number of second-
ary phases (y + metal carbides (MCs) + Laves) formation during
the solidification. This secondary phase formation reduces the
material properties of the welding component [3].

' IIT GUWAHATI, GUWAHATI-781039, INDIA

*  Corresponding email: dipankar.saha@iitg.ac.in

Some of the traditional approaches used to weld nickel-
based superalloys are electron beam welding (EBW) [2], laser
beam welding (LBW) [4], tungsten inert gas welding (TIG) [5],
and recently friction stir welding (FSW) [6]. The effectiveness
of joint strength typically depends on the welding process, plate
thickness of base material (BM) and the composition of filler
material if used [7-8]. The conventional welding method is more
adaptable and readily available for welding of nickel-based alloys
with a limited thickness. Mostly multi-pass welding is used for
highly thick plate, leading to increase of residual stress in the
welded sample. In some processes, a suitable filler rod is required
to weld thick plates. It results in a significant change of micro-
structure in the FZ and its properties [9]. These processes produce
an enormous amount of heat and compositional variation, which
reduce corrosion resistance and weaken mechanical strength and
chemical characteristics. Multiple studies have been carried out
to evaluate the joint feasibility of Inconel 625 alloy. Han et al.
[10] investigated for enhancement of corrosion resistivity with
Nb content in the FZ of Inconel 625 welded by shielded metal
arc welding. They found no significant improvement in corrosion
resistance except for a negligible increase in hardness values as
the Nb content rises. Many researchers have found high weld-
ing heat input results in segregation of elements in the inter-
dendritic arms [2], liquation cracking or micro-fissuring at the
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heat-affected zone (HAZ) [11], and residual stresses [12]. Hence,
the industries have recommended post-weld heat treatment to
overcome the aforementioned problem with the high energy
density processes, namely EBW [2] and LBW. The current study
provides a novel approach for joining Inconel-625 alloy by using
induction-assisted plasma arc welding technique.

1.2. High-frequency induction assisted welding

Many researchers have studied the performance improve-
ment of manufacturing techniques using preheat, heat-assisted,
or post heat methods. A high-frequency induction heating ar-
rangement is the most recommended technique for many types
of complex applications with a wide range of materials [13-15].
The high-frequency induction welding (HFIW) process uses
high-frequency induction heating principle to join conducting
materials with applied load. Frequency plays an essential role
in controlling the penetration depth of the FZ. The absence of
hazardous fume and gases during welding makes the HFIW
process the cleanest welding compared to the conventional and
non-conventional arc welding processes. The electrical energy
is transferred to the workpiece without direct contact through
the induction coil and generate heat directly into the workpiece
material. When enough joining temperature is generated in the
workpiece material and with the applied load during holding
time, a significant joint can achieve [16-17].

The induction heating mechanism works directly with con-
ductive materials. It is easier and faster to weld a ferromagnetic
material because of eddy current heating and hysteresis heating.
The joining of non-conducting material can also be achieved
by using subsector material. The presence of the conducting or
magnetic particulate in the polymer material has significantly
shown proper and clean joining by this process [18]. In the pipe
fabrication process, HFIW is mainly used due to the rapid heating
of the faying surfaces, and only workpiece material will heat up
during welding. Generally, induction heating is primarily used
for heat treatment, furnace sintering, forging, hardening, welding,
and heating applications like induction cooking.

A high-frequency alternating current passes through an
induction coil, creating an alternating magnetic field in the
workpiece material. The alternating magnetic field frequency is
similar to the frequency of the current flow through the coil. When
alternating magnetic field passes through a conducting material,
eddy current is induced, which flows with the same alternating
magnetic field frequency through the conducting material. Eddy
current (1.) leads to heating in the workpiece, which is /°R heat-
ing. In addition to the eddy current heating, the ferromagnetic
material provides another heating behaviour called hysteresis
loss. This behaviour offers heating up to curie temperature;
afterwards, the material loses its magnetic properties, and eddy
current heating will further carry the heating process. The proxim-
ity and edge effects assist in softening the edges of the material.

There is a growing interest in the hybrid welding process
due to numerous advantages compared to other conventional

welding processes. Many researchers have integrated the primary
welding process with induction heating setups like induction-
laser [7,14]; induction-GMAW [13]; induction-friction stir weld-
ing [20] etc., to get synergic effect attributes to deeper penetration
and controlled microstructure. Ikram et al. [8] investigated the
implementation of induction heating process with AC-GMAW
process. They found the effectiveness of induction heating as an
assistive heat source for AC-GMAW welding of plates thicker
than 8 mm. Arif et al. [13] proposed an induction-assisted AC-
GMAW process for 6 mm thick plate. They concluded that weld
arc irruption and spatter generation were reduced by adopting an
external magnetic field generated by a high-frequency induction
setup. In addition, controlled heat input through this process
provided a solution for welding 5 mm thick plates. Zhang et al.
[21] investigated the real-time induction assisted gas tungsten
arc underwater welding of 8 mm thick Q460 steel. They found
that the external magnetic field has an adverse effect on the
weld arc formation and depends on the coil to torch distance.
Coelho et al. [14] evaluated the mechanical and metallurgical
properties of an induction-assisted laser-welded high strength
low alloy (HSLA) steel and two thermo-mechanically treated
HSLA plates (i.e., SSOOMC and S700MC).

The induction-assisted welding process reduces shrinkage
and residual stresses that help to minimize cracking and distor-
tion. A weldment that has been properly preheated will be less
brittle and more ductile because it is cooled more slowly, as well
as less hardness in the HAZ. These qualities are particularly
crucial for materials like cast iron, high-carbon steel, or high-
carbon equivalent steel that are more prone to hardness at high
temperatures. Slowing the cooling rate also allows hydrogen
to escape the weld puddle and help to minimize cracking. This
provides advantages for thick materials whose heat conduction
rate is high.

Nowadays, hybrid welding processes are used to achieve
cost-effective joints with superior weld quality. However, there
are very few research papers available on the joining of Inconel
625 alloy. There is a need to do research on induction-assisted
plasma arc welding of superalloys. This process could be more
productive as multi-passes does not require to join highly thick
plates. Most of the literature reported autogenous or hybrid weld-
ing of limited thickness, up to 5 mm, while laser and electron
beam welding reported for higher thickness. However, imple-
menting LBW and EBW techniques for joining thick plates is
unsuitable due to the development of residual internal stress and
solidification cracking during welding, and the requirement of
post-heat treatment.

2. Material and methods

This study used a high strength superalloy Inconel 625 with
a 6 mm thickness plate to weld with square butt joint configura-
tion by high-frequency induction assisted plasma arc welding
setup. The chemical composition (in wt.%) of the BM is listed
in TABLE 1.



TABLE 1

Chemical composition (wt.%) of as received Inconel 625 alloy

Ni Cr Mo Nb Fe Mn Al Ti
57.5 22 9.3 4.6 4.9 1.1 0.3 0.3

The welding experiments were conducted on a indig-
enously designed, high-frequency induction assisted plasma arc
welding setup, as shown in Fig. 1. A high-frequency induction
heating machine (make- Ambrell Inc. maximum power 10 kW;
model — Easy heat 8310) was used to preheat the faying surfaces
in atmospheric conditions. A double-turn rectangular shape
(20 x 100 mm? dimensions) coil fabricated with copper cylindri-
cal tube (outer diameter and inner diameter are 6 mm and 5 mm)
was used. A cooling unit (make — Werner Finley Pvt. Ltd.) was
attached to the induction heating machine to draw out the heat
generated from the coil. During preheating, a 2 mm coupling
gap between the coil and base plate was maintained. Under the
effect of the high frequency alternating magnetic field, eddy
current heat was generated in the BM plate. Initially, the base
plate was static heated for 30 seconds. Afterwards, the base plate
was moved to maintain a 530°C constant temperature with the
welding speed below the plasma nozzle. A Fronius plasma arc
welding machine (Plasma Module 10 with TransTig 1500) was
used with induction-assisted heating. The plasma arc welding
system comprises a power source, plasma generator, welding
torch and gas supply unit.

For welding, plates were prepared from a Inconel 625 alloy
plate using numerically controlled electric discharge machine
with rectangular dimensions of 150 x 75 x 6.18 mm?. Before
welding, the faying surfaces were prepared right-angle to get
a square butt configuration. These faying surfaces were ground
with emery paper to remove oxide layers and cleaned with ac-
etone to eliminate other impurities. The prepared Inconel plates
were placed over a mild steel backing plate and rigidly clamped
with four grippers for butt welding. Welding was carried out on
a CNC-controlled servo motor-driven bed at a specific welding
speed. The welding parameters are listed in TABLE 2. Initially,
30 s static induction heating was applied on the faying surface.
After that, the preheated surface was moved towards the weld-

Fig. 1. A high-frequency induction assisted plasma arc welding setup
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ing touch. In this research, a major investigation was to weld
thick Inconel 625 plates in single pass with square butt joint
configuration using IAPAW process.

TABLE 2
Parameter for HIPAW Welding
Parameter Values
Plasma gas flow rate (L/min) 1.0
Plasma current (Amp) 9
Stand-off distance (mm) 4
The gap between the torch and coil (mm) 50
Coupling distance (mm) 2
Induction current (Amp) 600
Static heating time (sec) 30
Welding speed (mm/min) 100
Welding current (Amp) 135
Shielding gas flow rate (L/min) 15
2.1. Test and Analysis

After welding, the tensile specimens were extracted from
the welded workpiece perpendicular to the weld line using wire
electric discharge machining (Make: EC032, JMachine, India)
as per the ASTM ES8 standard. The tensile test was performed
in a BISS 250 KN servo-hydraulic universal testing machine.
The fracture surface was examined by field emission scanning
electron microscopy (FESEM) (Make: Sigma, Zeiss, Germany).
The metallographic samples were prepared according to stand-
ard metallographic practices to study the microstructure of the
sectioned welded specimens. The specimens were subjected to
mechanically polished using abrasive emery papers from rough
220 grit to fine 2500 grit, followed by velvet cloth polishing
with 0.3 um alumina powder to obtain mirror-like polish. Sub-
sequently, polished samples were etched for 30 s with a reagent
comprising 15 ml HCI, 10 ml acetic acid, and 10 ml HNOs.
The microstructural features of etched welded specimens were
examined using optical microscopy (OM). The high magnifica-
tion images were taken by FESEM. The Energy-dispersive X-ray
spectroscopy (EDX) with FESEM was used for point and area

Gap between coil and nozzle

JCoupling distance
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scan analysis. The diffraction of peaks was analyzed by using
X-ray Powder Diffraction (XRD) Cu K radiation at 45 kV and
200 mA. All thin film specimens cut from welded joint were
scanned from 20 to 100 degree 2-theta value with a 0.02-degree
step size and 3 degree/min speed.

3. Results and discussion
3.1. Microstructure evaluation

Fig. 2a shows the weld cross section view of the [APAWed
Inconel 625 plate. Fig. 2b shows the BM microstructure, com-
prising coarse equiaxed grain structure. Some precipitates were
observed in the BM austenitic matrix (Fig. 2b). These precipitates
were categorised as metal carbides and metal rich secondary

200 pm

phases like Cr-rich, Mo-rich, and Nb-rich. Fig. 2(c-c") displays
the HAZ near the fusion boundary, where the grains are not
clearly revealed. The HAZ may experience a higher temperature
range during the welding, due to which the grains of the BM
may dissolved. Detailed analysis indicated an approximately
470 um wide white band of the HAZ near the fusion boundary,
as shown in Fig. 2c. However, carbides were still found in the
HAZ region (as shown in Fig. 2c") because of their relatively
higher dissolution temperature.

Fig. 2¢' shows the transition zone of the fusion boundary,
which contains columnar dendritic structures directed perpen-
dicular to the fusion boundary. Three different types of dendritic
structure were present in the FZ, i.e., firstly a higher amount
of continuous columnar dendritic structure (Fig. 2f), secondly
equiaxed dendritic structure (Fig. 2g), and thirdly low amount
of fine dendritic structure (Fig. 2h). The heat input variation had
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Fig. 2. Microstructure of IAPAW welded Inconel 625 alloy (a) macro view of weld cross-section, (b) BM at 50x, (¢) HAZ at 10x, (c') transition
zone of HAZ and FZ at 50x, (d) first zone of FZ at 10x (e) second zone of FZ at 10x, three different dendritic structure zones of FZ shows at

50x shown in (f), (g), and (h)

an essential role in the formation of different microstructures in
the FZ [22]. The middle of the FZ contained equiaxed dendrite
structure and fine columnar dendritic structure, which is squeezed
between the long columnar dendrite along the weld direction.
The Fig. 3(a-e) and TABLE 3 show the EDX point analysis
of various welded zones. In Fig. 3(a', b’ and c¢') shows the magni-
fied view of different dendrites and the Laves phase in the FZ.
The point analysis showed less Nb present in the dendritic core
(composition of points 1, 4 and 7 are mentioned in TABLE 3).
The Nb was rejected due to reduced solid solubility of Nb
in y-Ni matrix. This leads to the formation of Nb-rich brittle

phase in the interdendritic region [23]. This micro segregation
of elements found in the FZ is due to high heat input and slow
solidification rate of the molten pool [24], and thereby developed
a high amount of Laves phase, as shown in points 2,3,5,6 and
8, composition are mentioned in TABLE 3. The brittle and hard
Laves phase always appears in the interdendritic area in fusion
welding [23-24]. It deteriorates the properties and plasticity of
the FZ. Richards et al. [11] indicated the Laves phase chemical
composition as A,B (A: Ni/Fe/Cr, B: Nb/Mo/Ti,) type. A higher
amount of Laves phase is prone to crack initiation and propaga-
tion during tensile loading [23,24,26,27]. The composition of the

TABLE 3
EDX analysis of the FZ of IAPAWed Inconel 625
Wt. (%)

Element P1 P2 P3 P4 P5 P6 P7 P8 P9 Al A2
Nb 1.7 20.0 69.1 1.7 16.4 57.4 1.6 19.3 33 3.9 3.81
Mo 7.2 18.7 6.7 8.3 17.7 8.7 7.1 19.5 8.2 8.9 8.85
Cr 20.1 16.9 6.9 20.8 17.0 9.9 23.3 17.1 23.1 21.9 24.29
Mn — 0.2 0.6 0.4 0.6 0.4 — 0.1 — — 0.70
Fe 5.2 2.6 0.2 4.6 3.5 1.0 4.6 2.5 5.1 3.9 5.00
Ni 65.2 41.4 10.8 63.7 44.6 19.3 63.0 41.1 59.7 61.0 56.60
Ti 0.5 0.2 5.3 0.2 0.1 2.6 — — 0.3 — 0.44
Al 0.2 — 0.4 0.2 0.2 0.7 0.3 0.3 0.2 0.3 0.31
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HAZ and the BM are almost similar, reported in Fig. 3(d and e)
and TABLE 3. Tensile properties of the weld are significantly
influence by Laves phase.

3.2. X-ray diffraction

To study the influence of IAPAW on the features of phase
structure, the XRD analysis was carried out. Fig. 4a shows
the XRD spectra of various zones of the Inconel 625 welded
specimen. The XRD plot revealed dominant mixture of a typi-
cal Ni-Cr—Mo austenite (y) phase throughout the welded zone
[28]. It indicated that all the zones have almost same crystal
structure. Inconel 625 is a solid solution strengthening superal-
loy; phase transition or formation of metal carbide is usually
occurred during fusion welding [29]. The volume fraction of
carbide formation may be less than identifying threshold by the
XRD analysis [29]. In higher temperatures, some intermetallic
phases like 6 (Ni3Nb), v’ (Ni3Al Ni3Ti), y” (Ni3Nb), Laves phase,
and metallic carbide are precipitated in the Ni base austenitic
matrix. But among them, the formation of 9, y’, and y” phases
are not possible in the FZ due to rapid solidification. However,
the presence of all phases are feasible in the BM, because it
passes through the several heat treatment and mechanical rolling
process. So, detection of these phases are challenging by XRD
scan because these precipitates have similar crystalline nature
and overlap with the Ni-Cr—Mo phase and austenite (y) matrix
[29]. A detailed investigation was carried out on the XRD scan
data related to peak broadening and shifting.

The lattice parameter of the various zones were calculated
and mentioned in TABLE 4. It is found that the lattice parameter
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Fig. 4. XRD analysis of the various zones of the IAPAW welded sample
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value is highest at the BM and lowest at the HAZ. The presence
of metal carbide and other precipitate phases in the BM zone
(as shown in Fig. 3e) produced high lattice parameter. The
formation of carbides and high Laves phase reduced the lattice
parameter size of the FZ. The lattice constant size of the HAZ
is lower than the other zones of welded material. The recrys-
tallization, minor formation of Laves phase and dissolution of
some parent material precipitates (as shown in Fig. 3d) caused
lowering in the lattice parameter.

Fig. 4b represents the peak shifting of the diffraction pat-
terns of the BM, HAZ, and FZ. Peaks shifted towards higher
angles and peak sharp with reduces broadening of the FZ speci-
men. The high intensity and broadening of the peak of the FZ
is due to the rearrangement of the crystal structure. The peaks
shifting might be related to the development of thermal stress
(compressive) and/or micro-segregation and/or precipitate for-
mation in the microstructure (causing depletion of Nb and Mo
elements from Ni (y) matrix) [30].

3.3. Tensile test analysis

Fig. 5 shows the tensile failure of the welded specimen,
where the fracture is located at the middle of the FZ. TABLE 5
provides information on ultimate tensile strength, yield strength,
and % elongation of the welded specimen. The yield stress and
ultimate tensile stress of the welded specimen were 412 MPa
and 658 MPa, respectively. The joint efficiency is much less than
other published literature [2]. This is because of higher amount
of Laves phase presence in the FZ and the higher area of the FZ.
The EDX analysis exhibited formation of interdendritic Laves

43.50297

(b)

43.33901

Intensity (a.u.)

41 42 43 44 45 46
2 theta (deerec)

TABLE 4

Calculated average Lattice parameter, micro strain, and crystalline size of the weldment obtained from Diffraction results

Different Zones Pea;:::;t:)oflilf:l;:;z:itﬂ(lf %l‘;l)p hy Lattice parameter (&) Micro-strain (pe) Crystallite size (A)
FZ 43.50297 3.601529863 4.71 926.08
HAZ 43.48947 3.600040176 2.67 219.65
BM 43.33901 3.610735493 4.89 168.59
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Fig. 5. Tensile failed specimen of the welded joint

phase in the FZ (as shown in Fig. 3(a'-c")), which significantly
reduced the elongation of the weldments compared to the BM.
This leads to failure at the middle of the FZ during tensile test,
as represented in Fig. 5.

TABLE 5
The BM and welded specimen’s mechanical properties
Material Yield stress, | Ultimate tensile stress, %
oys (MPa) oyts (MPa) Elongation
Welded 412 658 10

Fig. 6(a-b) shows a FESEM picture of the tensile fracture
surface. In Fig. 6a, the size of the dimple is large, which attrib-
utes brittle failure mode. Figure 6b shows an enlarged view of
the brittle failure region. The fracture surface is entirely free of
micro voids or pores, indicating absents of micro-cracks or inclu-
sions.

4. Conclusion

The IAPAW process was useful to weld thick Inconel 625
metal plate. The welding was achieved by 135 A of welding
current and a preheat arrangement by high-frequency induction
heat setup. The following conclusions can be made from the
present invitation.

1. Microstructure studies of the FZ showed variety of den-
dritic structures. The FESEM and EDX analysis showed

a higher percentage of Laves phase in the FZ. The Laves

(1]

(2]

(3]

[4]

phase contained high amount of Nb. In the dendritic core,
the Nb concentration is less than the BM matrix. A bright
width zone was observed in the HAZ with metal carbides
and other precipices in the austenitic matrix.

The diffraction peak of the (111) plane showed the peak
shifting that occurred in the FZ due to developed thermal
stress and the depletion of Nb and Mo concentration in the
Ni-matrix. Higher micro strain was observed in the FZ.
The weld joint UTS was 658 MPa and 10% elongation.
The welded tensile specimen was failed in the FZ due to
the presence of high amount of Laves phase. The tensile
fracture surface of the FZ showed brittle mode of failure.
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