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Pulsed direct current (PDC) gas tungsten arc welding (GTAW) of 12 mm thick plates of
naval, marine-grade high strength low alloy steel (HSLA) using ER80S—Ni3 filler metal was
investigated. The microstructural characteristics were examined by both optical micro-
scopy and field-emission scanning electron microscopy (FE-SEM) techniques. The fusion
zone is comprised of mixed microstructures of acicular ferrite (AF), polygonal ferrite (PF),
grain boundary ferrite (GBF), and bainite ferrite (BF) laths in the various welding passes.
The yield and tensile strengths of the PDCGTA weld joints were found to be superior to that
of the base metal. A joint efficiency of 122% was observed for the weld seams while con-
ducting the notch tensile studies (NTS). The impact toughness of the weld joints was
higher than that of the base metal. The tensile and impact properties in the room tem-
perature (RT) conditions were superior due to the formation of acicular ferrite (AF) and
bainite ferrite (BF) laths in the weld seam microstructure. A higher toughness value of 173 ]
and ductile fracture mode was observed when the joints were impact loaded at —40 °C. On
the other hand, the brittle cleavage fracture was observed for the joints subjected to impact
loading at —196 °C. The impact toughness data indicated that the joints experienced a
transition from a ductile to a brittle mode of fracture on lowering the temperature.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

various applications due to their outstanding strength and
toughness. In specific, the HSLA steels can considerably
improve the load-carrying capacity and safety performance of

The ship-building construction, offshore and land-based
structures, as well as automotive industries, demand the use
of micro-alloyed or high-strength low alloy (HSLA) steels for

* Corresponding author.
E-mail address: deva@vit.ac.in (K.D. Ramkumar).
https://doi.org/10.1016/j.jmrt.2022.06.104

container ships and are used widely in deck and hatch
coaming structures as described by Sumi et al. [1] as well as for
making hull and body of warships and submarines [2]. HSLA
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steels are usually low carbon grade steels micro-alloyed with
strengthening elements such as Nb, Cu, Ti, V, and Mn. The
elements Nb, Ti, and V, form strong carbides/nitrides, which,
in turn, hinder the dislocations/movement of grain bound-
aries. The HSLA/micro-alloyed steels are designed to possess
the ferritic microstructure predominantly with a pearlitic
phase less than 10% by volume as stated by Mallik et al. [3].
The changes in the microstructure in the weld seams due to
reheating passes significantly affect the mechanical proper-
ties, and corrosion resistance. Hence, the selection of welding
processes/fillers for joining higher thickness HSLA steels
should be appropriate. It is reported that on several occasions,
multi-pass welding results in associated weld defects, sus-
ceptibility to cold cracking, and residual stresses [3].

Pamnani et al. [4] compared the microstructural features
and mechanical integrity of HSLA steel joints established from
different fusion welding processes. The authors observed the
inclusions in the weld regions obtained from submerged arc
welding (SAW), shielded metal arc welding (SMAW), flux-
cored arc welding (FCAW), and activated flux GTA welding
(A-GTAW) processes. Further, the authors reported that the
sub-zero impact toughness of all the welded joints was much
lower than the base metal. In another study, Pamnani et al. [5]
investigated the residual stress distribution in the weld re-
gions of HSLA obtained from SMAW and A-GTAW processes.
According to this research, the higher heat input developed in
the A-GTAW process modified the microstructure of the weld
region and thus results in higher residual stresses. Raghuna-
than et al. [6] employed both the fusion welding and solid-
state welding techniques adopted for joining 5 mm thick
plates of HSLA. Although these authors had achieved a sig-
nificant grain refinement in the fusion region while employing
the friction stir welding (FSW) process, the impact toughness
of the joints was lower than the ones achieved from the fusion
welding process. Fibre laser welding of similar and dissimilar
joints of HSLA and dual-phase steels was achieved by Saha
et al. [7]. However, these researchers noticed the tensile rup-
tures in the heat-affected zone (HAZ) of HSLA steel. Recently,
Kannan et al. [8] compared the GMA and GTA welds of HSLA
grade DMR 249 A for the microstructure and mechanical
properties. The authors noticed a considerable enhancement
in the mechanical strength and impact toughness of the GTA
welds compared to the GMA welds.

It is often stated that the refinement of grains in the fusion
zone improves the mechanical properties of the HSLA steels.
The utilization of pulsating direct current (PDC) in GTA
welding is a promising way of achieving grain refinement,
improved hardness, and better mechanical properties. The
periodic fluctuation of two currents, namely peak and back-
ground, causes changes in the arc forces and leads to
continuous changes in the weld pool shape and size. This
gives rise to favoring the growth of new grains as stated by

Farahani et al. [9]. The PDC approach has been successfully
adopted for welding Ni-based alloys: Inconel X750 [10], Inconel
718 [11], Inconel 625- Inconel 718 [12], as well as duplex
stainless steels [13]. However, limited scholarly articles are
available in the open literature for adopting PDC welding for
HSLA, hitherto.

In the current study, 12 mm thick HSLA plates were welded
by the PDC GTAW process using ER80S—Ni3 filler metal in
multiple passes by providing suitable inter-pass temperature.
A detailed examination of microstructural changes caused
due to welding was done using optical microscopy and SEM
techniques. The structural integrity of the HSLA weld seams
obtained from the PDC GTAW method has been systemati-
cally assessed using various mechanical tests. A methodical
discussion is also made in contrast to the already published
reports.

2. Experimental procedures
2.1. Base metal and welding

The as-received base alloy HSLA plates were machined to the
rectangular specimens of attributes 200 x 60 x 12 mm. The
composition of elements in the base alloy was explored using
the optical emission spectroscopy (OES) method. The
compositional data of both the filler and the base alloy are
presented in Table 1. The diameter of the filler metal
ER80S—Ni3 used in the investigation is 2.4 mm. Apart from the
compositional matching of ER80S—Ni3 with the base alloy, the
joints obtained from this low carbon alloyed steel filler metal
exhibit excellent notch toughness at sub-zero temperatures
and room temperature (RT) tensile strength. Hence the se-
lection of filler is made by considering all the above. The
structural integrity tests have been conducted for the base
alloy and the data is shown in Table 2 to compare the prop-
erties with the weld seams. Before welding, the base alloy
plates were cut to provide the conventional butt weld config-
uration (Single V-groove) as shown in Fig. 1. The base alloy
plates were firmly clamped with the support of grooved cop-
per back-plates for effective dissipation of heat during weld-
ing and also to facilitate the flow of back purging gas. At the

Table 2 — Mechanical properties of the HSLA alloy in the
as-received condition.

Mechanical property Unit Value
0.2% yield strength MPa 535+ 6.5
Ultimate tensile strength MPa 667 + 8.5
% Elongation % 36 +1.5
Impact toughness at RT ) 244

Table 1 — Chemical composition of the base alloy and filler metal.

Chemical Composition (% by weight)

Base or Filler Metal C Si Mn Cr Mo Ni Cu

Fe P \Y Others

HSLA
ER80S—Ni3 0.08 0.58

0.073 0.235 1.43 0.038 0.015 0.712 0.152 Rem. 0.09
1.02 0.04 0.01 35 0.14

0.039 Al-0.025; Co-0.04; Nb—0.04; Ti—0.017; S-0.002
Rem. 0012 0.002 S—0.01
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45 All dimensions are in mm

Fig. 1 — Schematic representing the weld configuration and the passes adopted during the PDC GTA welding of HSLA.

end of every welding cycle, the fused region was cleaned using
a wire brush to remove the oxides. The welding process con-
ditions adopted for fabricating 12 mm thick joints of HSLA are
presented in Table 3. After welding, the HSLA joints were
finally cleaned using a wire brush and acetone. The HSLA weld
seams were then examined non-destructively using X-ray
radiography and ultrasound inspection techniques and the
results proved the weld seams are found to be flawless.

2.2.  Metallography and mechanical integrity tests

The specimens from the HSLA weld seams were machined
transversely to the weld direction as indicated in Fig. 2 for
executing various experiments using the numerically
controlled wire-cut electrical discharge machining [WEDM]
technique. The metallurgical assessments using OM and FE-
SEM techniques were accomplished on the transverse sec-
tion samples of dimensions 28 x 10 x 12 mm. The traditional
metallographic procedures were adopted to obtain a mirror-
like finish on the welded coupons. Further, the surface of
the polished sample was chemically etched using 2% of Nital
solution to reveal the microstructure across the weld regime.
Semi-quantitative, energy dispersive X-ray analysis (EDS) was
also performed to identify and characterize the chemical
compositions of the phases.

A Vickers microhardness tester (Make: Matsuzawa) was
used to explore the hardness trend of the weld seams of HSLA.
The computations were executed with a load of 500 gf and 10 s
dwell time at every 0.25 mm span along the entire width of the
transversely cut specimens from the weld seams. Micro-
indentation measurements were computed across the weld
seams in the thickness direction associated with various
welding passes such as cap, mid-section, and root. ASTM E8/
8M-04 standard [14] was used to fabricate the tensile speci-
mens from the weld seams. A 100 kN capacity servo-
controlled universal testing machine (UTM) [Instron 8801]
was used to estimate the tensile properties of the HSLA weld
seams. The crosshead speed of the UTM was kept as 0.2 mm/
min to elicit a minimum strain rate on the test samples. The
tensile testing was done in triplicate and the average values
are reported in the current investigation. ASTM E23:12C
standard [15] was adopted to obtain the V-notch test samples
in the LT orientation from the HSLA weld seams using WEDM.
This LT orientation means that the coupons are placed
transverse to the weld direction, with the notch in the middle,
and testing takes place across the entire width of the weld
seam, covering all passes. These notches were perfectly
placed in the joint's middle. CVN impact testing was carried
out at sub-zero temperatures of —196, —40 °C, and RT. FE-SEM
was used to study the broken surfaces of both the tensile and

Table 3 — Process parameters employed in PDC GTA welding of HSLA.

Parameters Value

Preheating temperature of the HSLA plates 200 °C

Total Number of Passes 08

Welding Current Peak Current—196 A and Background Current—110 A for the cap and
filling passes
Peak Current—170 A and Background current—96 A for the root pass

Voltage 9.65-11V

Frequency 8 Hz

Duty Cycle 50%

Inter-pass temperature 100-120 °C

Shielding gas High Purity Argon Gas (99.9%)

Shielding gas flow rate 0.00025 m?/s (15 Lpm)

Back purging gas High Purity Argon Gas (99.9%)

Back purging gas flow rate

0.0000833 m?/s (5 Lpm)
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Sample extracted from the HSLA weld seams

Notch impact test sample

Metallography and hardness sample

Tensile test sample

Notch tensile test sample

All dimensions are in mm

Fig. 2 — CAD models showing the samples extracted from PDCGTA weld seams of HSLA for assessing various metallurgical

and mechanical properties.

CVN impact-tested joints to determine and understand the
failure mechanism.

3. Results and discussion
3.1.  Metallography analysis

The HSLA base alloy shown in Fig. 3(a) and (b) is composed
primarily of ferrite and traces of pearlite additionally with few
inclusions. The optical microscopy image of the base alloy
shows that the ferrite is found as polygonal ferrite (PF) pre-
dominantly and in a few locations as acicular ferrite. The
transverse sectional micrograph shown in Fig. 4 infers that
HSLA weld seams achieved from the PDC GTA welding pro-
cess are free from porosity, cracks, undercut, and other
welding defects. The non-destructively testing techniques
also assured the soundness of the HSLA joints. The low
magnification microscopy images at the various zones of the
HSLA weld seams are also embedded in Fig. 4 for better un-
derstanding. Both the macrograph and microstructure data
attest to the formation of the heat-affected zone (HAZ), which
is developed due to the reheating actions sprouted by multi-
pass PDC GTA welding. The optical microscopic image at the
interface shown in Fig. 5 revealed the occurrence of two
distinct HAZs formed adjacent to the fusion boundaries. The
region formed adjacent to the weld boundary experiences a
higher temperature, which is referred to as a ‘coarse-grained

heat-affected zone’ (CGHAZ). Whereas the region developed
closer to the base alloy experiences lower temperatures
compared to the former and thus results in a ‘fine-grained
heat-affected zone’ (FGHAZ). The acicular ferrite (AF) is pre-
dominated in the microstructure of the CGHAZ along with the
BF laths. Similar microstructural aspects were observed by
Wan et al. [16]. The presence of alloying additions Nb and Tiin
the HSLA could impede the swift grain growth in the HAZ,
thus promoting the nucleation and growth of acicular ferrite
as pointed out by Yan et al. [17]. It is observed from Fig. 5(c)
that several acicular ferrite laths developed in the recon-
structed austenitic grains. The lath/plate-like AF colonized the
large austenitic grains into smaller zones. The laths of AF
when transfigured at elevated temperatures cease the growth
of bainite in the ensuing transformation phases [18].

During welding of low carbon, high strength steels, the
heating action produces a gradient of austenite grain size in
the HAZ, with the coarser grains adjacent to the fusion
interface. Imagumbai et al. [19] postulated that when the
steels containing a higher number of inclusions are joined by
the welding process, the ratio of AF to bainite will be highestin
the HAZ and the austenite grain size is also maximum. This
theory agrees with the microstructural observation indicated
in Fig. 5(c). On the other hand, the FGHAZ contains the equi-
axed and polygonal ferrite (PF) along with Ti-rich inclusions
seen in Fig. 5(d).

In the PDC GTAW approach, the fusion zone experiences a
high heat input during peak current and the solidification
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Fig. 3 — (a) Optical microscopy and (b) SEM image of the parent metal of HSLA in the as-received condition.

Cap region

Fig. 4 — Shows the transverse sectional macrostructure (top) and low magnification microscopy images (bottom) of the PDC
GTA welds of HSLA steel employing ER80S—Ni3 filler at various zones.

occurs rapidly during the background current and thus
experiencing moderate cooling rates. Hence, the microstruc-
ture of the weld seams is greatly affected and resulting in the
occurrence of both equilibrium and non-equilibrium struc-
tures in various passes. The location of the optical microscopy
and SEM images at the fusion region of PDC GTA weld seams

are shown in Fig. 6(a). The microstructure at the last pass (cap
region) of the weld zone is dominated by AF, grain boundary
ferrite (GBF), and BF laths. Ti-rich precipitates are also found
in the cap region in the acicular ferrite network [Fig. 6(a)—(b)].
The occurrence of AF is achieved in the same temperature
range as bainite by the same transformation mechanism
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Fusion zone
P Aok
.l ot

Weld

Fig. 5 — (a) CAD image showing the optical microscopic locations; Interface microstructure showing the (b) Inclusions
observed in both HAZ and fusion region (c) fine grained HAZ formed closer to the base alloy showing the PF, AF and pearlite
features (d) Coarse grained HAZ (Yellow coloured arrows indicate the formation of acicular ferrite and red coloured arrows

indicate the austenitic grain boundaries in the CGHAZ).

according to Bhadeshia [20]. The formation of AF is restricted
with an increase in the alloying content and a lath bainite
structure form. The low efficacy inclusions serve as nucle-
ation sites for the coarse, lath bainite structure to form, as
reported by Choi and Hill [21].

As reported by Babu and Bhadeshia [22,23], the nucleation
of AF within the austenitic grains demands a greater driving
force when compared with bainite, which firstly nucleates at
prior austenite grain boundaries. It is to be noted that the
growth of AF occurs by a displacive mechanism so there are
other effects on the development of microstructure. Thus, the
laths/plates like AF are restricted to the grains wherein they
grow, for the reason that the coordinated movement of atoms
concomitant with this mechanism cannot be continued
across grain boundaries. The principal mechanisms of

nucleation of intergranular AF could be reasoned as follows: (i)
the reduced interfacial energy between ferrite and austenitic
phases [18]; (ii) depletion of solute closer to a non-metallic
inclusion [24] (iii) thermal strain energy as a result of the
different thermal contraction [25] (iv) provision of an inert
surface [26]. The various locations of the FZ are further
analyzed using a FESEM with the EDS attachment. The spec-
trum (i) of the EDS analysis shown in Fig. 7(a) indicates a
higher amount of Ni, Mn, Si and the spectrum (ii) reveals the
presence of Mn, Cr, Co, and Al. Ti-rich precipitates are also
dispersed in the FZ as noticed in Fig. 7(b). A higher amount of
Ti with small amounts of Al, V, Mn indicates that these in-
clusions are made of TiO,, TiS, MnS, SiO,. The microstructural
observations agree with the reports of Kannan et al. [8].
However, there is no dramatic depletion of the quantity of Mn
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ation (b) =

WD = 95 mm Mag= 800KX

Fig. 6 — (a) CAD model showing the OM locations indicating the weld microstructures; Optical and SEM images representing
the microstructures at the weld region showing (b) & (c) Cap and (d) & (e) Root pass of PDCGTA welds of HSLA steel

employing ER80S—Ni3 filler.

as reported by these authors. The microstructural data at
various locations of HSLA joints are presented in Table 4.

3.2.  Mechanical property assessment
3.2.1. Micro-hardness

The micro-hardness profiles were obtained at three levels as
indicated in Fig. 8 on the transversely sectioned weld

samples in three different thickness ranges from the top of
the weld. The data elucidates that the average micro-
hardness in the FZ is higher than the base alloy (209 HV).
The changes in micro-hardness data relative to welding
pass in different thickness ranges are noted and given in
Table 5. It is evident from the data that the root region di-
vulges a higher hardness (297 HV) compared to other re-
gions. It is attributed to the occurrence of AF and BF laths in
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Signal A = SE2
Mag = 10.02 K X

Element Weight%
SiK 0.69

Mn K 1.10

Fe K 94.56
NiK 3.65

Spectrum 4

Element Weight%
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TiK 0.03

VK 0.01

CrK 0.55

Mn K 1.41
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CoK 0.64
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CrK 0.95
Mn K 0.79
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Element  Weight%
SiK 0.46

Ti K 0.16

VK 0.03
CrK 0.77

Fe K

Full Scale 319 cts Cursor: 10.172 (1 cts) ke’

Fig. 7 — (a) and (b) FE-SEM/EDS analysis at the weld region of PDCGTA welds of HSLA steel employing ER80S—Ni3 filler.

the root region, and refined grain growth due to the pul-
sating current. Similarly, the average hardness reported in
the HAZ is found to be 229 HV. It is a fact that during fusion
welding, the cooling rates at the HAZ are found to be lower
than the weld region, and hence the formation of bainite
occurs. Consequently, more carbon atoms are rejected into
the remaining austenite phase, thus resulting in a greater
hardness. A minor decrease in the hardness adjacent to the

fusion boundary line i.e., in the CGHAZ is reasoned to the
coarser grains. The occurrence of massive amounts of PF, a
soft variant of ferrite imparts a slightly lower hardness of
226 H V in the middle pass compared to the other passes
of the weld region. A higher hardness in the FZ is
also attributed to the required amount of Mn, Nb, and V
alloying elements. Similar remarks are reported by Keehan
et al. [27].

Table 4 — Microstructural traits in the various locations of the PDC GTA Welds of HSLA.

Location Sub-location Microstructural features
Base alloy — Ferrite-Pearlite + Carbide Inclusions
Heat affected zone — Acicular Ferrite, Grain Boundary Ferrite, Bainite
Fusion zone Cap Acicular Ferrite, Polygonal Ferrite and Laths of Bainite
Middle Polygonal ferrite, traces of bainite, inclusions
Root Acicular Ferrite and Bainite
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Vickers microhardness value (HV 544,)

320

Hardness Profile of PDC GTA welds of HSLA joints

+-Top —%Middle ~—Bottom

Middle

Cap

0

Distance from weld centre (mm)

Fig. 8 — Hardness Profiles indicating the various regions of the PDC GTA weld joints of HSLA.

3.2.2. Tensile properties

The tensile properties of the base metal and the weld joints
of HSLA were assessed in triplicate and the data is provided
in Table 2 (for base alloy) and Table 6 (for weld joints). The
average 0.2% yield strength (YS) and tensile strength (TS) of
the base alloy HSLA are found to be 535 and 667 MPa
respectively. Conversely, the PDCGTA weld joints of HSLA
exhibit a YS and TS of 583 and 668 MPa respectively. The
tensile ruptures were observed in the unaffected base alloy
side [Fig. 9(a)] for the joints. The percent elongation of the
joints was slightly impoverished compared to the base
alloy. However, the YS of the HSLA weld joints is marginally
higher than the base alloy bearing ferrite-pearlite micro-
structure. The higher YS of the HSLA joints might be the
cause of grain refinement enacted due to current pulsing
and imputed to the precipitation hardening effect because
of Nb, Ti, and V. Moreover, the occurrence of a considerable
amount of AF and BF laths in the FZ weld microstructure
corroborates for great strength. The remarks are on par
with Pamnani et al. [4]. The heterogeneous nucleation of AF
occurs at the Ti-rich inclusions as stated by Fattahi et al.
[28]. The tendency of forming more inclusions is more with

Table 5 — Micro-hardness data of the PDC GTA weld joints

of HSLA.

Average micro-hardness value (HV soogf or HV 4.9033 )

Base alloy

HAZ

FZ

Cap

Middle

Root

Average

209

229

268

226

297

264

Ti present in the fusion region and consequently increasing
the nucleation sites for AF. The improvement in the tensile
strength is believed to be due to the optimal amount of
alloying elements and Ti-rich inclusions in the FZ of HSLA
joints. Since the failures were not observed in the weld
region, notch tensile studies (NTS) were carried out to es-
timate the joint strength thereby finding out the joint effi-
cacy of the HSLA weld seams [Fig. 9(b)]. A 1 mm deep notch
was evolved on the centre of the weld region to confine the
tensile loading in the distinctive stress confining zones.
NTS attests that the HSLA weld joints record the tensile
strength of 814.5 + 7.5 MPa. The fractographic features of
both tensile and notch tensile tested HSLA joints shown in
Fig. 10 connoted the ductile fracture morphologies with the
network containing micro and macro-voids and Ti-rich
inclusions. The finer distribution of micro-voids in the

Table 6 — Mechanical properties of the PDC GTA welds of
HSLA.

Mechanical Property Unit  Value
0.2% Yield Strength MPa 583 +38.0
Ultimate Tensile Strength MPa 668 +7.0
% Elongation % 30.75 + 1.2
Fracture Location = Parent metal
Notch tensile strength MPa 814.5+7.5
Joint Efficiency % 122
Impact toughness (Room Temperature) J 262.5 + 2.0
Impact toughness (—40 °C) J 173 + 3.5
Impact toughness (—196 °C) J 04+20
Physical observation of impact tested sample — Ductile



https://doi.org/10.1016/j.jmrt.2022.06.104
https://doi.org/10.1016/j.jmrt.2022.06.104

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;19:3724-3737

3733

notch tensile tested samples indicated a higher energy ab-
sorption before tensile ruptures.

3.2.3.  Impact toughness

The impact test results indicate that the notch impact
toughness of the HSLA weld joints (262.5]) is superior to the
base alloy (244 ]) in RT conditions. During RT impact loading,
the HSLA joints showed v-notch deformation instead of un-
dergoing complete wreckage [Fig. 11(a)]. The authors believe
that the significant improvement in the toughness of the
welds could be attributed to the microstructural features
containing AF and BF laths in the fusion zone, grain refine-
ment aided by current pulsing, and the precipitation facili-
tated the strengthening elements. Being the short ferrite
needles, the AF forms intra-granularly and is distributed
randomly in the FZ microstructure of HSLA joints. The
interlocking tendency of AF, in conjunction with its finer
grain size, imparts higher impact energy by restricting the
propagation of cracks by cleavage. This chaotic, disordered
AF morphology restricts the dislocations by providing a
pinning effect and thereby improving the strength and
toughness of the HSLA joints. Furthermore, the Ti-rich in-
clusions also contribute to an improvement in RT impact
toughness as stated by Pouriamanesh et al. [29]. The study
also attests that the impact toughness of the PDC GTA weld
joints is found better than the joints established by Ragu

Nathan et al. [6] and Venkatesh Kannan et al. [8]. On the
contrary, the toughness of the HSLA joints was lowered to
173 + 3.5J and 4 + 2.0 ] when operated at sub-zero temper-
atures of —40 and —196 °C respectively. It is noticed from
Fig. 11(b) that at —40 °C, the joints displayed the V-notch
deformation confirming a high energy absorption before
rupture. On the other hand, the joints were broken into two
halves when the joints experienced impact loading at
—196 °C [Fig. 11(c)]. The study attests that the PDCGTA joints
of HSLA experience a reduction in the toughness of 34.09%
and 98.09% when operated at —40 and —196 °C respectively. A
ductile to brittle transition is noticed when lowering the
temperature from —40 °C to —196 °C. The fractographic fea-
tures of the impact-tested HSLA joints both in RT and —40 °C
conditions also confirm the ductile fracture by manifesting
the network of linked micro-voids and dimples shown in
Fig. 12(a)—(b). The HSLA joints subjected to an impact loading
at —196 °C show a brittle fractured surface, which consists of
tearing ridges and cleavage facets. The facets have a river/
rock sand-like appearance as revealed from the SEM analysis
shown in Fig. 12(c). Also, it is known that BCC metals such as
HSLA and other steels are often susceptible to brittle fracture
at low temperatures compared to the FCC metals. When the
temperature decreases, the mechanism of fracture shifts
from ductile failure connoted by upper shelf energy (USE) to
brittle cleavage failure, denoted by lower shelf energy (LSE).

Tensile ruptures in the base metal side

;‘” AAAA LS AAIAY .
Mh‘HMMM( .

§ ¢ 0090
(MﬁliA(H»OH((

b0 0000000 1] LN
yr'non‘(’f" *;‘

il

7 9

o

II i Il IIﬂllIII Iﬂ'llﬂ IIII'IIM]IIN ||||||||I'Il|l
1 1112 115

Fig. 9 — Fractured samples of PDC GTA welds of HSLA joints under (a) tensile and (b) notch tensile test.
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Fig. 10 — FE-SEM fractographic features of the (a) tensile tested and (b) notch tensile tested HSLA joints [arrows indicating the

inclusions] respectively.

Armstrong [30] stated that the cleavage fracture mechanism
in micro-alloyed steels involves two stages (i) micro-crack
nucleation at the regions of stress risers such as carbides,
inclusions, hard phases, etc., and (ii) propagation of the
developed micro-crack. The authors believe that the exis-
tence of carbide precipitation elevates the impact transition
temperature and drops the Charpy shelf energy. According
to Verdeja et al. [31], the grains oriented in {001} planes
parallel to the plane of rolling significantly lower the local

cleavage fracture stress on these planes. This, in turn, re-
sults in a cleavage behavior parallel to the plane in the
rolling during the impact loading, as the {001} planes
enhance the fracture due to cleavage in BCC metals. This
behavior is liable to form the deep notch-shaped cleavage
cracks, which are accountable for the decline in the impact
energy, despite the fact that HSLA steel was completely
ductile in the upper shelf region. Moreover, the low
angle grain boundaries in the BF laths are unable to resist


https://doi.org/10.1016/j.jmrt.2022.06.104
https://doi.org/10.1016/j.jmrt.2022.06.104

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;19:3724-3737

3735

(b)

’———-———~

\

Fig. 11 — Notch impact tested samples of HSLA Joints at (a) Room temperature and Sub-zero temperatures at (b)-40 °C (c)

—196 °C respectively.

the crack propagation during impact loading and thus
result in cleavage brittle fracture. The EBSD analysis is
required to confirm the grain orientation and misorienta-
tion angle calculations, which are not presented in the
current studies.

In summary, the study attests to the metallurgical in-
vestigations and mechanical properties of 12 mm thick HSLA

weld joints achieved using E80S—Ni3 filler. In comparison to
the specific welding process specifications used, the HSLA
joints produced by the PDCGTA welding method had greater
tensile strength and impact toughness both in room temper-
ature and sub-zero temperature conditions. The authors
believe that the specific findings of the study will be worth-
while for naval applications.
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Fig. 12 — SEM fractographic images of the notch impact
tested weld seams of HSLA in (a) room temperature and
sub-zero temperature conditions (b) -40 °C and (c) -196 °C
respectively.

4, Conclusions

The effect of PDC GTA welding and ER80S—Ni3 filler on the
fusion zone microstructure and mechanical properties was
studied. The major results of the current study can be sum-
marized as follows:

[1] The fusion zone microstructure contains a significant
amount of acicular ferrite, polygonal ferrite, grain

boundary ferrite, and bainite ferrite laths along with Ti-

rich inclusions.
[2] The presence of Ti-rich inclusions promoted the for-

mation of acicular ferrite fusion zone microstructure.
[3] The microstructure studies inferred the occurrence of
acicular ferrite and bainitic ferrite laths, which, in turn,
resulted in the enhancement of strength and toughness
of the joints.
Tensile fractures were noticed in the base alloy side of
the joints. The average tensile strength of the joints is
668 MPa. The joint strength and efficiency reported by
HSLA joints during the notch tensile test were 814.5 MPa
and 122% respectively.
The impact toughness of the HSLA joints is greater than
the base alloy. The joints experienced a higher tough-
ness of 262.5 and 173 ] respectively when impact loaded
at room temperature and —40 °C conditions. The tran-
sition from ductile to brittle cleavage fracture is noticed
when the temperature is lowered.

[4

[5
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