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a b s t r a c t   

Naval grade, high strength low alloy (HSLA) steel is designed especially for shipbuilding applications due to 
its high strength to weight ratio. The conventional fusion welding processes of shielded metal arc welding 
(SMAW) and gas metal arc welding (GMAW) are employed widely for structural applications. This work 
reports the influence of welding processes on mechanical properties and metallurgical characteristics of 
fusion welded DMR249A grade steel. The evaluating tensile, impact, microhardness properties were cor
related with microstructures. The maximum recorded transverse tensile strength value of SMAW and 
GMAW joints were 558 MPa and 578 MPa. The lower microhardness had obtained in the subcritical heat- 
affected zone than other regions. The weld zone microstructure consists of fine, elongated, and columnar 
grain structures. From this investigation, it has been concluded that GMAW joints displayed marginally 
better properties than SMAW joints. But most weld failures has been observed in the subcritical heat- 
affected region; due to grain deformation and subsequent softening in the weldment. 

© 2022 CIRP.    

Introduction 

High strength low alloy (HSLA) steel, were primarily developed to 
replace low-carbon steels in structural applications to improve the 
strength-to-weight ratio. DMR249A grade steel is a third-generation 
micro-alloyed low carbon steel and standardized grade for the 
construction of warships. This naval grade steel has compatible 
properties of high strength and resilience qualities; it is mainly due 
to alloying elements in the steel matrix [1,2]. And, these steel grades 
were susceptible to heat-affected zone failure such as cold cracking, 
which is eliminated by low hydrogen ferrite filler/electrode [3,4]. In 
general, the conventional fusion welding processes of shielded metal 
arc welding and gas metal arc welding had used in the construction 
of bridges, nuclear reactors, ships, and various machinery, because of 
the cost-effective and easy availability of processes [5–9]. Alipoor
amirabad et al. discussed the residual stress behavior and mechan
ical properties of micro-alloyed steel. The higher level of residual 
stresses is related to microstructural changes in weldment and HAZ 

regions [10]. Mao et al. reported the effect of nickel content on 
multipass welding of bainitic steel joints. The increasing Ni per
centage changes the granular bainite to lath bainite or martensite in 
the weldment [11]. Lan et al. analyze the microstructural influence 
on the toughness property of submerged arc welded HSLA steel 
joints. They found dispersion of inclusion and their size cause the 
deterioration of HAZ toughness. The fusion zone had acicular ferrite 
morphology irrespective of heat input, though the size of the ferrite 
laths increased with heat input [12]. Jorge et al. reported the welding 
procedure and impact of post-weld heat-treated weld joints. A 
longer cooling time was tendencies to improve the toughness 
properties and reduction in mechanical properties of weldment [13]. 
Ragu Nathan and Balasubramanian et al. detailed the effect of 
welding processes on micro-alloyed steel. They studied the char
acteristics of the solid-state welding process over conventional fu
sion welding processes [14]. The above literature reported 
mechanical properties of various high-strength steels, but scanty 
research work on Naval base applications. Therefore, the welding of 
naval-based structural steels required more attention on ship
building applications. Hence, this study details the effect of fusion 
welding processes on mechanical properties and metallurgical 
characteristics of naval grade steel joints. 
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Materials and methods 

The rolled Naval grade HSLA steel with a thickness of 13 mm had 
acquired for this investigation. The chemical composition and me
chanical properties of base metal and filler metals as shown in  
Tables 1 and 2. Fig. 1 presented the base metal microstructure of 
naval grade steel, which comprises 95% ferrite and 5% pearlite. The 
microalloying elements assist the superior material properties and 
relevant microstructures. 

For joining, a single "V" (60°) notch is prepared with dimensions 
of 150 × 150 × 13 mm. Further, the rust and tissues were cleaned to 
avoid hot, cold cracking issues or foreign particle inclusion. The 
welding experiment was carry-out through a typical manual metal 
arc welding and gas metal arc welding. The consumables used for 
this investigation were E8018 – G and ER80s. Fig. 2a and b re
presented the joint configuration and fabricated SMAW and GMAW 
joints. Table 3 illustrates the welding parameters of root and capping 
passes. The fabricated joints have undergone into X-ray radiography 
test to qualify the defect-free sound weld. Then, the specimen ex
traction and corresponding ASTM standard specifications as shown 
in Fig. 2c and d. The transverse tensile test had conducted through a 
servomotor-enabled semi-automatic UTM machine with a capacity 
of 1000 kN. And, the impact toughness test had carried out using a 
manually controlled impact testing machine with a capacity of 300 J. 
The hardness measurement had performed using a Vickers micro
hardness testing machine with tentative conditions of 0.5 kg load 
and 15 s dwell time. Then, the welded coupons were cross-sectioned 
to evaluate the weld quality and characteristics using stereo zoom 
macroscopy and optical microscopy. The cross-sectioned metal 
coupon was mounted and mirror-polished using ultrafine grain 

diamond paste. And, the polished specimen was etched with freshly 
prepared Nital with a dwell time of 30–60 s. Subsequently, the 
fracture morphology had analyzed through scanning electron mi
croscopy to reveal the mode of failure in welded joints. The eva
luation of phase and elemental compositions using Energy 
Dispersive Spectroscopy (EDS) and X-ray diffraction (XRD) tech
nique. 

Results 

Macrostructure 

The macrostructure had used to examine visual defects and dif
ferentiate the various regions in the weldment. Fig. 3 presents the 
macrostructure of SMAW and GMAW joints, the different zones in 
the cross-section were weld metal zone (WM), coarse grain heat- 
affected zone (CGHAZ), fine grain heat-affected zone (FGHAZ), and 
base metal (BM). The thick steel plates joined with complete pene
tration and without any welding defects. While multi-pass welding, 
the bottom layer is greatly affected by heat during subsequent 
welding passes. It directly affects the weld quality and joint integrity  
[15]. Among the fusion weld, the bead geometrical changes occurred 
due to the heat input of the fusion welding processes. The bead 
width and weld metal area for the SMAW and GMAW joints were 
27 mm, 29 mm, and 160 mm2, 171 mm2, which is evident in Table 4. 

Tensile and impact toughness properties 

The transverse tensile test had conducted in the welded joint as 
per the ASTM standard. The maximum recorded yield strength and 

Table 1 
Chemical composition (wt%) of Base metal and Filler metal.                  

Elements C Mn Cr N Si Mo Ti V Nb Ni Cu Al Co Fe CE  

DMR 249A  0.099  1.45  0.03  0.02  0.21  0.001  0.03  0.04  0.04  0.71  0.18  0.03 0.001 bal  0.44 
E8018-G  0.08  1.4  0.01  0.009  0.2  0.15  0.02  0.01  0.02  2.3  0.05  0.015 – bal  0.41 
ER80S  0.08  1.3  0.02  0.008  0.3  0.17  0.01  0.02  0.023  2.8  0.035  0.014 – bal  0.45    

Table 2 
Mechanical properties of Base metal and Filler metal.          

S.No 0.2%Yield 
strength (MPa) 

Ultimate Tensile 
strength (MPa) 

Elongation in 50 mm 
gauge length (%) 

Notch Tensile 
strength (MPa) 

Notch strength 
Ratio (NSR) 

Impact strength 
at RT (J) 

Vickers hardness at 
0.5 kg load (HV)  

DMR 249A  485  614  28 654 1.05  208  273 
E8018-G  521  625  22 – –  190  290 
ER80S  515  620  21 – –  195  293 

Fig. 1. (a-b). Microstructure of DMR249A grade steel.  
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ultimate tensile strength of SMAW and GMAW joints were 473 & 
480 MPa and 558 & 570 MPa. Fig. 4 illiterates the stress to dis
placement curve for both welded joints. While tensile testing, most 
of the weld failure occurred sub-critical interface region. It is mainly 
due to the formation of soft zones in the transition region [16]. From 
experimental results, the ductile mode of failure was observed from 
both weld joints and confirmed with the Notch strength ratio (NSR) 
higher than the unity value [17]. Fig. 5(a and b) presented the 
photograph of before and after tensile tested samples. Also, the 
impact toughness test was performed for welded joints and re
corded maximum impact energy of 174 J & 178 J, as shown in Table 5. 
The prescribed table values are mean strength values by the average 
of three test results. The impact test samples evident ductility of the 
fusion weld joint, as shown in Fig. 5(c and d). 

Fig. 2. (a) Joint configuration; (b) Fabricated SMAW & GMAW joints; (c) Specimen extraction diagram; (d) Dimension of notched, unnotched tensile & Impact specimens.  

Table 3 
Welding parameters and conditions used to fabricate the joints.       

Welding Parameters SMAW GMAW 

Root Pass Capping Pass Root Pass Capping 
Pass  

Filler metal E 8018G-C1 E 8018G-C1 ER80s ER80s 
Filler diameter/mm 3.2 4 1.2 1.2 
Pre-heating Temperature 100 100 100 100 
Inter pass Temperature 125 125 125 125 
Current/A 110 165 155 195 
Voltage/V 21 27.5 22 29 
Welding speed/(mm/min) 145 153 160 170 
Heat input/(kJ/mm) 1.066 1.278 
No.of Passes (Include 

Caping) 
6 5 

Fig. 3. Macrostructure of SMAW and GMAW joints.  
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Microhardness 

The microhardness survey across the various zones of SMAW and 
GMAW joints had executed. The hardness value of weld metal ty
pically varies with parent metal based on the heat dissipation rate 
from the weld center [18]. Fig. 6 presents the hardness map of the 
various region (FZ, CGHAZ, FGHAZ, and BM) and corresponding 
hardness values for the welded joints. The recrystallized weld zone 
had a hardness of 310 HV and 285 HV for GMAW and SMAW joints. 
Both fusion weld joints recorded maximum microhardness of 475 
HV (GMAW) & 463 (SMAW) in the coarser grain heat-affected region. 
Then, the hardness drop occurred in the subsequent heat-affected 
zone. The lowest hardness was obtained in the sub-critical HAZ or 
HAZ to parent metal interface [19]. These softened regions reason for 
lower microhardness lends weld failure in both fusion-welded 
joints. 

Microstructure 

The microscopy study is a privileged tool to evaluate the me
tallurgical characteristics of the fusion-welded SMAW and GMAW 

Table 4 
Bead Geometry analysis on SMAW and GMAW joints.          

weld Width of 
bead (mm) 

Penetration (mm) Weld metal 
area (mm2) 

HAZ 
area (mm2) 

Average width of the 
HAZ (mm) 

Number of passes Heat input 
(kJ/mm)  

SMAW  27  12.4  160  60  4.5  6  1.066 
GMAW  29  12.2  171  68  5  5  1.278 

Fig. 4. Stress to Displacement curve for SMAW and GMAW.  

Fig. 5. (a-b). Before and After test of Smooth and Notch Tensile specimen; (c-d). Before and After test of Impact specimen.  
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joints. The weld metal microstructure had composed of equiaxed 
grains at bottom layers and elongated columnar grains at top layers 
(Figs. 7a and 8a). The color-false microstructure (Figs. 7 and 8) had 
used to differentiate the phases in the weld cross-section [20]. The 
fusion zone having microstructure of pearlite, bainite, Widman
städten and acicular ferrite phases in the steel matrix [21]. The SEM 
microstructure confirms the presence of upper and lower bainite in 
the fusion zone, which showed in Fig. 9. Fig. 10(a and b) illustrates 
that lath type upper bainite structure in the higher magnification 
TEM microstructure. Then, the coarser grain HAZ consists of bainite 
and acicular ferrite microstructure, as shown in Figs. 7b and 8b. The 
plastic strain and heat dissipation was the reason for the formation 
of coarser grains in the HAZ region. The segregation of alloying 
elements from the weld interface leads to hard bainite phases 
growth. Figs. 7c and 8c revealed FGHAZ, which had finer grains and a 
mixture of ferrite and pearlite phases. The FGHAZ impact of elastic 
distortion is minimal, so the hardness value is nominally higher than 
the base metal. Figs. 7d and 8d show the subcritical region or in
terface zone between the HAZ to the parent metal. The weld failure 
associated with these regions with a combination of lower hardness 
and polygonal ferrite microstructure [22]. 

Elemental and phase composition analysis 

The elemental analysis is evidence for confirming chemical 
composition in the fusion-welded joints. The fusion zone micro
structure of SMAW and GMAW had used for this investigation. Fig. 11 
represents the EDS analyzed area, and corresponding elements were 
Fe, Ni, Cu, Si in the welded region. From this Elemental pattern, the 
iron and Nickel elements had dominant on both welded joints [23]. 
Further, the X-ray diffraction analysis brings about to determine the 
phase compositions. The XRD patterns were computed in the form of 
diffracted angle (2 ) to intensities (I/I0), as shown in Fig. 12. From the 
experimental results, the joint committee on diffraction standards 
confirms the presence of α-Fe, iron carbide (FeC), Fe-Ni, and Fe-Mn 
phases in both SMAW and GMAW weld cross-sections. The recorded 
diffraction angle and relative intensities for the welded joints were 
45.22° (1000), 65.46° (346) for SMAW, and 42° (750), 48° (300), 73° 
(70), 88° (110), and 93° (60) for GMAW. And, the diffraction indices 
and corresponding d-spacing values of SMAW [101] 2.00520 Å, and 
[200] 1.42582 Å and GMAW [111] 2.0871 Å, [200] 1.8075 Å, [202] 
1.2781 Å, [311] 1.0901 Å & [222] 1.0436 Å. Thus, the crystallinity 
patterns had evaluated from the selective area diffraction patterns. 
The observed Miller indices are [101], [200] and [111], [201] for the 
SMAW and GMAW joints, as shown in Fig. 10(c and d). Ta
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Fig. 6. Microhardness measurement across the mid thickness.  
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Fig. 7. Microstructure of SMAW joints (a) Fusion zone; (b) Coarser grain HAZ; (c) Fine grain HAZ; (d) Subcritical region or Interface; (e-h) color false microstructures.  
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Fig. 8. Microstructure of GMAW joints (a) Fusion zone; (b) Coarser grain HAZ; (c) Fine grain HAZ; (d) Subcritical region or Interface; (e-h) color false microstructures.  

P. Hariprasath, P. Sivaraj, V. Balasubramanian et al. CIRP Journal of Manufacturing Science and Technology 37 (2022) 584–595 

590 



Fig. 9. SEM Microstructure of SMAW and GMAW joints.  

Fig. 10. TEM Microstructure of SMAW and GMAW joints.  
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Fractography analysis 

The fractography helps to reveal the mode of failure in the 
welded joints. The weld failure occurred in the subcritical HAZ re
gion. Mostly, the weld failure had unveiled as a ductile fracture 
through the cup and cone features. Fig. 13(a and b) presents the large 

populations of dimple features in the propagation region of un
notched tensile specimens. The fibrous morphology is a measuring 
index for the ductility nature. The size of the dimples directly in
fluences the mechanical properties of weldment [24]. Fig. 13(c and d) 
shows the fractography of the notched tensile specimen; it consists 
of dimples and microvoids features. Further, the fractography of the 
impact toughness specimen has composed of dimple features and 
wave marks, as shown in Fig. 14. The dimple feature is evident for 
significant toughness in both welded joints [25]. 

Discussion 

The fusion welding of next-generation naval grade steel used for 
fabrication of hull structure in shipbuilding applications. From the 
experimental results, the visual examination (macrostructure) en
counters common welding problems were porosity, undercut, and 
cold embrittlement [26]. The macrostructure analysis confirms the 
defect-free sound weld for both welded joints. And the bead geo
metry helps to quantify the fusion and HAZ region area followed by 
total heat input for the SMAW and GMAW joints [27]. The maximum 
obtained yield strength and tensile strength were 473 MPa, 558 MPa 
for SMAW & 480 MPa, 570 MPa for GMAW joints. The recorded joint 
efficiency of the weld joint is about 88% and 92% equal to the base 
metal. Mostly, the weld failure occurred in the HAZ interface region; 
it is mainly due to grain deformation followed by microstructure 
tempering [28]. The impact strength properties recorded a max
imum of 174 J and 178 J due to microalloying elements in the naval 
steel. The microhardness graph exhibited hardness variation across 
the weld cross-section. And the microhardness evident that the 
subcritical region is a hardness dropping zone [29]. The fusion zone 
microstructure consists of acicular ferrite, pearlite, and bainite 
phases in the steel matrix, these phases are associated with Guo 
et al. [30]. The morphologies of these phases confirm with the cor
responding color false image. The coarse grain heat-affected region 
is composed of bainite and acicular ferrite phases. The hard bainite 

Fig. 11. Elemental analysis on interface region.  

Fig. 12. X-ray diffraction patterns for SMAW and GMAW joints.  
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phases recorded superior microhardness. Further, the hardness 
dropping occurred severe heat dissipation leads to weld softening in 
the subcritical interface region. The bainite morphology is evident 
with the high magnification SEM and TEM microstructure [31]. The 
EDS analysis governs that elements in the fusion region were Fe, Ni, 
Cu, Co, Si; it evident with base metal and filler metal compositions. 
The phase composition identifies through XRD patterns and governs 
the metallic precipitates and intermetallic (Fe2Ni, FeC, Fe2C3, and 

FeMn) from the weld section [32]. From this XRD patterns diffraction 
indices found to be [101] 2.00520 Å, and [200] 1.42582 Å for SMAW 
and [111] 2.0871 Å, [200] 1.8075 Å, [202] 1.2781 Å, [311] 1.0901 Å & 
[222] 1.0436 Å for GMAW. Although, the crystallinity studies of se
lective area diffraction patterns confirm the similar diffraction pat
terns of XRD analysis. The fractography resembles the ductile mode 
of failure that occurred in both SMAW and GMAW joints. The frac
ture surface contained a large number of fine dimple features along 

Fig. 13. SEM fractography of Smooth and Notch tensile specimens.  

Fig. 14. SEM fractography of Impact specimens.  
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with tiny voids [33]. Similarly, the impact samples fractography 
confirmed the ductility nature of weld joints. 

Conclusion 

From this investigation, the following conclusions derived  

• The maximum recorded (0.2%) yield strength and ultimate tensile 
strength of the welded joints (SMAW & GMAW) were 473 MPa, 
480 MPa, and 558 MPa, 570 MPa. The recorded impact toughness 
of 174 J, 178 J from SMAW and GMAW joints.  

• The lower microhardness recorded in the interfacial region about 
200 HV (SMAW), which lends to weld failure.  

• The weld metal microstructure is composed of equiaxed grains at 
the bottom layers and elongated columnar grains at the top 
layers. And, the fusion zone having microstructure of pearlite, 
bainite, Widmanstädten and acicular ferrite phases in the steel 
matrix.  

• The high magnification TEM images reveal the presence of bainite 
morphologies in the fusion zone.  

• Most of the joints, the failure occurred at subcritical HAZ, which 
is due to elastic strain and distortion in the heat-affected region. 
The ductile mode of failure had observed during the tensile test.  

• The EDS analysis governs the elements in the fusion region were 
Fe, Ni, Cu, Co, Si; it evident with base metal and filler metal 
composition. The phase composition identifies through 
Diffraction patterns; it governs the metallic precipitates and 
intermetallic (Fe2Ni, FeC, Fe2C3, and Fe-Mn) from the weld 
section.  

• The selective area diffraction patterns governed the crystallinity 
of both a fusion-welded joint, which is relative to XRD patterns. 
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