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Abstract: Additive manufacturing of metals using gas metal arc welding has an associated problem
of variations of height in the onset and extinguishing parts of the weld bead. In this research,
robot-assisted welding has been performed to investigate the problem, using AWS ER70S-6 low alloy
steel welding electrode wire. After adjustment of welding parameters for a single-layer, single-pass,
an optimal profile of welding energy was used to construct a thin wall which exhibited good forming
characteristics with an effective area of approximately 97%. The resulting structure was ductile in
nature with better tensile strength and microhardness as compared to the rolled steel available in
industry with similar carbon content. The microstructure analysis revealed equiaxed grains in most
parts of the structure having a fine grain size.

Keywords: additive manufacturing; gas metal arc welding (GMAW); microstructure; forming
appearance; effective area; welding parameters

1. Introduction

Layer-by-layer addition of materials is a more efficient way of manufacturing in terms of time
and cost compared with conventional subtractive manufacturing [1,2]. Additive manufacturing is
being used for manufacturing expensive and difficult to process parts, and can also be used to repair
damaged parts [3,4]. Laser energy, electron beam, and wire arc differ in terms of their deposition
rates and dimensional accuracies, with laser and electron beam techniques eliciting finer deposition
responses [5,6]. Gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW) have the
advantage of lower cost and lesser time consumption as the deposition rate is increased [7]. GMAW
is considered to have a better bonding strength, and it can be used to build components with large
dimensions [8]. The process of deposition is not very simple, thus making it harder to attain the
required accuracy and shape. A few techniques from the previous studies include research using
robotic GMAW to create parts with simple shapes, while controlling the surface roughness by interlayer
temperature [9]. In other studies, density and geometry have been controlled by droplet transfer,
while the formation appearance has been controlled based on the heat input of GMAW additive
manufacturing [10]. In one of these cases, the path had been reversed in each layer [11]. Various
research studies have been conducted to control the deposition accuracy by controlling the wire feed
system in the arc zone [12] by heat flow and capillary action of the molten pool [13].

During GMAW-based multilayer deposition, the layer geometry exhibits accumulated errors
because of variable conditions between the previously deposited layers and the distance between the
nozzle and the top surface. Adaptive control has been developed by monitoring the distance between
the nozzle and the top surface [14]. However, the arc onset and extinguishing parts are the most
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difficult to be controlled as they differ from those at the steady stage. The onset of the bead exhibits an
increased height and width, while the end is lower than that elicited at the steady stage. This makes it
nonuniform, and this nonuniformity gets exaggerated as the number of layers increases. After a few
layers, the difference in height between the onset and the terminating point becomes so significant
that it leads to the termination of the process [10]. Control strategies have been adopted to adjust the
current, voltage, wire feed rate, and deposition velocity to control the forming characteristics of the
arc-striking and arc-extinguishing points [15] but they presented a particular case with no provision to
change the parameters.

Moreover, depending on the application, the components may contain multiple layers deposited
with multiple passes or multiple layers deposited with a single pass in each layer. The former state is
known as multilayer, multi-pass (MLMP), and the latter is known as a multilayer, single-pass (MLSP)
state. The heat emission and heat input requirement for both types are different. Accordingly, MLSP is
associated with smaller heat input to avoid molten pool overflow [10,16]. It has been observed that the
current plays a vital role in the stability of pool flow, especially from the second to the fourth layers.
Higher currents induce pool overflow, hence collapsing the forming appearance [17]. The parameters
are stable in a single layer, become unstable for multiple layers in single passes. Thus, there is a need
to present a strategy which gives the freedom to choose the parameters in different ranges, yet giving
the same final result which in our case is height, to maximize the effective area and volume.

After the optimization of the parameters, very little work has been done in previous studies to
check the resulting characteristics of the structure created by MLSP, gas metal arc welding additive
manufacturing. Unique microstructures can be formed in this process due to variations in temperature
gradients and pre- and post-heat effects [18,19].

In this research, a control strategy for MLSP is given based on a constant profile of welding linear
energy so that different sets of parameters can be chosen to attain similar height throughout the weld
bead. It combines the ideas of controlling parameters at the arc-striking and arc- extinguishing areas
along with the control of current in subsequent layers, while maintaining a constant profile of welding
linear energy of the three areas, i.e., arc-striking area, arc-extinguishing area, and steady stage. The aim
is to stack as many layers as needed without termination of the process, while attaining a maximum
effective area so that that the near-net shape can be obtained, ultimately resulting in final component
having properties comparable to the existing materials. Moreover, a thorough discussion regarding
mechanical and material properties of the resulting structure has been given.

2. Method and Experiment

A GMAW power source, KempArc SYN 500 (Kemppi Welding Technology, Beijing, China) was
used for the welding process. The shielding gas used was pure Argon with a constant gas flow rate of
18 L/m. The distance between the GMAW nozzle and the top surface was maintained at 12 mm. The
base metal was low-carbon steel with dimensions of 15 mm × 450 mm × 95 mm. It was placed vertically
with the welding being performed on the 15 mm side. The base was kept static while the welding torch
was mounted on a KUKA KR16 (KUKA Robotics, Beijing, China) robot with six degrees-of-freedom.
The nozzle was tilted at pull or drag angles of 10◦. The experimental setup and schematic of GMAW is
shown in Figure 1.
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Figure 1. (a) Experimental setup (b) Schematic of GMAW, whereby the position of the torch, 
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Figure 1. (a) Experimental setup (b) Schematic of GMAW, whereby the position of the torch, arc-striking,
and arc-extinguishing areas are represented.

The electrode wire used was a 1.2 mm AWS ER70S–6 copper-coated low-alloy steel electrode with
various chemical compositions, as listed in Table 1.

Table 1. Chemical composition for electrode wire ER70S–6 (weight percentage) [20].

Elements C Mn Si S P Ni Cr Mo V Cu Fe

Standard 0.06 to
0.15

1.4 to
1.85

0.8 to
1.15

0.035
(max)

0.025
(max)

0.15
(max)

0.15
(max)

0.15
(max)

0.03
(max)

0.5
(max) Bal.

Typical 0.1 1.56 0.88 0.012 0.011 0.01 0.02 <0.01 <0.01 0.24 Bal.
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Various samples were extracted from the thin wall structure based on important areas concerning
variation in welding parameters as well as cooling conditions. The same samples were used
for metallography and microhardness which were extracted from arc-striking, steady stage, and
arc-extinguishing areas both before and after the equilibrium conditions were achieved. Each sample
was extracted in a way that more than one layer could be analyzed along with the transition between
the layers. All the specimens were extracted using an electric discharge wire cut machine.

Samples for metallography were mechanically polished and etched using 4% Nital. Optical
microscopy was carried out using an OLYMPUS GX-71 (Olympus corporation, Tokyo, Japan) and
a LEICA DMI300M (Leica Microsystems GmbH, Wetzlar, Germany). Scanning electron microscopy
was conducted using a TESCAN VEGA (Oxford Instruments Technology, Beijing, China) and a ZEISS
SUPRA (Oxford Instruments plc, Abingdon, UK) using a secondary electron detector [21]. The same
samples were then used for microhardness testing using a LECO AMH43 (LECO corporation, Michigan,
USA) and KAIRDA THV-1MD (Teshi Precision Instruments corporation, Shanghai, China) with a test
load of 200 g and dwell time of 10 s following the guidelines of ASTM E384 [22]. Tensile testing was
carried out on an INSTRON 3382 (Instron, Norwood, Massachusetts, USA) device using a sub-size
sample according to the standard ASTM E8 [23] as shown in Figure 2.
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Figure 2. (a) Various locations for samples extracted from thin wall structure. (b) Dimensions of the 
sub-size sample for tensile testing. 
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Single-layer, single-pass is the basic unit of multi-layer single-pass manufacturing; thus, its 
geometry needs to be studied before proceeding to the final shape. If the parameters are not 
controlled, the arc-striking portion of the deposited layer has a higher height than the steady stage 

Figure 2. (a) Various locations for samples extracted from thin wall structure. (b) Dimensions of the
sub-size sample for tensile testing.

3. Results and Discussion

3.1. Single-Layer, Single-Pass

Single-layer, single-pass is the basic unit of multi-layer single-pass manufacturing; thus, its
geometry needs to be studied before proceeding to the final shape. If the parameters are not controlled,
the arc-striking portion of the deposited layer has a higher height than the steady stage part, while the
arc-extinguishing area has a negative slope towards the end of the layer as depicted in Figure 3.
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Figure 3. Arc-striking, steady stage, and arc-extinguishing regions.

While the voltage of the KempArc SYN 500 GMAW power source can be controlled, the values of
current and wire feed speed (WFS) are interchangeably controlled, i.e., either the current or WFS can
be selected to be controlled at any given time [24]. The welding machine maintains a particular ratio
between the current and WFS at different values of current, as depicted in Figure 4.
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Figure 4. Relationship between the current and wire feed speed (WFS) maintained by the
welding machine.

As mentioned earlier, in the arc-striking area, the height is greater than at the steady stage because
of the excellent heat dissipation in this area, which results in fast solidification of the molten pool. With
the movement of the welding torch away from the arc-striking point, liquid metal flows toward the
previously solidified metal, thus resulting in increased height in this area [15].

To control this height difference, various techniques were used to attain a uniform height.
Parameters were changed individually and in combinations to check the effect on the resulting weld
bead, and then they were altered gradually shifting from the arc-striking zone to the steady stage
region. The extreme cases with the distorted bead include an increase of current with decreased travel
speed resulting in the zigzag formation of the bead while increased travel speed with decreased current
produced spatter, as shown in Figure 5a,b
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After finding the appropriate combinations of parameters in the weld bead, parameters were
changed corresponding to the movement of the arc from the onset point to the steady stage. Changing
current means changing the wire feed speed, so there was a clear difference in the volume of wire
melted in the arc-striking region and steady stage region with no significant change in the bulging
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profile. Voltage variation resulted in a minute difference in height, but the bulging of the onset part
remained the same. The most effective parameter for achieving uniform height and width was travel
speed. The current and voltage were kept constant and the travel speed was reduced gradually to
attain the same height in the arc-striking region as in the steady stage region, as shown in Figure 5c.
One instance of such a set of parameters is shown in Figure 6. In this way, the heat input is minimized
at the starting point, which gradually increases as the steady stage is reached.
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For the arc-extinguishing area, the molten pool, which is already in an inclined shape, solidifies
quickly owing to the abrupt decrease of the heat input. Heat input could be increased by decreasing
the travel speed. However, the decrease in travel speed only resulted in pool flow owing to higher
current with lower travel speed. Thus, current and voltage were also gradually decreased to attain a
uniform height in the arc-extinguishing region. One of the instances with all three parameters reduced
gradually to solve this problem is shown in Figure 7. Although the values of the current and voltage
were reduced, the reduction in travel speed increased the heat input.Metals 2019, 9, x FOR PEER REVIEW 7 of 24 
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3.2. Multilayer, Single-pass

The next step was the MLSP step, which used the same set of variables in its respective parts,
including arc striking, steady stage, and arc extinguishing. However, the MLSP is different and
complicated owing to the use of repeated heating for layer deposition. The previous layer preheats
the next layer, while each new layer post-heats the previous layer [17]. The subsequent layers were
deposited using the same profile of current, voltage, and travel speed, as explained earlier with
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the arc-striking currents of 190 A and 170 A, but this resulted in pool flow particularly at the arc-
extinguishing region, as shown in Figure 8. Thus, the process had to be terminated.
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Figure 8. Pool flows with the same profile of deposition parameters in each layer with arc-striking
currents of (a) 190 A and (b) 170 A.

To cater to this problem, the current needed to be reduced in subsequent layers, while the
same profile of deposition parameters was maintained in the arc-striking region, steady stage, and
arc-extinguishing region. Therefore, welding linear energy (EW) was calculated for each region as:

EW = (I × U)/ST (1)

where I (A) is the welding arc current, U (V) is the voltage, and ST (mm/s) is the travel speed. The
values of all three variables were extrapolated on both sides to obtain a set of variables for each layer so
that each subsequent layer could be deposited with a lesser current value than the previous one. The
current was kept below 200 A to maintain a short-circuit metal transfer. Higher current with globular
or spray transfer results in a higher speed and a stronger impact, thus inducing pool instability. As the
value of the current is reduced in each layer, an appropriate value of the corresponding voltage should
be selected from the range given in the welding machine instruction manual. Thus, the travel speed
at each position can be calculated using the welding energy profile given in Figure 9. The reduced
travel speed compensates for the reduction of height that might have been caused due to a reduction
in current. The different sets used in the first six layers are listed in Table 2 while the deposition for
next layers is discussed later.Metals 2019, 9, x FOR PEER REVIEW 8 of 24 
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Table 2. Deposition parameters in first six layers.

Parameters Current (I) Voltage (U) Welding Energy (EW) Travel Speed (ST)

Units (A) (V) (J/mm) (mm/s)

Layer 1

Arc-striking 170 24 515 8.0
170 24 575 7.1

Steady stage 170 24 660 6.2

Arc-extinguishing 150 22 865 3.8
130 20 1080 2.4

Layer 2

Arc-striking 160 23 515 7.2
160 23 575 6.5

Steady stage 160 23 660 5.6

Arc-extinguishing 140 21 865 3.4
120 19 1080 2.1

Layer 3

Arc-striking 150 22 515 6.5
150 22 575 5.8

Steady stage 150 22 660 5.0

Arc-extinguishing 130 20 865 3.0
100 18 1080 1.7

Layer 4

Arc-striking 140 21 515 5.8
140 21 575 5.2

Steady stage 140 21 660 4.5

Arc-extinguishing 120 19 865 2.6
90 17 1080 1.4

Layer 5

Arc-striking 130 20 515 5.1
130 20 575 4.5

Steady stage 130 20 660 3.9

Arc-extinguishing 110 18 865 2.3
80 16 1080 1.2

Layer 6

Arc-striking 120 19 515 4.5
120 19 575 4.0

Steady stage 120 19 660 3.5

Arc-extinguishing 100 17 865 2.0
70 15 1080 1.0

A stable pool with a consistent increase in height was observed in each layer. The heights attained
in the first few layers were different owing to various factors, as explained below. After equilibrium
was achieved, the subsequent layers were deposited using the last set of variables, as defined in layer
six in Table 2. The first layer had an average height of 3.2 mm because of rapid cooling owing to the
cooler base metal and better heat dissipation. The subsequent layers had lower heights because of the
preheated first layer, but the current was reduced in each subsequent layer. The change in height per
layer attained an equilibrium state after the first few layers.

After the first 14 layers, a CAD file was used to define the path for each layer and a resting position
with a two-minute delay before depositing the next layer to prevent the process from collapsing [25],
as shown in Figure 10. It is important to notice that if the distance of the nozzle to the top surface of
the bead in any region exceeds a certain limit during this movement, the arc cannot be generated,
hence resulting in the termination of the process. The results show that throughout the experiment, the
distance of the nozzle to the top surface was within the required limits for maintaining the arc.
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Figure 10. Movement of the robot during welding.

3.3. Forming Appearance and Effective Area

The process is analyzed for its height and surface smoothness at different levels. After eight
layers, there was no substantial difference in heights in different regions. The arc-striking area has
approximately the same height as the steady stage area with a minimal increase in height as the
arc-extinguishing area is reached.

In the arc-extinguishing area, as the speed is reduced in conjunction with a reduction in current
and voltage, a slight drop in height is observed, as shown in Figure 11. The variation in height in the
steady stage region was approximately 0.5 mm with an average height of 20 mm. The average width
was 8.1 mm, ranging from 7.8 to 8.4 mm. The height at the arc-striking region was approximately
2 mm less than the average height of the steady stage in a horizontal span of 7–8 mm from the onset
point. The arc-extinguishing region exhibited a reduction of approximately 3 mm in height in the last
9– 10 mm of the horizontal span.
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After the first batch of automated welding deposition processes were completed using CAD file
generated from the computer-aided manufacturing software, 17 additional layers were deposited
amounting to a total of 31 layers. The results at this stage were very encouraging regarding the suitability
of the process for additive manufacturing. The stacking of layers was very consistent and smooth with
uniform height throughout the bead with a slight decrease at the end of the arc-extinguishing area, as
shown in Figure 12. The variation in the height of the steady stage region was approximately 0.3 mm
with an average height of 78.5 mm. The average height for each layer was 2.5 mm while the average
width was 8.2 mm, ranging from 8.0 to 8.4 mm. The height at the arc-striking region was approximately
2 mm smaller than the average height of the steady stage in a horizontal span of 8–10 mm from the
start point. The arc-extinguishing region exhibited a reduction of approximately 5 mm in height in the
last 10–12 mm of the horizontal span.
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A total of 48 layers were deposited to attain an average height of 122 mm. The average height for
each layer was 2.5 mm while the average width was 8.2 mm ranging from 8.0 to 8.4 mm. The variation
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of the height in the steady stage region was approximately 1 mm. The height at the arc-striking region
was approximately 3 mm smaller than the average height of the steady stage within the horizontal
span of 8 to 10 mm from the start point. The arc-extinguishing region exhibited a 5 mm reduction in
height approximately in the last 9–10 mm of the horizontal span. The reduction in the height at the
arc-striking and arc-extinguishing areas shown in Figure 13, resulted in a reduction of the effective
area. The effective area is the largest rectangle in the final shape attained, as shown in Figure 14.Metals 2019, 9, x FOR PEER REVIEW 12 of 24 
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Figure 14. Effective area schematic.

The effective area and effective width are used to calculate the effective volume to attain the
deposition efficiency, which is the ratio of the effective volume to the total volume [26]. Table 3 gives
the calculated values for the final deposited shape with controlled deposition parameters.

Table 3. Deposition efficiency with effective area and effective volume.

Total area (mm2) 36,558.2
Effective area (mm2) 35,402.5
Total volume (mm3) 299,777.2

Effective volume (mm3) 276,139.5
Deposition efficiency (%) 92.1

The effective area is 96.8% of the total area while the deposition efficiency is 92.1%. These are
better results compared to those in the literature [15,26], even without the use of the bypass-current
technique. The total volume of the structure was calculated by measuring the area under the curve in
Figure 13b and multiplying it with the average width. Effective volume was calculated by the product
of effective area and the minimum width. It is noticeable that the value of the minimum width of the
structure after reaching equilibrium is more than the minimum width used to calculate the effective
volume, which shows higher deposition efficiency once equilibrium is attained.

An empirical model was developed to assess the effect of each variable to attain a particular
height. A linear regression approach has been used to obtain the solution [27]. Equation (2) is the
multiple linear regression, which is formulated as:

a0 + a1I + a2U + a3ST = H (2)

where the input variables are the current (I), voltage (U), and travel speed (ST), whereas the height (H)
is the output variable. MATLAB was used to find the solution based on the use of the values listed in
Table 2 for the input variables, while the average value of H was kept constant at 2.5 mm. The solution
is expressed as:

−0.03I + 0.12U−2.2ST = H (3)

The solution indicates that both current and travel speed is inversely related to the attained height,
but the contribution of the current is too small as compared to the travel speed. Although the voltage
is directly related to the height, the effect of the voltage is still smaller compared to that of travel speed.
The other variables should be chosen in accordance with the earlier descriptions by maintaining small
current values to achieve a short-circuit mode of metal transfer. A better model would have considered
width as the output variable too. This model is given just to check the effect of the parameters. To attain
a uniform height, different sets of parameters can be calculated by referencing the welding energy
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profile. The profile was checked to reproduce the results with a variation in parameters resulting in
uniform height throughout the weld bead.

3.4. Material and Mechanical Properties

3.4.1. Metallography

Sample no. 1 is taken from the arc-striking region of the first few deposited layers. The travel
speed in this part of the bead is fastest to overcome the creation of bulging bead due to faster
cooling. Moreover, in the first few beads, the base metal is the main source for heat dissipation
until equilibrium is achieved, resulting in quicker cooling of this part of the bead. This results in
the dendritic microstructure at the onset of the bead, which depletes gradually as the travel velocity
decreases towards the steady stage region, as shown in Figure 15. When the next layer is deposited,
it recrystallizes part of the dendritic structure to create equiaxed grains. As the number of layers
increases, the width of the dendritic part decreases owing to the heat cycles of the layers deposited
above it.
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Figure 15. The microstructure of Sample number 1. (a) Depleting dendritic structure in the direction of
deposition (b) enlarged view of equiaxed grains; (c) enlarged view of dendritic structure; and (d) a
SEM image of dendritic structure.

As the number of layers increases, the process reaches an equilibrium with heat dissipating mostly
through the thin wall created. For the arc-striking region of these layers, no dendritic structure was
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found. The grains for samples 2 and 3 were equiaxed with some variation in grain size, as shown in
Figure 16a,b. This variation is again due to recrystallization of grains owing to the post-heat effects of
subsequent layers. The average grain size number varies from 9.5 to 11, measured according to ASTM
E112 [28].
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Figure 16. The microstructure of Sample number 2 and 3. (a) Uniform microstructure with
equiaxed grains for sample number 2; and (b) the variation in grain size for sample number 3
due to recrystallization.

As the welding proceeds towards the steady stage region, the base metal is already preheated due
to the heat conduction from the arc-striking region and the process of heat dissipation is not sudden as
the welding is not yet terminated. A similar phenomenon happens for the layers as we go up in the
direction perpendicular to the deposition direction. However, the heat dissipation is different until
equilibrium is achieved. Sample number 4 shows a layer boundary with almost no difference in grain
structure or grain size. Welding defects were rarely found in the resulting structure, including a few
burn holes, as shown in Figure 17.
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Figure 17. Microstructure of Sample number 4. (a) A layer boundary is observed with a burn hole 
nearby; (b) enlarged view of equiaxed grains; and (c) a SEM image of equiaxed grains. 
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above the first few layers. Sample number 5–7 have been taken from the part of thin wall structure 
with the same welding parameters and uniform heat dissipation conditions. The microstructure is 
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Figure 17. Microstructure of Sample number 4. (a) A layer boundary is observed with a burn hole
nearby; (b) enlarged view of equiaxed grains; and (c) a SEM image of equiaxed grains.

In the direction perpendicular to the deposition direction, equilibrium is achieved as we go up
above the first few layers. Sample number 5–7 have been taken from the part of thin wall structure
with the same welding parameters and uniform heat dissipation conditions. The microstructure is
uniform with almost equal grain size throughout the observed area having equiaxed grains, as shown
in Figure 18. The average grain size number was around 10 to 10.5.
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Figure 18. Microstructure of Samples in equilibrium region. (a) Uniform inter-layer microstructure 
for sample number 5; (b) enlarged view of equiaxed grains for sample number 6; and (c) a SEM 
image of equiaxed grains for sample number 7. 

Sample 8 is taken from the arc-extinguishing area of the first few layers. As the arc approaches 
the arc-extinguishing point, the welding linear energy is higher because of lower travel velocity. 
However, as soon as the process is terminated, the metal cools down with a rapid cooling for the first 
few layers as the heat is dissipated through the base metal. The dendritic structure width increases 
towards the end of the weld bead while it depletes for next layers in the direction perpendicular to 
the deposition direction. Some inclusions were precipitated, as shown in the EDS of dendritic 
microstructure having trace elements which correspond to the composition as mentioned in Table 1. 
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Figure 18. Microstructure of Samples in equilibrium region. (a) Uniform inter-layer microstructure for
sample number 5; (b) enlarged view of equiaxed grains for sample number 6; and (c) a SEM image of
equiaxed grains for sample number 7.

Sample 8 is taken from the arc-extinguishing area of the first few layers. As the arc approaches the
arc-extinguishing point, the welding linear energy is higher because of lower travel velocity. However,
as soon as the process is terminated, the metal cools down with a rapid cooling for the first few layers
as the heat is dissipated through the base metal. The dendritic structure width increases towards the
end of the weld bead while it depletes for next layers in the direction perpendicular to the deposition
direction. Some inclusions were precipitated, as shown in the EDS of dendritic microstructure having
trace elements which correspond to the composition as mentioned in Table 1. Different regions of the
microstructure are given in Figure 19.
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few layers as the heat is dissipated through the base metal. The dendritic structure width increases 
towards the end of the weld bead while it depletes for next layers in the direction perpendicular to 
the deposition direction. Some inclusions were precipitated, as shown in the EDS of dendritic 
microstructure having trace elements which correspond to the composition as mentioned in Table 1. 
Different regions of the microstructure are given in Figure 19. 
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Figure 19. The microstructure of Sample number 8. (a) Dendritic structure increasing towards the 
termination of weld bead; (b) enlarged view of equiaxed grains; (c) enlarged view of dendritic 
structure; (d) SEM image of dendritic structure; and (e) the EDS spectrum from the dendritic 
structure. 

As the subsequent layers are deposited, the value of current drops until the equilibrium is 
achieved. Sample 9 and 10 are taken from the part of the thin wall after equilibrium was achieved. 
The heat is being dissipated through the thin wall itself. Moreover, preheat and post-heat effects of 
previous and subsequent layers make the grains equiaxed, as shown in Figure 20, but they were less 
uniform as compared to the equilibrium area in the mid-section of the thin wall. The reason might be 

Figure 19. The microstructure of Sample number 8. (a) Dendritic structure increasing towards the
termination of weld bead; (b) enlarged view of equiaxed grains; (c) enlarged view of dendritic structure;
(d) SEM image of dendritic structure; and (e) the EDS spectrum from the dendritic structure.

As the subsequent layers are deposited, the value of current drops until the equilibrium is achieved.
Sample 9 and 10 are taken from the part of the thin wall after equilibrium was achieved. The heat is
being dissipated through the thin wall itself. Moreover, preheat and post-heat effects of previous and
subsequent layers make the grains equiaxed, as shown in Figure 20, but they were less uniform as
compared to the equilibrium area in the mid-section of the thin wall. The reason might be the higher
amount of heat input due to slower travel speed and different heat dissipation conditions as it is the
end of the bead with no sink or heat source on the right. Precipitation of inclusions was observed,
including copper.
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Figure 20. The microstructure of Samples 9 and 10. (a) Microstructure for sample 9 showing some
inclusion precipitation on grain boundaries; (b) SEM image for sample number 10 microstructure;
(c) SEM image of equiaxed grains for sample number 9; and (d) the EDS spectrum from the image in (c).

3.4.2. Microhardness

Figure 21 shows the microhardness of samples at multiple points, while Table 4 gives the average
microhardness for each sample. Sample 1 and 8 have dendritic structure and have higher values
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of average microhardness owing to the presence of copper in dendrites as reported in the previous
section [29]. After equilibrium was attained, the average value of microhardness was approximately
170 HV. This value is higher than the available steel with similar carbon content [30,31]. It has been
elucidated in the microstructure section that the heat cycles during the welding result in the grain
refinement. Grain refinement has a direct effect on the microhardness of the resulting structure, mainly
because of the grain boundaries acting as dislocation barriers [32–34]. A few higher values in the
sample from arc-extinguishing area also correspond with the observation of inclusion precipitations in
the microstructure study.
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Figure 21. Microhardness for sample 1 to 10. 
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Tensile results from different regions of the thin wall structure are given in Table 5. The average 
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be due to the inclusion precipitation observed on the grain boundaries near the end of the weld 
bead. On the other hand, the same precipitated inclusions could be the reason for strain hardening 
creating hindrance in the location of dislocation movement, resulting in higher ultimate strength. 
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strength except for T8, where a welding defect (blowhole) was found. The values are quite higher 
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Table 4. The average microhardness of samples given in HV.

Sample Number 1 2 3 4 5 6 7 8 9 10

Microhardness (HV) 222 162 164 180 170 168 169 238 189 177

3.4.3. Tensile Strength

Tensile results from different regions of the thin wall structure are given in Table 5. The average
yield strength for all areas except the arc-extinguishing area was approximately 330 MPa. This might
be due to the inclusion precipitation observed on the grain boundaries near the end of the weld bead.
On the other hand, the same precipitated inclusions could be the reason for strain hardening creating
hindrance in the location of dislocation movement, resulting in higher ultimate strength. Samples
from the steady stage region after equilibrium have the highest values of yield and ultimate strength
except for T8, where a welding defect (blowhole) was found. The values are quite higher than the
rolled available for industrial use with similar carbon content [30,31].
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Table 5. Tensile properties.

Sample Number Yield Strength
(MPa)

Ultimate Strength
(MPa)

Percentage Area
Reduction (%)

Percentage
Elongation (%)

T1 316 432 40 14
T2 169 549 63 30
T3 324 442 44 16
T4 376 577 59 28
T5 341 579 62 29
T6 328 583 73 34
T7 321 523 74 33
T8 329 484 43 16

In the start of each weld bead, the cooling rate is fast, not only because of the start of the arc but
also due to the travel speed being quicker than the other regions. This results in lesser ductility in the
arc-striking sample T1 than the arc-extinguishing sample T2, the latter being given more heat input
due to very slow travel speed at the end of each weld bead [35]. T3 and T4 are taken from the initial
layers where most of the heat dissipation is through the base. As T3 is near the arc-striking region and
T4 is near the arc-extinguishing region, same phenomenon can be observed with higher cooling rate
for T3 than T4 resulting in higher ductility for T4. The samples T5, T6, and T7 give the best results with
higher tensile strength as well as ductility.

Figure 22 shows that type of fracture is shear lip with a fibrous region and an irregular surface.
Fractography with higher magnification reveals ductile fracture with the dimpled surface [36]. Despite
having a fine microstructure, the structure shows ductile behavior due to thermal cycles [37].
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Figure 22. Fractography by SEM for tensile specimen. (a) Shear lip fraction and fibrous region of 
sample T6; (b) shear lip fraction and fibrous region of sample T2; (c) dimples showing ductile 
fracture for sample T2; and (d) Dimples showing ductile fracture for sample T7. 
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required without termination of the process. This showed that the process was 
suitable for additive manufacturing. 

• A stable pool was attained with current intensities smaller than 170 A with 
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Figure 22. Fractography by SEM for tensile specimen. (a) Shear lip fraction and fibrous region of
sample T6; (b) shear lip fraction and fibrous region of sample T2; (c) dimples showing ductile fracture
for sample T2; and (d) Dimples showing ductile fracture for sample T7.

4. Conclusions

The main focus of the research study was the maximization of the effective area of the final
form attained by controlling the deposition parameters of GMAW, especially in the arc-striking and
arc-extinguishing areas, and then observing the material and mechanical properties of the resulting
material. The following conclusions were observed:

• An optimum profile of welding linear energy was presented to calculate the values of the deposition
parameters so that (a) a uniform height could be obtained in the arc-striking and arc-extinguishing
areas, and (b) many layers could be stacked as required without termination of the process. This
showed that the process was suitable for additive manufacturing.

• A stable pool was attained with current intensities smaller than 170 A with short-circuit modes
of molten metal transfer. Different combinations of parameters can be chosen according to the
welding linear energy profile. Welding linear energy had a lower value in the arc-striking region
than that at the steady stage, while in the arc-extinguishing region its value increased even though
the current was reduced.

• The change in the height per layer was controlled based on the adjustment of the current in the
first few layers until equilibrium was attained, leading to the production of a uniform height and
a smooth bead. The change in current in subsequent layers was compensated by a change in
travel speed.

• The travel speed was one of the most important and influential factors of the resulting height in
extreme positions of the weld bead followed by voltage and current.

• The dendritic microstructure was observed in the initial layers in arc-striking and arc-extinguishing
areas which depletes to be equiaxed in most of the steady stage area. After the equilibrium
conditions were achieved, most of the microstructure in all three regions was equiaxed with some
inclusion precipitations observed in arc-extinguishing parts.

• Microhardness and tensile results show better properties than the rolled steel available in industry
with similar carbon content. The fracture for tensile specimens was of a ductile fracture type with
an obvious dimpled structure.
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