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Abstract. Achieving repeatability in part production remains a challenge in laser-wire feed directed energy

deposition (LW-DED). It is necessary to understand the laser-wire deposition and bead aspect ratio varying the

process conditions to achieve repeatability. Laser energy density is one of the key process parameters that affect

the dimensions of the deposit. So, this study discusses the fundamentals of depositing the copper-coated ER70S-

6 low carbon steel wire. The laser energy density effects on aspect ratio, overall porosity, microstructure, and

microhardness are presented. The bead morphology changes with the change in laser energy density. Single

track deposited sample results helped in understanding the melt transition for material deposition and dimen-

sional resolution of the deposited track.

Keywords. Laser-wire; volumetric energy density; temperature; bead morphology; ER70S-6; porosity;

additive manufacturing.

1. Introduction

Additive manufacturing (AM) has become increasingly

popular in recent years due to its ability to produce complex

geometries with good mechanical properties in the auto-

mobile and aerospace industries [1–5]. The three features of

AM technologies are building complex geometries with

high functionality, dimensional precision, and toolless

manufacturing. Metal AM technologies are capable of

fabricating metallic parts without additional manufacturing

processes. The two leading technologies in metal AM are

powder bed fusion (PBF) and directed energy deposition

(DED) [6, 7]. PBF technology works based on utilizing

powder particles to get fused by the effect of heat sources,

like Laser and Electron beams [8]. The DED works by

depositing material onto a substrate or surface by melting,

where it solidifies to get the desired shape [9]. The feed-

stock material for DED technology can be wire or powder

particles. Feedstock selection is based on material,

machine, process conditions, work environment, and

desired properties.

Wire-based DED systems are becoming popular because

they have high deposition rates, build large parts, and use

minimum support structures [10]. These processes lack the

dimensional resolution to achieve detailed smaller size

feature in a part. At the same time, it is beneficial in several

applications that require the flexibility of manipulation

provided by the system and increased dimensional

resolution using wire as a feedstock material. Recent

applications identified in-space manufacturing, where

powder management becomes difficult in less gravity. The

popular processes are Wire-arc AM (WAAM) and Laser-

wire feed DED. In traditional WAAM process, defects can

arise from the high heat generated due to arc, causing

problems such as extra heat input and heat affected zone

[11]. So, it is a need to figure out a method that should

control the heat input and build high geometrical resolution

parts.

The laser-wire feed directed energy deposition (LW-

DED) process has been used to deposit metal alloys using

laser as a heat source [12]. The laser beam is highly focused

due to its superior characteristics such as monochromaticity

and coherence. Material deposition in LW-DED was

achieved by considering process parameters such as laser

power, spot diameter, and laser travel speed to calculate

laser energy density. Key aspects of achieving high

dimensional resolution were reported by only using thin

wires and flexible manufacturing systems [13, 14]. Laser

energy density can also be a key aspect in achieving high

dimensional resolution with fewer defects. Energy densities

are described as linear ðJ/mm), arial ðJ/mm2), and volu-

metric ðJ/mm3). The volumetric energy density will be

more reliable as it considers the interdependencies of more

process parameters.

In this study, the Fe-based ER70S-6 copper-coated wire

is a depositing material to investigate bead morphology and

other mechanical properties. It is challenging to deposit

ER70S-6 material using laser as a heat source due to the
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presence of copper, a laser reflective material. This material

is suitable for automatic welding and can achieve excellent

welding properties, low sputter, high deposition efficiency,

and low cost in the process [15, 16]. ER70S-6 material is

widely studied in the literature using the WAAM process

[17]. This work is the first attempt aimed at the fundamental

understanding of the effect of volumetric laser energy

density on bead morphology for depositing copper coated

ER70S-6 material in a wire-DED process. This work carries

detailed experimental work depicting the process capabili-

ties regarding bead morphology, temperature analysis,

microstructure evolution, and microstructure distribution of

single track deposits.

2. Materials and methods

2.1 Materials

The substrate used was 4 mm thick regular mild steel as it

has good weldability with ER70S-6 wire. The wire of

ER70S-6 alloy with 1.2 mm diameter was purchased from

Maruti Welding Wires, India, and it was used as received.

Table 1 shows the chemical composition of the wire and

substrate.

2.2 Experiment

The trials were conducted using an in-house developed

LW-DED experimental setup shown in figure 1(a-b). The

setup includes a 1000 W fibre laser source operating at a

wavelength of 1080 nm. The wire feeder was also in-house

developed and can feed wire diameters ranging from 0.5 to

1.2 mm. The unidirectional deposition strategy was used to

deposit the tracks with 10 mm hatch spacing adjacently. An

infrared (IR) camera (A315, FLIR, SWEDEN) recorded the

track melt pool temperature during the trials. The camera

was placed at approximately 0.5 m and 45� angles from the

substrate. The processing parameters are presented in

table 2.

2.3 Characterization

The deposited samples were cut, mounted, and polished to

study the heat-affected zone (HAZ) depth and microstruc-

ture of the deposits after etching with a 5% Nital-Nitric and

Ethanol solution. Olympus GX53 light optical microscope

was used for HAZ and microstructural analysis. The HAZ

depth was measured using images captured by an optical

microscope. The area of change in microstructures was

considered to determine the HAZ depth. The microstructure

analysis was done on the specimen extracted from the

single tracks for each energy density. Micro-hardness test

was performed using Vickers indenter (WILSON

402MVD) with a load of 100 g, spacing of 400 lm, and 10

s dwell time per indentation. A total of 30 indentations per

sample were taken and reported. The beads were cut from

the substrate, and porosity was determined using the

Archimedes approach [18]. Each sample was measured

three times, and the result was recorded when the scale

reached equilibrium. The density of deposited tracks

(qsample) was measured using the density meter with an

accuracy of 0.001 g/cm3 and following Eq. (1). The mass in

the air (Mair) and mass in the fluid (Mfluid) were measured

for each sample. Here, qfluid is the density of the fluid and

qair is the density of the air. The porosity is calculated using

Eq. (2).

qsample ¼
Mair

Mair �Mfluid
� qfluid � qair
� �

þ qair ð1Þ

%Porosity ¼ 100 �
qsample � 100

qtheoretical

� �
ð2Þ

3. Results and discussion

3.1 Single track characterization

The morphology of the layers and dimensional measure-

ments of single tracks are influenced by metallurgical

properties in additive manufacturing. The dimensional

characteristics of the laser-wire deposition were evaluated

to see the effect of deposition parameters [19].

Laser energy density

¼ Laser power ðWÞ
Laser spot area ðmm2Þ � print speed ðmm/sÞ J/mm3

ð3Þ

The deposition tracks can be seen in figure 2(a), the

range of energy density is from 20 to 32 J/mm3, calculated

using Eq. (3). All the investigated cases, except 20 J/mm3

energy density, continuous single tracks were observed

with varying widths. A change in width and discontinuity

was observed as energy density increased from 20 and 24

J/mm3. However, as energy density increased to 32 J/mm3,

there was an increase in the track width (2.69 mm). This

change occurred because of lower energy density supplied

at shorter laser-material interaction times. This led to less

heat penetrating the base plate. Heat-affected zone depth

Table 1. Chemical composition (wt.%) of the wire and substrate

used for this study.

Elements C Mn Si S P Cu Fe

ER70S-6 0.15 1.85 1.15 0.035 0.025 0.50 Bal.

Mild Steel 0.16 0.70 0.40 0.04 0.04 – Bal.
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can also confirm the heat penetration, as it increases with

energy density.

The single tracks were characterized to determine the

changes in melt characteristics with energy density. The

results are presented in figure 2(b) and plotted as a function

of laser energy density in figure 3(a-b). The wettability of

the material on the base plate was characterized by the melt

pool depth. Further, the bead height and HAZ depth were

Figure 1. (a) Schematic of in-house developed LW-DED experimental setup and (b) Robotic LW-DED experimental setup used in this

study.

Table 2. Processing parameter of LW-DED process.

Parameters Value

Laser power 500, 600, 700, 800 W

Laser energy density 20, 24, 28, 32 J/mm3

Track length 100 mm

Wire feed rate 13 mm/s

Deposition speed 2 mm/s

Beam diameter 4 mm
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Figure 2. (a) Single track images of ER70S-6 at the different energy density and (b) Cross section of single track of ER70S-6 after

etching at varying energy density.
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measured to determine the ideal parameters for this mate-

rial. The melt pool depth values are 0.07 mm, 0.1 mm, 0.13

mm, and 0.19 mm for energy density values 20, 24, 28, and

32 J/mm3, respectively.

It shows that higher energy density values will result in

deeper penetration into the substrate. The track width

increased from 1.92 to 2.69 mm as energy density

increased. Increased intensity of the laser causes higher

width, resulting in a large volume of melting, wider beads,

and deeper melt pool [20]. The bead analysis depicted that

higher energy would influence the bead structure with a

high aspect ratio. The single tracks dimensions were mea-

sured using ImageJ software (10 readings per sample) for

the images obtained using an optical microscope and

plotted against the energy density presented in figure 3(a).

At higher energy density, the width of the bead was spotted

higher, whereas it was observed less at lower energy den-

sity. The trend for bead height shows less variation with

change in energy density.

The aspect ratio of the beads was measured using the

width-to-height ratio. A higher aspect ratio will be ideal for

overlap during AM to ensure the track with minimum

porosity. At higher energy density, melt pool shape dras-

tically changes and can cause ‘keyhole’ shaped pores

between layers, causing defects [21, 22]. Due to lower

energy density, less energy penetration into depositing

material was observed, and the substrate caused balling

effect due to liquid metal surface tension [23].

The two major types of porosity in the additive manu-

facturing of metals are interlayer and intralayer porosity.

The interlayer porosity occurs due to insufficient energy to

melt deposit material. Intralayer pores are due to gas

entrapment, a ‘keyhole’ defect. The minimum porosity was

observed at 24 J/mm3 and increases as laser energy density

increases. Laser energy density is correlated with dilution.

High dilution indicates the occurrence of intralayer

porosities. A lower value of laser energy density led to less

dilution (the negative slope), denoting the possibility of a

fusion defect. The higher values of laser energy density led

to dilution (the positive slope), denoting a higher possibility

of forming keyhole porosity [24].

3.2 Temperature analysis

The IR thermal imaging camera was used to provide the

temperature reading of the upper surface of the depositing

weld bead during the process. Yadav et al [25] determined

the emissivity of mild steel, the temperature is measured

using a thermocouple and recorded by a data acquisition

system. The thermal imaging camera maps this temperature

measurement with a thermocouple and estimates the

emissivity, which typically ranges from 0.7 to 0.72. For this

study, an emissivity of 0.71 was used. The location for

laser-wire interaction can be seen at figure 4(a) and Sp1,

Sp2, and Sp3 are taken at the center of the track and are

presented in figure 4(b). The continuous temperature dis-

tribution along the track length when the laser was at three

different spot positions, Sp1, Sp2, and Sp3 recorded and

presented in figure 4(c). It was observed that the variation

of maximum temperature measured at different energy

densities is close to the melting temperature of the material.

The high temperature at the melt pool is reaching at peak

without delay. It can be due to the laser absorbed in the

deposition interface and the high thermal conductivity of

wire and substrate material.

The flames were observed at the start of the deposition

tracks, i.e., Sp1. Some temperature peaks showed distur-

bances at the first spot due to flame formation and

Figure 3. (a) Dimensions of single track width and bead height as a function of laser energy density and (b) Aspect ratio as a function of

laser energy density.
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Figure 4. (a) IR measurement of melt pool temperature of ER70S-6 at Sp1, (b) Schematic showing locations of Sp1, Sp2, and Sp3 on

the track and (c) The melt pool temperature with time for different spot positions showing increase in temperature at the start of the track

and then approximately same on other positions
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irregularities in both materials during the laser-material

interaction. The laser spot position affects the temperature

in the interaction zone. The laser diameter covered the wire

more than two times its diameter to form a uniform bead. It

was observed for 32 J/mm3 energy density that the tem-

perature peaks are more uniform throughout the track;

hence, the more uniform bead was observed after deposi-

tion. The laser-wire interaction was for a short time (ls) in

Figure 5. (a) Micrographs of deposited bead showing the elongated grains and it reduces with increase in laser energy density and

(b) Micrographs of interface at substrate and HAZ.
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all experiments. The temperature should be enough for the

deposition of the material using the laser to achieve

improved depositional resolution.

3.3 Microstructure analysis

The surface images of deposited tracks were taken using a

high-definition camera after cleaning with ethanol, as

shown in figure 2(a). The single track shape becomes more

uniform as energy density increases in trials. Fig-

ure 5(a) presents the micrograph images of the deposited

bead. It shows that beads are free from significant level

defects, cracks, and other visual defects. It depicts elon-

gated grains grown in the direction of the substrate plane, in

the direction of conduction. The elongated grains were

observed at the top of the beads. The variation in the

microhardness from bead to substrate confirms the change

in grain size. The micrographs also show the microstruc-

tural changes in all experimental conditions as the laser

provides different heat for melting.

The penetration depth keeps increasing, and elongated

grains are reducing with the increase in energy density. The

temperature difference was confirmed by the temperature

study discussed above. The interface between the substrate

and HAZ of etched samples is presented in figure 5(b). The

grain size was measured using ImageJ software. The

average area grain size in the HAZ region is 3.65, 3.69,

3.86, and 4.03 lm for 20, 24, 28, and 32 J/mm3 energy

density, respectively. It was observed that the effect of the

energy density on single track characteristics is summarized

as follows. It can be depicted that increasing the energy

density at constant laser speed and wire feed rate can also

show single track deposition ability. Low energy density

shows the material’s balling effect on the substrate’s sur-

face with a minimum penetration of the melt pool into the

substrate.

3.4 Microhardness

Microhardness measurement results shown in figure 6

reveal a non-uniform microhardness distribution along the

Figure 6. Results of microhardness mapping along the bead and substrate, showing the decrease in microhardness from the top of the

bead to substrate for the energy densities (a) 20, (b) 24, (c) 28 and (d) 32 J/mm3 .

  104 Page 8 of 10 Sådhanå          (2024) 49:104 



height of the deposited bead. The microhardness signifi-

cantly changes up to 1500 lm distance from the bead top to

the substrate. This may be because of martensite formation

due to variations in temperature gradient at different laser

energy densities. By comparing the microhardness of the

subsequent tracks, energy density was attributed to elon-

gated grain generation. Using laser energy density and

other process conditions in this study resulted in inhomo-

geneous elongated grain structures throughout the beads

leading to a gradient in microhardness values. As discussed

above, the grains were gradually refined with increased heat

input, bringing more grain boundaries [26]. Consequently,

the microhardness increased with energy density. The

substrate region’s lower area remained almost unchanged

because of the absence of multiple thermal cycles during

the LW-DED process.

4. Conclusions

This study focuses on depositing ER70S-6 wire on regular

mild steel substrate using an in-house developed LW-DED

experimental setup. It reveals the effect of different laser

energy densities on bead characteristics such as aspect

ratio, microstructure, porosity, and microhardness. The

increase in energy density up to 32 J/mm3 shows a high

aspect ratio in bead geometry to build bulk parts with

complex geometries further. This study observed lower

penetration depth at lower laser energy density. The

porosity results of single track deposition may help to

estimate laser energy density for thin-walled samples. The

temperature of the melt pool affects the process capability

and forming bead morphology with a high aspect ratio. The

laser spot diameter ensures proper wire melting and better

interaction with the substrate. Higher hardness values were

observed up to the deposited bead area.

Further, this study can be extended by introducing new

deposition strategies and methods such as lowering wire

diameters, modifying toolpath, and using pulsed lasers to

build thin-walled parts. The LW-DED experimental setup

used in this study can introduce different strategies and

methods for extended studies.

Abbreviations
qsample Density of deposited track (g/cm3)

qfluid Density of fluid (g/cm3)

qair Density of air (g/cm3)

Mair Mass of sample in air (g)

Mfluid Mass of sample in fluid (g)

Sp1 Spot 1

AM Additive manufacturing

HAZ Heat affected zone

LW-DED Laser-wire feed directed energy deposition
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