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Abstract. Electric motor industries widely use cold-rolled non-oriented (CRNO) electrical steel sheets (ESSs)
as the magnetic core. The sheets are of low carbon–silicon, thin (0.5 mm), and laminated and joined as a stack
with gas tungsten arc (GTA) welding. A weld zone is affected by the welding heat and dependent on welding
current (30–110 A). The fusion zone (FZ) and heat-affected zone (HAZ) of the weld zone are analyzed for
variation in the base metal (BM) and microstructural properties using a scanning electron microscope (SEM) and
optical microscope (OM). The effects of weld depth, weld width, stress–strain relationship, ﬁller material, and
grain size are investigated with a weld current change. Tensile and micro-hardness testing in FZ and HAZ
revealed a change of failure in zones, maximum fracture load, and micro-hardness. The effect of grain size and
completely ferritic phases (a-phase and c-phase) in the weld zone is also studied. All the properties variations
are compared and correlated to the input welding heat on the thin–laminated, non-grain-oriented stack on ESS.
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1. Introduction
Electrical steel sheet (ESS) with low-carbon–silicon composition is preferred for stator core of electrical systems.
The sheets are either cold-rolled grain-oriented (CRGO) or
cold-rolled non-grain-oriented (CRNO) as per grains orientation observed at the microstructure level. The magnetic
core of electric motors and electric vehicles widely uses
thin sheets (0.5 mm) of magnetic material but with lamination. Several processes and procedures typically join the
stack of thin ESSs to form stacks of ESS [1–5]. It further
leads to a change of the material’s magnetic properties,
which eventually degrades the electrical system. The procedures, though unavoidable, are responsible for decreasing
the magnetic ﬂux density. It is also expected to have uniform magnetic properties in all sheet material directions
and used as magnetic cores in electric motors. The welding
processes used for joining thin sheets tend to affect sheet
material properties and lamination to degrade the electrical
system.
A gas tungsten arc (GTA) welding is mainly used to join
the thin–laminated ESSs rather than other processes [6–14].
However, the process of welding for the joining of stacks
results in the generation of a large number of losses. This is
due to the application of heat on thin and laminated sheets
of magnetic and non-magnetic material, respectively. The
*For correspondence

stack welding with thermal energy leads to the layer to
layer short-circuit due to the lamination’s damage. The heat
from tungsten inert gas (TIG) or GTA weld current signiﬁcantly inﬂuences the microstructural, mechanical, and
magnetic properties of the CRNO sheets [15]. During
welding, the welding zone and nearby areas are mostly
affected by high heat input and the damage of insulation
coating between the thin sheets. The welding, especially at
weld bead, results in pores and cracks in insulation coating
and ﬁller metals. Industries mostly prefer GTA welding and
CRNO ESS due to their easier availability and operations.
The welding parameters as a root cause are to be optimized
for obtaining the desired material properties without compromising on the performance of stator cores.
Some researchers also explored the effect of different
manufacturing processes on the material properties (mechanical and microstructural) of thin–laminated ESS. The
typical studies include investigations on the effect of
punching stamping and cutting on microstructural, magnetic property, and insulation coatings of ESS. The weldability of thin–laminated sheets using a plasma [6], EBW
[13], and laser [14, 15] has been researched as a substitute
to GTA. In addition, some of the mechanical aspects of
different punchings, dowel designs [5, 10], and weld seam
designs [14, 16] for different grades of ESS are studied for
change in mechanical properties and magnetic parameters
[17–20] of the stator core. The welding and sticking of
toroidal cores of ESS are explored for change in magnetic
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properties [4]. The problem of different laminated coating
types due to punching operations and changes in material
properties is researched [16, 21]. However, the effects of
GTA welding current and associated weld parameters on
the material and microstructural properties of CRNO
electrical steel have not been previously researched. CRNO
ESS, due to its application in the large electrical systems, is
still under active research for improving the performances
and efﬁciency levels. The electrical systems industries need
investigations to understand GTA welding’s inﬂuence on
thin–laminated, stacked, low-carbon steel and non-grainoriented electrical steel. Also, the inﬂuence of GTA welding current on the microstructural and mechanical properties in the inﬂuential weld zone needs to be investigated to
prevent the electrical and magnetic losses of the stator core.
On material front many researchers have explored varieties of materials for electrical systems. Some of the other
materials investigated elsewhere are Fe–Co base, Fe–Nibased alloys, soft magnetic ferrites, sintered materials,
magnetic powder composites, and high-strength non-oriented ESS with added niobium [17, 21–23]. However, Fe–
Si alloys are nowadays widely used for stator cores of highefﬁciency electrical power systems. CRNO ESSs are thus
largely preferred due to their cost, fabrication quantity, and
production value as well as their ability to conduct magnetic ﬂux inside electromagnetic systems. CRNO ESSs are
available in different grades as per various standards
[16, 18–20, 24–26] in the form of hot or cooled rolled
sheets with their sizes ranging from 0.35, 0.5, and 0.65 to
1.0 mm [27–30].
The challenges faced during the joining of stacked sheets
of CRNGO ESS are a bottleneck for the electrical motor
manufacturing industry. It starts with the proper design of
ﬁxtures to precisely hold thin sheets of 0.5 mm thickness at
a uniform pressure. It also helps in throughout uniform
distribution of welding heat ﬂux. Although popular for
joining thin sheets, GTA welding leads to distortion and
residual stresses in the weld zone. The welding heat leads to
surface ripples, sheet separations, and rising ahead to the
weld gun. The distortion of the sheet due to the application
of welding heat can be minimized through the optimization
of heat input. The mechanical strength, thermal distortions,
and core losses are some of the other critical issues
addressed by the manufacturing industries. It is vital to
understand the change of magnetic properties in all the
directions as grain orientation is not ﬁxed to one direction
during the motor design. Estimating the magnetic losses
along rolling and transverse directions of CRNO ESS is
challenging, but can be related to mechanical, microstructural, and thermal changes. A proper selection of welding
process parameters, primarily the welding current, imposes
speciﬁc challenges to tradeoff among the post-welded
stack’s mechanical–microscopic–magnetic characteristics.
The present work focuses on the inﬂuence of weld heat
through GTA welding current on the weld morphology,
microstructural, and mechanical properties of CRNO ESS.
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The sheets used are laminated within a thickness of 0.5 mm
and are stacked for welding using ER308L ﬁller as per
AWS standards. The experimental investigations are crucial as welding thin, laminated, and stacked sheets are
complex. The mechanical evaluation of welded specimens
is planned through the stress–strain relationship, Vickers
hardness, and fracture using an optical microscope (OM).
The microstructural characterizations for grain size, weld
bead, fusion zone (FZ), and heat-affected zone (HAZ) are
explored using a scanning electron microscope (SEM) and
by energy-dispersive X-ray spectroscopy technique (EDS).
The welds are investigated for the existence and changes of
weld zones, ferritic grains, dendritic grains, stresses, fracture load, fracture nature, and micro-hardness as per
welding current. The characterization observations are
compared to those of the base metal (BM) for the performance degradation of the stack welded sheets for improved
electrical applications.

2. Material and methods
2.1 Specimen preparation
The material used in the study is CRNO electrical steel
M-43 (AISI) also known as M400-50 A5 (IEC 60404-84:1998) grade [26, 30]. The ESSs, each 150 mm long, 50
mm wide, and 0.5 mm thick, are prepared as stacks. The
stacks are clamped and welded in the position perpendicular to the plane of sheets (edge welding position), as
shown in ﬁgure 1. The chemical composition of the BM
(CRNO) as observed and ﬁller metal (ER308L) as per AWS
standards used in the welding are shown in tables 1 and 2,
respectively.
The CRNO ESS stacks are welded using a GTA Zuper
400 i arc welding source from EWAC alloys. The samples
are welded with weld current varying from 30 to 110 A,
voltage ±0.5 V, and welding speed ±3 mm/min to apply

Figure 1. Schematic for welding of CRNO electrical steel
sheets.

Sådhanå (2021)46:71

Page 3 of 15

71

Table 1. Chemical composition of CRNO ESS (M-43).
CRNO electrical steel (grade-M43)

Material
Element
Mass fraction %

C

Si

Mn

P

S

Cr

Ni

Al

0.012

2.68

0.25

0.00074

0.0072

0.0341

0.0227

0.55

Fe
Balance

Table 2. Chemical composition of ER SS308L.
SS 308L (ﬁller)

Material
Element
Mass fraction %

C

Si

Mn

P

S

Cr

Ni

Mo

Cu

0.03

0.45

1.5

0.02

0.03

20.5

10.5

0.45

0.70

Fe
Balance

Table 3. Welding conditions for each input current.
Sl.
no.
1
2
3
4
5
6
7
8
9

Sample
type
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA

30 A
40 A
50 A
60 A
70 A
80 A
90 A
100 A
110 A

Peak current
(A)

Voltage ±
0.5 V

30
40
50
60
70
80
90
100
110

17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5

Weld speed ± 3
mm/min
150
150
150
150
150
150
150
150
150

variable heat input as listed in table 3. The parameters are
selected from pilot experimental trials that avoid the
overlap of heat input with any sample type. The welding is
performed in a highly inert environment consisting of pure
Argon (99.9%). A ﬁller wire of diameter 1.2 mm is used in
the study. The welded stacks of CRNO are used for
microstructural and mechanical property evaluation. The
heat input to the metal surface as per AWS standards is
given by the relation in Equation (1):


VI  60
Q¼g
ð1Þ
1000S
where Q is heat input (in kJ/mm), V is voltage (in volts), I is
current (in Ampere), S is weld speed (in mm/min), and g is
thermal efﬁciency, which is taken to be 0.8 for GTA
welding process. Some of the welded samples are reduced
to smaller sizes using a wire electric discharge machine
(WEDM) for microstructure and micro-hardness
observations.

2.2 Microstructure observation
The reduced samples of dimension 3 9 3 cm2 prepared
for metallographic examination are initially grinded

Weld efﬁciency Min. heat input (kJ/ Max. heat input (kJ/
(g)
mm)
mm)
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

0.167
0.222
0.278
0.333
0.389
0.444
0.500
0.555
0.611

0.169
0.226
0.282
0.339
0.395
0.452
0.508
0.565
0.621

using abrasive carbide papers of sizes 80–2000 lm. It
is further polished using diamond polishing pastes of
3- and 1-lm sizes. Thereafter, they are etched using
4% Nital solution (96 ml ethyl alcohol and 4 ml nitric
acid) at room temperature for 20 s. After etching, the
reduced samples are investigated using the JEOL/JSM
6380 make SEM for observing the grain structure and
size variation in the HAZ and FZ. The elemental distribution analysis near the weld zone is performed by
the EDS technique for observing the elemental variation of the weld zone with the BM. The detailed
operational parameters used in the SEM analysis are as
listed in table 4.

2.3 Tensile testing
The tensile shear testing is an essential indicator for
observing the fracture positions and maximum shear load to
evaluate the joint performance of the welded samples [7].
The welded tensile shear samples as per ASME Section-IX
are prepared for tensile testing of the weld joint. The tensile
test is carried on an FSA make model TUN-600 standard
tensile machine of maximum load capacity of 60 tons.
Tensile testing of the welded samples as per IS 1608:2005
for observing the samples’ weld strength variation is
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Table 4. Operational conditions for SEM analysis of a welded
sample.
Parameter

Range

Accelerating voltage
Vacuum level
Spot size
Working distance
Optimum resolution

15 kV
High
46–60 nm
13–19 mm
3 nm

performed. The lap shear speed is maintained at 2 mm/min.
The testing is performed on 18 samples with different
thicknesses (2.5 and 5 mm) under different welding conditions. The testing is mainly performed to observe the
variation in yield strength (YS) and ultimate tensile
strength (UTS) of the sample under different welding
conditions. The details of the prepared tensile test specimen
are shown in ﬁgure 2.

Figure 3. Spot positions for micro-hardness evaluation of
welded samples.

3. Results and discussion
3.1 Microstructure observation

2.4 Micro-hardness analysis
The samples used for micro-hardness variation were light
polished using abrasive carbide papers of sizes 80–500 lm.
The welded samples’ micro-hardness is measured using a
Mitutoyo make micro-hardness tester under the load of 0.1
kN and load timing of 10 s. The readings are considered
individually for the FZ and HAZ of the welded samples.
The ﬁnal micro-hardness values are considered after averaging two sets of readings. The readings at a distance of
±2.5, ±5.0, and ±7.5 mm from the weld bead are selected
after repeated trials. The distances are measured from the
weld center. The reference points considered for evaluation
are as shown in ﬁgure 3.

The microstructural and elemental (EDS) analysis of the asreceived BM is shown in ﬁgure 4. The BM microstructure
analysis revealed ﬁne ferritic grain structures of the average
size of 55 ± 12 lm having polygonal morphology. Vourna
[13] and Wang et al [15] also observed the average grains
sizes of around 67–70 lm for non-oriented ESSs. The EDS
analysis of the BM zone revealed the presence of elements
involving silicon (2.68%), manganese (0.25%), aluminum
(0.55%), and carbon (0.012%) along with a base element of
iron (Fe) in electrical steel, resulting in increasing the stability of the a-iron phase. The c-iron phases are observed in
electrical steels due to the percentage carbon composition
of more than 0.01% [14, 15].

Figure 2. Schematic of welding position for tensile testing samples.
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Figure 4. SEM and EDS analysis of an as-received base metal sample.

The alloys such as silicon and aluminum are required to
reduce the electrical steel’s conductivity for decreasing the
hysteresis losses in the ESSs. The increase in the content of
such alloys over a speciﬁc limit also increases the hardness
and decreases the material’s ductility [3]. The cold rollability of the CRNO is also affected, making it more sensitive to cracks due to increased deformability because of
higher silicon content. Thus, silicon content is considered
up to 6.5% in most electrical steels [14].
The microstructure of the weld metal zone, HAZ, and BM
as observed using the OM is shown in ﬁgure 5. The GTA
welded samples of 30, 50, 70, 90, and 110 A reveal the
variation in the weld interface due to ﬁller materials of different grades from the BM. The weld interface between the
FZ and the HAZ contains the ﬁller material deposits used
during welding. The weld interface is found to vary due to
higher heat input with increasing weld current. As a result,
the interface gap between the different zones also increases
from 30 A sample to 110 A sample. The 30 A sample is found
to possess ﬁne grains near the HAZ; this is due to lesser heat
input to the surface. The heat input and weld speed are the two
critical parameters governing the variation in the grain
structure and size in the FZ and HAZ. The heat input and weld
speed to the surface during 30 A is found to be the least
(0.168/150), resulting in lesser heat input and more time for
cooling, resulting in ﬁner grains. The heat input for different
ranges of weld current from 50 A (0.280/150) to 110 A
(0.616/150) leads to increasing heat input and lesser cooling
time. Forming coarser grains near the HAZ. The weld zone of
the sample, due to the presence of silicon and aluminum,
retains the body-centered cubic lattice structure (BCC) from
room temperature to the melting temperature [14]. The weld
zone of all the samples shows a considerable amount of Si
along with several elements due to the mixing of ﬁller
material (SS308L) during welding.
The SEM images of the welded sample (30, 50, 70, 90,
100 and 110 A) are presented in ﬁgure 6. The GTA 30 A

sample shows large intergranular ferritic grains on the weld
surface. The martensitic grain formation is not evident even
after rapid cooling of the weld metal zone due to high
alloying elements [15]. The large intergranular ferritic
grains are formed mostly due to lesser heat input and less
material fusion in the weld zone as observed in the 30 A
sample, forming severe micro-segregation of Si in the weld
zone. Vourna [13] also observed large intergranular grains
in HAZ to BM zone for relatively lesser heat input to the
weld zone. The metal in HAZs has not been subjected to
any phase transformations for any weld samples.
On the other hand, the GTA 110 A sample has complete
reﬁnement and grain growth with complete fusion of the
ﬁller material with the BM in the weld zone. The GTA 30 A
sample has some pores formation evident in the weld zone,
mainly due to the lesser heat input. It is found to decrease
with increasing heat input proportional to the weld current.
The pores formation is basically due to gaseous deposition
of the coating material entrapped during the solidiﬁcation
of the molten pool and can be controlled by increasing weld
speed and heat input (energy supplied) during welding.
Reduction in the formation of the pores is observed for the
GTA welded samples from 50 to 110 A; this is due to the
increasing volume of weld bead and the considerably larger
duration of molten phases in the weld zone. It also leads to
larger weld seams and a signiﬁcant increase in weld distortion of weld samples. No evidence of interstitial cracks is
observed on the weld surfaces on any samples due to the
silicon content being within 3%. The cracks are evident for
the electrical steels containing higher content of silicon
([6%) [14].
The microstructure in the weld zone of the GTA welded
samples shows completely ferritic (a-phase and c-phase)
structures. The elements present in the weld zone, as shown
in EDS analysis in ﬁgure 7, such as silicon, aluminum, and
phosphorus, stabilize the a-phase and push the c-iron phase
[14]. The grain growth in the GTA welded samples from

71

Page 6 of 15

Sådhanå (2021)46:71

Figure 5. Optical image analysis of samples at (a) 30 A, (b) 50 A, (c) 70 A, (d) 90 A, (e) 110 A, and (f) base metal.

weld current 70 to 110 A is evident from ﬁgure 6. The
fusion of ﬁller material with BM, grain reﬁnement, and
growth in the weld zone are mostly responsible for soundquality welds. The grain growth in the GTA welded samples is also responsible for reducing the stress concentration
in the HAZ and FZ of the welded samples. The grain sizes
observed in the GTA welded 100 and 110 A samples are
largely ﬁner. Also, a signiﬁcant increase in the precipitate
formation in the weld zone is observed.
The coarser precipitates and intergranular structures
observed in the HAZ increase with the weld current. It

can also lead to reducing the ductility of the weld surface. The high heat input is responsible for the formation
of coarser grains in and around the HAZ. Figures 8 and
9 show the grain size variation observed in the HAZ and
BM region along with the effect of weld current on the
weld dimensions (depth and width) observed in the
CRNO electrical steel samples. The grain size in the
HAZ varies from 56.9 to 77.9 lm for the GTA 30 A
sample, and 65.7 to 191.7 lm for the GTA 110 A
sample. With the increase in the weld current, the FZ
dimension (weld bead) also increases [31]. The weld
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Figure 6. SEM analysis of samples at (a) 30 A, (b) 50 A, (c) 70 A, (d) 90 A, (e) 100 A, and (f) 110 A.

bead’s depth increased from 1.498 to 2.762 mm and
width from 3.381 to 5.19 mm, respectively, for GTA 30
A to GTA 110 A samples.
The relationship between the weld samples’ depth and
width concerning weld current, as shown in ﬁgure 9, is
linearly ﬁtted. The relations as obtained are described in the
form of Equations (2) and (3):
D ¼ 0:1495I þ 1:3131; at R2 ¼ 0:9795

ð2Þ

W ¼ 0:2293I þ 3:2055; at R2 ¼ 0:9654

ð3Þ

where D is depth of welds (mm), W is width of welds (mm),
and I is weld current (Amperes).

3.2 Tensile testing
The tensile properties of the weld joint, including YS, UTS,
and percentage of elongation for all the GTA welded
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Figure 7. EDS analyses of the weld zone of samples at (a) 30 A and (b) 110 A.

samples in a different range of weld current, are observed.
The stress–strain relationship curves obtained for 2.5 mm
weld samples and 5 mm weld samples are shown, respectively, in ﬁgures 10 and 11. Tables 5 and 6 show, respectively, the variations in tensile properties, including YS and
UTS, as observed for 2.5 and 5 mm welded samples. The
GTA welded (2.5 mm) sample results revealed that the
GTA 80, 90, 100, and 110 A samples are the best suited for
maximum YS and UTS of samples. The maximum YS
values are observed for the GTA 110 A sample, followed
by the GTA 90 A sample. The maximum UTS of 150.236
MPa is observed for the GTA 90 A sample, followed by the
GTA 80 A sample. The maximum load to fracture is
observed in the GTA 90 A sample, followed by the GTA 80
A sample. It is observed that most of the samples underwent failure from the HAZ ensuring more substantial weld

quality than the samples failing from the weld zone. The
GTA 30 and 40 A samples experienced failure from the FZ.
This may be due to the micro-segregation of silicon in the
intergranular region of large ferrite grains present in the
weld zone resulting in brittle fracture of the weld. On the
other hand the GTA 80, 90, and 100 A experienced the
optimum heat transfer and good quality weld, leading to
stronger welds.
The tensile testing results of GTA welded samples in
ﬁgures 10 and 11 show drastic variations in the weld
samples’ YS and UTS. A signiﬁcant variation in YS of
95.66% for GTA 50 A and 91.42% for GTA 110 A,
whereas, for UTS, it is 90.53% for GTA 40 A and 60.46%
for GTA 90 A, in case of 2.5 mm weld samples compared
with BM is observed. In the case of a 5 mm weld sample,
the YS variation of 98.78% for GTA 80 A and 97.96% for
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Figure 8. Variation in grain size of welded samples with different weld currents.

Figure 9. Variation in depth and width of welded samples with different weld currents.

GTA 90 A is observed. The variation in UTS of 98.61% for
GTA 100 A and 89.67% for GTA 70 A is observed for a 5
mm weld sample compared with BM.
The maximum fracture load is found to vary from 9.54 kN
for GTA 90 A to 2.28 kN for GTA 30 A sample, in the case of

2.5 mm weld. In the GTA 5 mm weld sample it varies from
9.66 kN for GTA 70 A to 1.32 kN for GTA 100 A sample. It is
also observed that most of the 5 mm welded samples failed
from FZ compared with HAZ, leading to fracture’s brittle
nature due to the weaker nature of joints, as shown in ﬁgure 12.

71

Page 10 of 15

Sådhanå (2021)46:71

Figure 10. Stress–strain relationships obtained for weld samples (2.5 mm).

Figure 11. Stress–strain relationships obtained for weld samples (5 mm).

It is observed from the images (ﬁgure 12) that the
failure occurred at the HAZ for the majority of thin (2.5
mm) samples, and in the case of 5 mm samples it
occurred at FZ for most of the samples. The fractured
tensile test samples, as shown in ﬁgure 12, are further

analyzed for analyzing the weld zone. The fracture surfaces shown in a digital microscope at a magniﬁcation of
1009 in ﬁgure 13(A and B) are further investigated in
SEM. The microstructure of the fractured zones of the
samples is shown in ﬁgure 14. The samples failing from
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Table 5. Tensile test results for the welded sample (2.5 mm).
Sample type (2.5 mm)
CRNO base metal [9, 26, 30]
GTA 30 A
GTA 40 A
GTA 50 A
GTA 60 A
GTA 70 A
GTA 80 A
GTA 90 A
GTA 100 A
GTA 110 A

Yield strength (MPa)

Ultimate strength (MPa)

250 ± 30
13.233
18.860
10.843
13.065
13.429
12.707
19.212
11.992
21.439

380 ± 30
47.244
35.985
105.395
88.345
71.146
130.704
150.236
102.047
100.690

Maximum load (kN)
–
3
2.28
6.72
5.70
4.50
8.22
9.54
6.48
6.42

Failure zone
–
FZ
FZ
HAZ
HAZ
FZ
HAZ
HAZ
HAZ
FZ

Table 6. Tensile test results for the welded sample (5 mm).
Sample type (5 mm)
CRNO base metal [9, 26, 30]
GTA 30 A
GTA 40 A
GTA 50 A
GTA 60 A
GTA 70 A
GTA 80 A
GTA 90 A
GTA 100 A
GTA 110 A

Yield strength (MPa)

Ultimate strength (MPa)

250 ± 30
3.195
3.137
3.339
3.336
3.523
3.032
5.089
3.169
3.430

380 ± 30
9.735
14.589
29.010
23.343
39.225
21.838
32.059
5.251
11.742

Maximum load (kN)
–
2.4
3.6
7.08
5.88
9.66
5.40
8.10
1.32
2.94

Failure zone
–
FZ
FZ
FZ
FZ
HAZ
FZ
FZ
FZ
FZ

Figure 12. Fractured samples after tensile testing.

FZ (ﬁgure 14(C and D)) show a combination of large
and equiaxed dendritic grain structures due to higher heat
input and increased cooling rate. The grain growth and

microstructure variations are mainly governed by heat
input and weld speed [13, 14]. Fine and coarser dimplelike structures are observed in the fracture weld area for
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Figure 13. Fractured weld samples from (a) HAZ and (b) FZ.

Figure 14. SEM analysis of the failure zone of samples with (a and b) for brittle and (c and d) for ductile nature of the failure.

nearly all samples, indicating the nature of the fracture of
the samples. The fractured sample containing more signiﬁcant sizes and depth of dimple is more ductile.
Vourna et al [9], Vourna [13], and Wang et al [15] also

observed coarse ferritic grains in the HAZ with ﬁne
grains in the BM zone. The dimple formation is mainly
due to the elongation and reﬁning of microstructure in
the weld zone, increasing the joint’s strength.
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Figure 15. Micro-hardness variations of welded samples.

On the other hand the samples failing from the HAZ, as
shown in ﬁgure 14(A and B), show lesser grain growth and
intergranular ferritic grain formation with large dendritic
structures in the failure zone. It is subjected to the brittle
nature of fracture in the HAZ. Vourna et al [9] and Vourna
[13] also observed Si’s micro-segregation with coarse ferritic grains in the weld zone. The welded samples’ fracture
point depends mostly on the weld seam geometry (width
and depth) and nature of grain reﬁnement in the weld zone
region of the joints. For the samples with more generous
width of the weld seam, the failure occurs mostly at the
HAZ; for lesser width samples, failure occurs from FZ [7].
It can also be concluded from the microstructure and tensile
testing results that the nature of grain reﬁnement has led to
a more signiﬁcant inﬂuence on the nature of fracture and
quality of welds.

3.3 Micro-hardness testing
The variation in the micro-hardness trend of the GTA
welded samples is presented in ﬁgure 15. The microhardness of the BM is around 220 HV. The trend of microhardness is increase with the weld current (high heat input)
in the HAZs and FZ for all the samples. The high heat input

due to the rising temperature in the HAZ and FZs is
responsible for such a drastic increase in the hardness
value. The GTA welded 110 A sample is the most affected
with an increase of 22.01% and the least for the 30 A
sample with 20.31% compared with the BM. The high heat
input during GTA welding leads to an increase in the
hardness of the CRNO sheet and thus degrades the ductility
and strength of the material. The formation of the microsegregated intergranular ferritic grains in the weld zone can
also increase the micro-hardness in the FZ [13]. Schade
et al [14] also observed similar degradation in the microhardness by an increase of around 20% in the weld zone
region for ESSs. This is mainly due to internal stress
developed in the weld seam and strain hardening effect due
to thermo-mechanical tension after cooling of molten
metal. The drastic increase in hardness can be due to the
little amount of carbon fused with BM due to the use of
ﬁller material during welding. The higher increase in the
weld zone’s carbon content can lead to martensitic phase
transformation and can contribute to the high increase in
hardness. The high heat input can be considered as one of
the possible reasons for the brittle nature of failure found in
most GTA welded samples, as observed in tensile testing.
The hardness values in the range of 239.2–257.3 HV are
observed in the HAZ, and for FZ they are in the range of
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276.1–282.5 HV for GTA 30 A–GTA 110 A samples [32]
as shown in ﬁgure 15.

4. Conclusion
In the present study, an investigation on GTA welding
current on the mechanical and microstructural properties of
CRNO electrical steel of M-43 grade is performed. The
following conclusions can be drawn from the present study:
1. The microstructural analysis of the GTA weld samples
revealed polygonal ferritic grains in and around the
HAZ, with the size of the grains increasing with the heat
input (weld current).
2. The weld zone analysis revealed intergranular ferritic
grains and coarser precipitates, with large dendritic grain
structure at lesser weld current and a combination of ﬁne
and equiaxed intergranular grains at higher weld current.
3. The tensile testing of the welded samples showed that
maximum UTS and YS are observed, respectively, for
GTA 90 A and GTA 110 A in case of 2.5 mm thick and
GTA 70 A and GTA 90 A for 5 mm thick weld samples.
4. The maximum load to fracture is observed for GTA 90 A
in the case of 2.5 mm weld samples and GTA 70 A for 5
mm weld samples.
5. The fracture zone’s SEM analysis revealed that large
dendritic structures are observed in the weld zone of the
samples, showing a brittle fracture. However, in the
samples with ductile nature of failure, ﬁne and coarser
dimple-like structures are observed in the weld zone.
6. Considerable variations in the hardness in the HAZ and
FZ of the welded samples are observed. The microhardness variation of 248.25 ± 9.05 HV in HAZ (at ±2.5
mm, ±5 mm spot distance) and 279.3 ± 3.2 HV in FZ
(weld center) of the weld samples is observed.
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Abbreviations
BCC
Body-centered cubic lattice structure
CRNO
Cold rolled non-grain-oriented electrical steel
EDS
Energy-dispersive X-ray spectroscopy
FZ
Fusion zone
GTA
Gas tungsten arc
HAZ
Heat-affected zone
SEM
Scanning electron microscope
TIG
Tungsten inert gas
UTS
Ultimate tensile strength
WEDM Wire electric discharge machine
YS
Yield strength
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