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Abstract

Objectives: Fabrication of a cylinder-shaped High-Strength Low Alloyed steel
wall component through wire (metal cored) arc additive manufacturing and
assess the homogeneity and integrity of the built component. Method:
Mechanical testing and microstructural characterizations such as optical
microscopy, scanning electron microscopy and electron backscattered diffrac-
tion techniques were performed at distinct regions (namely, bottom and top).
Findings: The conducted tensile test at the bottom area recorded a tensile
strength of 864 MPa, which is 5.9 % higher than the top region but with a
lower total elongation. The microhardness study revealed that the average
hardness at the bottom region was 266 HV,, 5, while the top region was 241
HV, 5. The microstructural analysis conducted in both areas indicates that the
bottom region exhibits better hardness and strength due to the presence of
a high value of geometrically necessary dislocations, High-Angle Grain Bound-
aries and increased grains with reduced size. However, the built component
proves to have better homogeneity with marginal deviations in the properties
estimated. Novelty: Solid wire was used as a predominant filler material for
the Wire-Arc Additive Manufacturing (WAAM) process, which requires high heat
input to melt the material. Hence, to reduce the heat input, metal-cored wire
was used instead of solid wire for the Gas Metal Arc -WAAM process.
Keywords: Gas metal arc welding; Metal cored wire; Mechanical properties;
Direct energy deposition; Wire-arc additive manufacturing

1 Introduction

The High-Strength Low Alloy (HSLA) steels are broadly employed in marine,
construction, tool, and die industries and, more specifically, bridges, ship plates, and
offshore platforms to manufacture large-sized structural components due to their
excellent weldability. Added to the weldability, the alloy also exhibits balanced
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mechanical properties due to its chemical composition wherein the carbon content is kept low with the range of 0.25 wt.
% and total weight percentage of elements like Mo, Cr, Mn, Nb, Ni, and Ti below 2.5 wt. %. Owing to this, HSLA steel
features low cost and good processability and reserves its position in various industrial applications (2. Conventional casting
technology is commonly used to develop large-sized HSLA steel components. A recent study also found that Wire-Arc
Additive Manufacturing (WAAM) exhibits better strength and microstructural properties than the casting technique. Zhang
et al. @investigated the effect of WAAM and Casting techniques on the fabrication of HSLA parts. The study confirmed that
the WAAM component exhibited a 10.31 % increase in ultimate tensile strength and an 89.9 % increase in elongation than the
casted component.

Generally, arc energy is used as a heat source for the WAAM technique. However, Zhang et al. ) reported using the Wire-
fed Laser Additive Manufacturing (LAM-W) technique for the fabrication of components and correlated the results with the
conventional WAAM process. They confirmed that LAM-W has excellent weld pool stability. Yet, the deposition rate of the
WAAM was 1.5 times better than the LAM-W. Such findings have widely exploited the use of WAAM in fabricating HSLA steel
of large-sized and complex shape components*®. Based on the inferences, this study used WAAM techniques to fabricate
HSLA components. Yet, during the fabrication of components, depending on the shape and height, the number of layers
required to deposit may vary even for the optimized processing condition. It was also inferred that each layer was influenced
by different thermal cycles during deposition %, thus influencing microstructure and local mechanical properties at various
heights. Hence, to control thermal cycles, heat input must be given significant concern, as it causes grain coarsening during
solidification. This decreases the hardness and strength of the components. Fang et al.®) suggested that the low heat input
during the process could significantly control grain growth, avoid material softening, and enhance material strength. Hence,
reducing heat input during the WAAM process is paramount.

Furthermore, studies have been mainly carried out using solid wire electrodes as filler wire for the WAAM process !%!), The
potential drawback of using solid wire is that the current required to melt the wire depends on the cross-section of the wire. The
cases that require a higher deposition rate require a higher current to melt the solid wire. This increase in current increases the
heat input and significantly affects the metallurgical and mechanical properties of the component. Hence, without sacrificing
the deposition rate, the heat input of the deposition needs to be reduced. The metal-cored wire was used in this study to address
this. Thus, Yi et al. '?) explained that using metal-cored wire amalgamates the benefits of both wire and powder. The metal
cored wire carries the current in the hollow sheath, which increases the current density at low amperage, thus reducing the heat
input of the deposition without affecting the deposition rate !>'4), From the literature, it is also evident that a limited number of
works only focused on developing WAAM components using metal-cored wire. Hence, the research focused extensively on the
deposition of metal-cored wire to fabricate the WAAM component using the Gas-Metal Arc Welding (GMAW) technique. This
study also assesses the evolution of microstructural and mechanical properties of deposited components in the built direction.

2 Methodology

A cylinder-shaped wall with a dimension of 160 mm height, 52.5 mm radius from the center of the cylinder to the neutral axis
of deposition, and wall thickness of 7 mm was fabricated using the Gas-Metal Arc (GMA)- WAAM. The fabricated component,
deposition strategy, and scheme of specimen extraction are shown in Figure 1. The filler wire was E110C-K-H4 metal-cored
wire with 1.2 mm diameter, and the wire chemistry is presented in Table 1. The parameters used for component fabrication are
represented in Table 2.

Table 1. Wire chemistry of metal cored wire (E110C-K-H4)
Elements C Si Mn P S Cr Ni Mo Cu Fe
Composition (wt. %) 0.06 0.57 1.57 0.009 0.009 039 224 039 0.12 Bal

According to the literature’s outcome (%1%, sample extraction was carried out at the top and bottom of the components, as

it became two extremities (high and low) for the mechanical properties. Hence, the top and bottom areas were considered for
mechanical and metallurgical evaluations. Tensile specimens were extracted from the deposits according to ASTM E8M and
milled to 4 mm for flat geometry. The samples used for the metallographic and microhardness studies were extracted in both
regions, as depicted in Figure 1c. Metallographic studies such as Optical Microscopy (OM), Electron Backscattered Diftraction
(EBSD) and Scanning Electron Microscopy (SEM) were done for the extracted samples. SEM and OM samples were polished
with different grades of emeries and etched with 2 % nital solution, while EBSD samples were just electropolished before the
examination. An Instron tensile testing facility was utilized to conduct the tensile test, and the cross-head speed was set to 1
mm/min. An indentation load of 0.5 kg was used during the Vickers microhardness survey, and a dwell time of 15 seconds was
maintained. The successive indentation along the build direction was maintained at 1 mm.
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Table 2. Process parameters used for fabrication

Current (A) 120

Voltage (V) 14.3

Substrate rotation (rad/min) 5.71

Gas Mixture Ar: 80 % + CO5:20 %
Gas flow rate (litres/minute) 15

Contact tip to workpiece distance (mm) 15
Heat input (kJ/mm) 0.272

3 Results and Discussion

3.1 Microstructural Characterization

Figures 2, 3 and 4 represents the OM, SEM, and EBSD characterizations carried out for the different regions of the built
component. Significant characteristic changes were observed in the samples of both regions. The bottom area sample exhibits
a coarse columnar structure, while at the top, no discernable columnar grains were observed, as can be witnessed in Figure 2a
and c. There is good agreement between the results of the literature *”) and the evolution of columnar morphology in this study.
The columnar evolution was due to the induced directional solidification; the prior austenite grains grew in the direction of the
highest thermal gradient. This gradient may be initiated by the dissipation of heat from the cold substrate to the depositing layer
or between the solidified and relatively cooled previous layer. The morphologies of both samples show the presence of Acicular
Ferrite (AF), Granular Bainite (GB), and Quasi-Polygonal Ferrite (QPF) in Figure 2b & d while SEM analysis (Figure 2 e & f)
reveals the lath Martensite/Bainitic Ferrite (ML/BF) and Tempered Bainite (TB)'®). The subsequent deposition of layers causes
the formation of tempered bainite because the thermal cycles related to each deposition cause a tempering effect V. Yet, the sizes
of the tempered bainite were different. The top region consists of a wider width and shorter length of bainite, while the opposite
was observed in the bottom area with finer bainite. This observation relates to the dominant heat dissipation mechanism in
the top region through the surrounding medium by radiation because previously deposited layers possess more accumulated
heat®. Furthermore, Xu et al.”) reported that the top region had a higher peak temperature than the bottom region, and the
cooling rate within the bottom area was higher due to the heat-dissipating abilities of the earlier deposited layers. The lath
martensite/bainitic ferrite formed at the bottom region is also associated with a faster cooling rate.
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Fig 1. (a) Deposited WAAM component; (b) deposition of strategy; (c) scheme of specimen extraction

https://www.indjst.org/ 4657


https://www.indjst.org/

Prabhakaran et al. / Indian Journal of Science and Technology 2024;17(44):4655-4662

Avg kaM: 3.96° [ N Avg KAM: 4.54°

3
ko

o
o

o
H
8

g

o
2
H

Relative frequency (%)
H
Relative frequency (%)

o E) EEE) 50 B 0 2 0

Ty

Misorientation angle (*) isorientation angle (*)
120 i
(©) X
2

Count : 280
Count : 193 oo

© AGS :13.2pm AGS :7.4pm

o s ] o 5 0 3 20
Equivalent Grain Diameter (um) Equivalent Grain Diameter (um)

Fig 3. EBSD Plot of (a-e) Top and (f-j) Bottom region: (a, f) Inverse pole figure; (b, g) Kernel average misorientation map; (c, h) LAGB
and HAGB distribution; (d, i) LAGB and HAGB plot; (e, j) Grain size distribution ; (k) Inverse pole figure triangle with direction
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Fig 4. Pole figure image of (a) Top and (b) Bottom region

The inverse pole figure from the EBSD plot shown in Figure 3a and f reveals the coarser grain in the top region while the
finer grain is at the bottom. Further, an average grain size of 7.4 ;sm among 280 scanned grains was observed in the bottom area,
and the differences in the grain size and counts are depicted in Figure 3 e and j. These results agree with the earlier discussion of
fine ferrite morphology in the bottom region. It was evident from the inverse pole figure of the top area that most of the grains,
especially the coarser grains, have similar colors (i.e., grains are oriented in specific directions). Figure 4 shows a relatively
higher texture index (12.48 mud) in the top region than in the bottom (8.29 mud), representing the grains in the top area
being oriented in a specific direction. According to Xu et al.1”), the heat accumulation due to cyclic heating generates enough
activation for the atoms to find a place in the existing crystal, thus limiting the atoms to create nucleation. Hence, this results
in the coarsening of grains in the preferred direction. Following the earlier discussion, the top part exhibits similar conditions
with more accumulated heat.

On the other hand, the cooling rate is faster at the bottom region, which favorably weakens the texture by nucleating new
crystals/grains in random orientation and restricting grain growth. This phenomenon is attributable to the increased grain
count and decrease in size at the bottom region. The misorientation angle analysis shown in Figure 3¢ & h reveals that the
samples are predominant with angles higher than 15 °, indicating High-Angle Grain Boundaries (HAGBs) formation. The
HAGBs contribute significantly to inhibiting the propagation of cracks 1®). Yet, there is a higher proportion at the bottom of the
region, which is also true for Low-Angle Grain Boundaries (LAGBs).

3.2 Microhardness variation

320 300 -
300 5 ] 280 - B
— ] I~
22801 @ @ S 260 4 % %
£ g B, 8 & B g z : § 3
s PR T E WATTIETIRL
2 o204 & % y %
g it g & g g
£ 240 S % % & %
5 S 220 B
S 220 S
8 S 200 -
S 200 =
—&— Bottom Region| B Top Region
180 1807 —
160 - T T T T 160 —— T T T T
30 35 40 45 50 110 115 120 125 130
Distance from Substrate (mm) Distance from Substrate (mm)

Fig 5. Microhardness distribution of top and bottom region
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Figure 5 depicts the variation in microhardness and its distribution in both regions. The average hardness of the top region
was 241 + 14.8 HV 5, while the bottom region exhibited 266 4+ 15.6 HV 5, respectively. The bottom region shows a
marginal rise in hardness due to the refined grains of hard phases such as martensite and bainite. Grain coarsening was caused
by the accumulation of thermal energy along the build direction ® and the slower rate of cooling at the top region resulted
in decreased hardness”. The absence of hard phases in the top region could be ascribed to coarser grains, thus acting as a
mechanical barrier to have martensite transformation '), Finer grains play a predominant role in increasing hardness and are
defined by the Hall-Petch equation !*!9), Accordingly, the variation in average microhardness between the top and bottom areas
of the component was 9 %, indicating that the component was homogeneous throughout its structure.

3.3 Tensile Properties

The scheme of specimens’ extraction was illustrated in the schematic Figure 1c. The stress vs strain curve was plotted and
shown in Figure 6. The as-deposited build’s yield strength (o) and ultimate tensile strength (c,) decreased from 657 MPa to
644 MPa and 864 MPa to 816 MPa along the build direction, respectively. Whilst the total elongation (¢, ;) increased from
21.6 % to 23.2 %. A similar trend was reported by Zhang et al. ). The increased strength was related to geometrical necessary
dislocation, grain size refinement, and high-angle grain boundary formation. The Kernel Average Misorientation (KAM) value
is directly proportional to the geometrically necessary dislocations, which are required to cause a slip in the system ?, The
increase in KAM value represents increased dislocation density formed in the structure. The system’s yield strength increases
with increased dislocation density ®). Secondly, the finer grain size will increase the stress required to cause a dislocation slip and
act as a pinning point for the dislocation movement, thus increasing the strength of the bottom region (V). Lastly, highly strained
grains oriented in a random direction cause the formation of HAGBs, and these HAGBs hinder crack propagation by inhibiting
the movement of dislocations through dislocation entanglements. The results plotted in Figure 3b, d, e and Figure 3 g, i, j
depicts that the KAM value, HAGBs proportion, and grain size are higher in the bottom area when comparing the top and well
in agreement with the increase in strength at the bottom area. Compared to the casted component from the literature ?V, the
average 0,, and o, of the WAAM component was increased from 728 MPa to 840 MPa, and 565 MPa to 651 MPa respectively.
This signifies that the component fabricated through WAAM techniques was better than the casted component.
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Fig 6. Stress vs strain plot

From Table 3, it is obvious that the study proved that metal-cored wire has 6.5 % higher o, than the component manufactured
through solid wire (ER110S-G) using Cold Metal Transfer (CMT)-WAAM process. CMT, by mechanism, produces less heat
input than the GMAW ?2). The present study, which used metal-cored wire, reduced the heat input of the process and brought
it closer to CMT ?¥. Added to this, the heat input of the present study is 46.38 % less than the heat input reported by Rodrigues
et al.®, wherein their work utilized the same GMA-WAAM to deposit the solid wire of similar composition as presented in
Table 1. Consequently, 11. 3 % higher o, and 16. 60 % higher ¢, ,,; is attained in the present study compared to the literature
work ®. Thus, it justifies the novelty of the work.
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Table 3. Comparison of the present study with Cold Metal Transfer (CMT) and GMAW-WAAM

Process Filler wire Heat input (kJ/mm)  Average o, (MPa) Averagec;,;,; (%) References
CMT-WAAM  ER110S-G 0.272 788 + 10 19.05 £+ 0.2 (23)
GMA-WAAM  ER110$-G  0.511 755 + 12 1921405 ®
GMA-WAAM E110C-K-H4 0.274 840 4 24 22.40 4+ 0.8 Present study

The SEM fractography in Figure 7 of both regions reveals dimples, tear ridges, and micro-voids, indicating the failure mode
is a ductile fracture®. Yet, the dimples in the bottom region are equiaxed, indicating a homogenous stress distribution along
the fractured surface under tensile loading. The homogeneous distribution of dimples infers that the fracture initiation was
governed by the nucleation of micro-voids whereas the dimples in the top region exhibited uneven distribution of stress. Further,
the larger and deeper dimples enable better ductility in the top area"® whereas dimples in the bottom region are higher and
could be ascribed to increased strength.

Fig 7. Fractographyof (a) top and (b) bottom region

4 Conclusion

The study explored the variation of mechanical properties and microstructural morphologies at different regions of components
built with metal-cored wire using the GMA-WAAM technique. It also analyzed the influence of process and filler wire chemistry
on the deposited WAAM component. It proved that the component fabricated using metal-cored wire exhibits better properties
than the conventional casting technique and the cold metal transfer WAAM technique. The metal-cored wire also exhibited
46.38 % less heat input than the solid wire. Hence, the study recommends using metal-cored wire instead of solid wire and the
WAAM technique instead of conventional casting to fabricate HSLA components. The other significant findings are below.

« The aesthetic of fabricated components proves that the build is free from significant defects.

o The strength and microhardness properties of the top region were inferior to those of the bottom region, yet the total
elongation was marginally higher in the top region.

o The coarser grain, low dislocation density value, and low number of HAGBs at the top region caused an increase of about
7.4 % of total elongation and decreased strength and hardness.

« Grain coarsening was the prime cause of decreased mechanical properties in the top region.

« The bottom area of the specimen exhibited finer grain, hard phases of martensite/bainite morphology, and an acicular
ferrite structure.

o The finer grains and high percentage of HAGBs cause a hindrance to dislocation movement, thereby increasing the
strength of the bottom region.
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