Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2082-2090, June, 2026

Sigma Journal of Engineering and Natural Sciences

Journal of Engineering
and Natural Sciences

Web page info: https://sigma.yildiz.edu.tr
DOI: 10.14744/sigma.2025.1915

Mihendislik ve Fen
Bilimleri Dergisi

Research Article

Analysis on the mechanical aspects of a multi-layered structure
constructed from 1.14 Cr-1.0 Mo steel utilizing flux-cored wire by means

of GMAW-based WAAM

Vaishali PRAJAPATI"*®, Vyomesh BUCH!

'Department of Mechanical Engineering, Parul Institute of Technology, Parul University, Vadodara, Gujarat, 391760, India

ARTICLE INFO

Article history

Received: 29 March 2025
Revised: 01 June 2025
Accepted: 11 September 2025

Keywords:

Gas Metal Arc Welding
(GMAW), 1.14 Cr-1.0

Mo Steel; Multi-Layered
Formations; Wire-Arc Additive
Manufacturing (WAAM
Mechanical Aspects)

INTRODUCTION

Traditional manufacturing, characterised by costly

ABSTRACT

In the present work, flux-cored wires of 1.14 Cr-0.5 Mo steel were used to manufacture a
multi-layered structure under optimal process parameters using a wire-arc additive manu-
facturing (WAAM) technique based on gas metal arc welding (GMAW). Optimal parame-
ters were obtained through the passing vehicle search (PVS) algorithm. The multi-layered
structure was studied to evaluate its small- and large-scale features, as well as its strength and
toughness at different locations within the structure. Microstructures of ferrite and pearlite,
typical of low-alloy steels, were observed. A higher proportion of columnar grains and larger
uniform grains were noted in the middle portion compared with the bottom. Macrostruc-
tural analysis in many regions confirmed defect-free geometries. The two layers were well
connected, producing perfect oxidation-free fusion. Furthermore, chrome molybdenum steel
exhibited an ultimate tensile strength (UTS) of 890 MPa and a yield strength (YS) of 712 MPa,
while GMAW-produced chrome molybdenum steel achieved a UTS of 910 MPa and a YS of
728 MPa. All tensile properties determined by WAAM for the upper and lower zones were
within the specified range. Compared with commercially available chrome moly steel, the av-
erage impact energy of 5.3 ] demonstrated satisfactory strength. These results indicate that the
structure fabricated using the GMAW-based WAAM technique meets industrial application
requirements.

Cite this article as: Prajapati V, Buch V. Analysis on the mechanical aspects of a multi-layered
structure constructed from 1.14 Cr-1.0 Mo steel utilizing flux-cored wire by means of GMAW-
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fabricating metal parts. Additive manufacturing (AM)
has emerged as a solution to overcome these challenges.
Initially developed for plastic materials, AM could not

and less efficient processes that generate considerable produce mechanically robust parts. Consequently, metal

material waste, is becoming increasingly outdated for ~AM has been introduced [1]. Metal AM deposits material
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layer by layer to create components with high strength
while reducing costs by approximately 50%. It is increas-
ingly demanded in aerospace, automotive, defence, bio-
medical, and electronics industries [2]. Metal 3D printing
primarily relies on laser or powder bed fusion techniques.
Among AM approaches, gas metal arc welding (GMAW)
has gained significant attention. Wire arc additive manu-
facturing (WAAM), a direct energy deposition method in
AM, offers high deposition rates, favourable mechanical
properties, and relatively low equipment costs. WAAM
can be implemented using various energy sources such
as gas tungsten arc welding and plasma arc welding [3].
While many AM techniques are expensive, WAAM is
cost-effective and well suited for mass production. It
is a wire-feed process integrated with automated com-
puter systems [4][5]. Deposition rates as high as 8 kg/h
have been reported for GMAW-based WAAM, ensuring
improved dimensional precision [6]. To achieve high sur-
face quality, post-machining is often required, in addition
to optimizing parameters such as voltage, travel speed,
and gas mixture ratio [7][8]. Ji et al. highlighted that AM
is a valuable method to produce complex parts with min-
imal tooling, and modern 3D printing technologies fur-
ther enhance these capabilities. The growing demand for
advanced manufacturing highlights the need to create
complex formations that minimise waste, time, and costs,
while achieving higher deposition rates, improved energy
efficiency, enhanced strength, and better geometric accu-
racy. These advantages make AM systems highly attrac-
tive for industrial applications.

1.14 Cr-1.0 Mo stainless steel exhibits excellent mechan-
ical properties and corrosion resistance due to its Mo, Ni,
and Cr content [9]. SS 316L, another low-carbon austenitic
stainless steel with 0.03% carbon, also demonstrates supe-
rior weldability and fusion at temperatures between 1300°C
and 1400°C [10]. Owing to its high deposition rate in
GMAW, SS 316L offers corrosion resistance, high strength,
and good weldability, making it suitable for nuclear, biolog-
ical, marine, petrochemical, and shipbuilding applications
[11].

Jin et al. [12] studied the WAAM process on stainless
steel alloys and found that process parameters significantly
influenced strength, microstructure, and layer formation.
Experimental results showed the necessity of optimizing
physical metallurgy mechanisms, post-heat treatment,
and process parameters. Chen et al. [13] investigated the
GMAW-based additive manufacturing of SS 316L and
concluded that heat treatment affected tensile strength
and corrosion resistance. A 1000°C thermal treatment
enhanced both yield and tensile strength. Queguineur et
al. [14] analysed metallurgical and mechanical properties
using two different materials, demonstrating improve-
ments in tensile strength and corrosion resistance. Ahsan
et al. [15] applied the GMAW process to fabricate bi-me-
tallic structures using SS 316L and low-alloy carbon steel,
reporting defect-free welded zones. The stainless-steel

zone exhibited higher microhardness due to its Cr con-
tent. Lee et al. [16] examined heat accumulation in SS
316L during WAAM through experimental and numeri-
cal methods, finding excellent yield strength and hardness
under cold metal transfer conditions. Wahsh et al. [17]
reported successful layer-by-layer deposition of alumin-
ium using GMAW, with minimal heat input, no spatter,
cracks, or significant porosity. However, after extensive
testing, the process settings were adjusted to enhance
the shape of the weld bead, leading to better small and
large structures, heat distribution, and other mechanical
properties. Le and Mai [18] demonstrated that WAAM-
fabricated 308L components presented adequate mechan-
ical strength and hardness, despite some anisotropy in
mechanical properties. Fang [19] studied high-strength
low-alloy steel produced via GMAW-based WAAM at a
deposition rate of 4.5 kg/h. Impact testing and microstruc-
ture characterization were conducted at low temperatures.
The part’s microstructure consists of both granular and
lower bainite. At room temperature, the AM-generated
component has a sufficient strength-ductility balance.
Upon testing, the ultimate tensile strength, yield strength,
and elongation at fracture were found to be within the
ranges of 830-850 MPa, 765-770 MPa, and 18.3-22.8%,
respectively.

Long and Wen reported the effects of WAAM process
parameters on material properties. The process parameters
primarily influence the material’s microstructure and over-
all performance by altering the energy input and cooling
rate of the molten pool. To better understand the mecha-
nism of the WAAM process, it has been noted in low-al-
loy steel, an increased cooling rate and a decreased energy
input are directly proportional to increment in UTS and YS
[20].

Shalini et al. investigated the effect of interlayer delays
of 20, 40, and 80 s during WAAM wall fabrication, report-
ing improved density, reduced wall width and height, and
refined grain structures with increasing interlayer delay
[21].

Optimization methods such as differential evolu-
tion, particle swarm optimization, and cuckoo search are
commonly used for complex manufacturing challenges.
However, genetic algorithms have limitations such as weak
local search capability and slower convergence [22].

To address this, optimization in the present study
was performed using the PVS algorithm, a metaheuristic
approach similar to Teaching-Learning-Based Optimization
(TLBO), but without requiring algorithm parameters.

The ductility of 316L stainless steel diminished due to
a steady rise in ferrite concentration. These ferrites will
impede the unrestricted movement of dislocations [23].

As layers are deposited, effective heat transmission
declines as the temperature of the prior layer lowers the
gradient of thermal energy. Whereas heat also escapes by
convection and radiation, these methods are less efficient
than conduction, which causes increased heat storage
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and a reduced cooling rate. Numerical models revealed
that as building height increases, the temperature gradi-
ent diminishes and heat diffusion conditions deteriorate.
A low cooling rate indicates inadequate dissipation of heat
energy from the deposited walls, resulting in the produc-
tion of coarse columnar grains alongside certain dendritic
grains. [24] Consequently, the mechanical properties (ulti-
mate tensile strength, yield strength, elongation, fatigue
strength, and microhardness) of the manufactured compo-
nent deteriorate.

A superalloy with a nickel-Kumar s. researched with a
chromium alloy ratio of 15CR85S is used for the reactor
part of this experiment, and 20CR80S is used for the fur-
nace part. The plasma arc welding method operates at a
temperature of 10,000°C with a coating layer of 75 microns
on the materials. Although solid wire is frequently used in
gas arc flux welding, tubular core wire can enhance current
density and deposition rate.

Flux-cored wires can also be strengthened by the shield-
ing flux within the core. Compared with solid wires, they
are more effective and capable of welding thicker materi-
als at higher speeds. Flux-core wire is an excellent option
for high-strength mechanical joints, corrosion resistance,
high-temperature tolerance, and environmentally sensitive
applications. It provides molten pool reinforcement, greater
material composition flexibility, and reduced porosity. A
comprehensive examination of the process and the result-
ing products is required. Consistent with this need, the
flux-cored wire arc additive manufacturing technique and
the component composed of 1.14 Cr-0.5 Mo with optimal
parameters were analysed. The GMAW-based WAAM pro-
cess, which uses flux-cored 1.14 Cr-0.5 Mo steel wire, has
not yet fully demonstrated its multi-layer formation, indi-
cating potential for further material research. This study
examines the microstructure, macrostructure, tensile test-
ing, and impact testing of chrome moly steel. The findings
are deemed crucial for future research and industrial appli-
cations. The authors declare that the present research can
address industrial challenges related to the production of
multi-layer structures and the evaluation of their mechani-
cal characteristics.

The aim of this study is to explore the potential of wire
arc additive manufacturing using tubular wire E81T1-B6C
(diameter: 1.14 mm) as the starting material and to anal-
yse the resulting formations. This objective was achieved
through tensile testing, impact testing, and detailed macro-
structural and microstructural characterization.

MATERIALS AND METHODS

Experimental Setup and Plan

This research utilised a WAAM configuration with the
GMAW method to build a multi-layered structure using
a Miller make KEMMPPI PRRO MIG-530 system. The
raw material used was 1.14 Cr-0.5 Mo, which is specifi-
cally employed for welding chromoly steels in multiple or
multi-pass welding. Figure 1 illustrates the experimental
apparatus used in this investigation. A multi-layered struc-
ture with a diameter of 1.14 mm was fabricated using flux-
cored wire of 1.14 Cr-0.5 Mo. The primary functions of the
flux are to protect molten metal from the atmosphere, slow
down the solidification rate (facilitating the release of gases
and non-metallic impurities), regulate chemical composi-
tion, and refine the metal.

Table 1 shows the chemical composition of the sub-
strate and infill wire. The raw material was deposited on a
substrate plate using a torch, and the plate was fixed to the
worktable during the deposition procedure.

In our most recent study, we conducted a parametric
analysis by performing single-layer deposition and apply-
ing a passing vehicle search (PVS) algorithm. The present
investigation focuses on constructing a multi-layered struc-
ture using optimised parameters for microstructure, mac-
rostructure, and mechanical properties. Table 2 presents
the optimised parameters used to fabricate the multi-lay-
ered formation.

Testing Characterization

Microstructure, macrostructure, and mechanical prop-
erties of the multi-layered formation were assessed at
different locations on the top and bottom regions of the
structure. Wire electrical discharge machining (WEDM)
was used to prepare specimens for mechanical and metal-
lographic evaluation. Specimens were polished sequentially
using abrasive papers of grit sizes 240, 400, 600, 800, 1000,
1200, and 2000, followed by final polishing with alumina
paste on a cloth to achieve a mirror finish. The samples
were etched in a solution of hydrochloric acid (HCI), nitric
acid (HNOs), and glycerol (C;HsOs3) in the ratio 40:20:40
for two minutes to reveal finer microstructural and mac-
rostructural features. An optical microscope (RADICAL
instrument) was used to analyse microstructure, while a
macroscope (IMS-300-TNC) was used for macrostructural
analysis. Comprehensive mechanical testing, including ten-
sile and impact examinations, was performed at different
locations of the structure. WEDM was again employed to
prepare tensile and impact specimens. Tensile specimens

Table 1. Chemical composition of 1.14-mm E81T1-B6C/M 4-6 % Cr 0.45-0.65% molybdenum

Grade C Mn Si P

S Cr Ni

0.06 0.29 0.36

0.007

0.011 4.45 0.05 0.48
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Figure 1. Experimental set up.

were prepared according to ASTM A370 standards and
tested using an M-100 universal testing machine. Impact
testing was carried out with an AIT-300 Charpy impact
testing machine at room temperature. The Charpy speci-
mens measured 55 mm x 10 mm x 3.3 mm. Figure 2 shows
the schematic of impact testing locations.

RESULTS AND DISCUSSION

Construction of a Multi-Layered Structure

The optimization technique provided the parameters
used to construct the structure. Identical bead-on-bead
deposition produced a consistent multi-layered formation.
To minimise residual stresses and deformation between
layers, a cooling interval of 15 seconds was applied, which
also facilitated solidification between successive layers.

Table 2. Optimised parameters for multi-layer formation

Sr. No. Design variable Value

1 Travel speed 30 mm/min
2 Voltage 23V

3 Gas mixture ratio 5

4 Gas flow rate 15 L/min

5 Arc length 90 mm

Controller

Power source

"
L ——
. - /8 11,
Y

g

The fabricated structure was free from disbonding,
and the layers exhibited seamless bonding between adja-
cent deposits. A small quantity of surface metal lumps
was observed, but these could be easily removed during
post-processing. Thus, WAAM with the GMAW method
successfully produced a thin, multi-layered structure of the
required quality on an E81T1-B6 substrate using the opti-
mised parameters. Mechanical properties, macrostructure,
and microstructure of the formation were subsequently
analysed at different surface locations.

Macrostructural Characterization

A section was cut from the multi-layered formation
for macrostructural analysis. Chemical etching (CHE)
involves controlled chemical reactions between the surface
and etchants to produce a smooth and observable surface.
Common etchants include hydrochloric acid (HCI), sulfuric
acid (H,SOy), nitric acid (HNOj3), hydrofluoric acid (HF),
oxalic acid ((COOH),), and aqua regia (HCl + HNO;).
These acids are dissolved in water to the required concen-
trations [23]. The part was then polished sequentially with
240,400, 600, 800, 1000, 1200, and 2000 grit abrasive papers,
followed by 0.5-micron alumina paste on cloth to produce
a smooth, mirror-like surface. Etching for 2 minutes in a
mixture of glycerol (C;HgOs3), nitric acid (HNOs;), and
hydrochloric acid (HCI) in the ratio of 40:20:40 revealed
the macrostructure. The results showed a comparable mac-
rostructure formation and surface morphology (Fig. 3).



2086

Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2082-2090, June, 2026

Figure 2. Impact specimen.

Figure 3. Sectional view of the multi-layered structure.

A strong bond between successive layers was observed,
with no evidence of oxidation or defects. The macrostruc-
ture across different zones confirmed acceptable geometries.
The WAAM process using flux-cored wire produced shal-
low, wide, circularly shaped layers. No internal defects were
detected, aside from a thin slag layer on the surface [24].

Microstructural Characterization

The microstructure varied along the deposition direc-
tion due to thermal gradients arising during the process.
Columnar grains developed in regions with strong heat
flow, namely: (1) between the substrate and deposition
wall, (2) between the surrounding air and deposition wall,
(3) between the shielding gas and deposition wall, and (4)
between successive layers. Variations in thermal history

Top Side

Figure 4. Macrostructure at the top and bottom sides.

caused differences in grain size, with smaller grains in the
bottom region and larger columnar grains toward the top.
The absence of reheating in the final layers led to the for-
mation of equiaxed grains at the surface [24]. The micro-
structure at the bottom region is primarily composed of
evenly spaced grains that are relatively small. The middle
region is also mainly made up of evenly distributed grains;
however, the number of columnar grains and the size of the
equiaxed grains are larger in this region than in the bottom
region. In terms of the microstructure, the upper region
differs significantly from the bottom region. In the upper
section, equiaxed grains transform into columnar grains
with strong directivity, and the grains become considerably
larger (Fig. 4).

The distance between adjacent limbs of a dendrite,
formed during the solidification of metals and alloys, is
referred to as the dendrite arm spacing (DAS). It is influ-
enced by solidification time, thermal gradients, and cooling
rate, also affected microstructural uniformity. Smaller DAS
values promoted consistent mechanical performance by
enhancing durability and strength.

The microstructure was mainly composed of ferrite
and pearlite, typical of low-alloy steels cooled slowly. Light
regions corresponded to ferrite, while darker regions corre-
sponded to pearlite. The pearlite was uniformly distributed
with a fine morphology, contributing to balanced strength
and ductility. The coexistence of ferrite and pearlite den-
drites indicated varied cooling rates. The presence of fer-
rite in a columnar dendritic form indicates rapid cooling,
during which ferrite solidifies in a directional manner. This
formation can influence mechanical properties, potentially
leading to anisotropy. The columnar dendritic formation
in the coating suggests that the solidification process was
controlled, whereas the pearlitic formation indicates that

Bottom Side
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Middle Zone

Figure 5. Microstructure in the bottom, middle, and top zones (scale factor 10um).

some areas cooled more slowly. Such variations in the
microstructure can cause regional differences in mechan-
ical properties, which may initiate fatigue cracks (Fig. 5).

Mechanical Characterization

Tensile examination
Tensile tests were conducted at multiple points of the
multi-layered formation to evaluate mechanical properties.

Figure 6. Multi-layered formation prepared for character-
izations.

Before test Specimen

Figure 7. Sample for tensile specimen.

After test Specimen

Specimens were prepared using WEDM as per ASTM E8M
standards. All specimens exhibited elastic and plastic defor-
mation prior to fracture. The average results for the top
and bottom regions were: ultimate tensile strength (UTS)
910.68 MPa, yield strength (YS) 728.47 MPa, and elonga-
tion 3.92%. The variation in UTS and YS values showed an
inverse relationship. Overall, the tensile properties of the
WAAM-fabricated specimens were within the acceptable
range for E81T1-B6 steel (Fig. 6).

Impact examination

The impact test was performed using an AIT-300
Charpy testing machine at room temperature. Charpy
impact test specimens were prepared with dimensions of
55 mm x 10 mm x 5 mm. Figure 2 shows the schematic
diagram of the testing locations and specimens used for
impact testing. The specimens were prepared according to
ASTM E340-15 standards for Charpy impact testing.

A 2 mm V-notch with a root radius of 0.25 mm was
machined at a 45-degree angle in the centre of the sample
for impact assessment. The test was conducted at room
temperature. Samples from both the upper and lower zones
were subjected to impact testing. The observed results indi-
cated values of 4.7 ] and 5.9 ] for the upper and lower zone
samples, respectively. The average result of 5.3 J indicates
acceptable strength in comparison to commercially avail-
able chrome moly steel.If evaluated at full size, it will fall
inside the acceptable range [25]. A slight variation in the

Tensile Specimen
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Table 3. Tensile properties of chrome moly steel as per standard grade and GMAW-based moly steel

Property Ultimate tensile strength (MPa) Yield strength (MPa) Elongation%
GMAW-based moly steel 910.68 728.471 3.92

Chrome moly steel 890 712 19.9

impact values was detected, with the lower zone showing ACKNOWLEDGMENT

somewhat higher values than the upper zone.

The accelerated cooling rate in the lower region,
caused by the cold plate and the environment, resulted in
a slight increase in strength in this region. The ultimate
tensile strength of chrome moly steel is 890 MPa, and its
yield strength is 712 MPa. The GMAW-produced chrome
molybdenum steel exhibited an ultimate tensile strength of
910 MPa and a yield strength of 728 MPa. These values are
superior to those of commercially available chrome moly
steel (Table 3).

The produced multi-layer formation demonstrates suf-
ficient durability for prospective industrial applications.

CONCLUSION

The WAAM process using a GMAW source proved
valuable for achieving a high deposition rate, favourable
mechanical properties, and low equipment cost. In this
study, the GMAW-based WAAM process was used to fab-
ricate a multi-layered structure of chrome moly steel under
optimal conditions. The study investigated how geometry,
strength, and toughness of the multi-layered structure vary
between the top and bottom zones.

The main findings are as follows: A suitable connection
between adjacent layers was observed, with proper fusion
and no oxidation. No defects were detected, and the mac-
rostructure at various zones confirmed acceptable geome-
tries. Equiaxed grains with small diameters predominated
in the bottom zone’s microstructure.

The ultimate tensile strength of chrome moly steel is
890 MPa, and its yield strength is 712 MPa. The GMAW-
produced chrome molybdenum steel exhibited an ultimate
tensile strength of 910 MPa and a yield strength of 728 MPa.
These values are superior to those of commercially available
chrome moly steel. The multi-layer formation produced by
the WAAM process demonstrates sufficient durability for
prospective industrial applications.

All tensile characteristics established by WAAM for the
top and bottom zones fall within acceptable ranges. The
results are comparable to those of commercially available
chrome moly steel. The average impact strength of 5.3 ]
demonstrates adequate toughness. A slight variation in
impact values was observed, with the bottom zone showing
higher strength than the upper zone.

Overall, the results indicate that the structure fabricated
using the GMAW-based WAAM technique meets indus-
trial application requirements.
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NOMENCLATURE

AM Additive manufacturing
GMAW Gas metal arc welding

UTS  Ultimate tensile strength

SEM  Scanning electron microscopy
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YS

Yield strength

WAAM Wire arc additive manufacturing

TS

PVS
DAS

Tarvel speed
Passing vehicle search
Dendritic arm spacings
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