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ARTICLE INFO ABSTRACT

Gas metal arc welding (GMAW) based wire-arc additive manufacturing (WAAM) is a prom-
ising manufacturing method widely used in various industries. In this study, for the first time,
a new type of combined electrode wire with multi-element composition has been designed
and developed for arc additive manufacturing of a composite alloy Fe rich-Al-Cu-Ni alloy.
GMAW-based WAAM technique technology composed of 4 filaments and 4 elements has
the advantages of high deposition efficiency, self-rotation of welding arc, and energy-saving
capability. Thin composite alloy walls were fabricated under pure CO, gas using GMAW-
based WAAM technique technology. To investigate the effect of the parameters introduced
by the gas metal arc welding process based on wire arc additive manufacturing, the produced
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sign using the Taguchi method was used to determine the parameters affecting the studied
properties, including yield strength (Y'S) and elongation (E). The developed combined elec-
trode alloy exhibits high compression strength (~294 GPa) coupled with high elongation
(~0.22%) values (possess both strength and ductility). It has been identified that by varying
the heat input via torch travel speed, the microstructure and mechanical properties of the
combined electrode can be controlled. Therefore, optimizing GMAW process parameters to
produce effective products is of great importance. The experimental results show that voltage
and wire speed are the dominant variables that affect the values of YS and E at the test sur-
face. In addition, the contribution of each factor to YS and E was determined. Which can be
effectively Corrected with this method.

and the performance of this alloy are improved by add-
ing other elements in minor amounts. Widespread utili-

1. Introduction

Traditionally, an alloy is mainly composed of one
dominant element and one or two additional elements
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zation of additive manufacturing (AM) technologies in
high-performance applications require advanced alloys
that combine versatile manufacture-ability with excellent
mechanical properties [1, 2]. In additive manufacturing
(AM)), the ability to make items in a straightforward man-
ner by placing materials in one layer on top of another is
becoming increasingly popular. In contrast to customary
cycles, AM innovation saves approximately half of its
creation costs [3, 4]. Therefore, it is considered a sav-
vy, suitable, creative, and solid assembly innovation. The
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most significant advantage of AM is that it can reduce
material waste and production time [5]. In recent years,
advances in AM technology have enabled the direct pro-
duction of finished products. Owing to its many benefits,
its use is increasing in many fields, including the automo-
tive, acrospace, and electronics industries [6, 7]. AM can
be grouped into three categories. direct energy deposition
(DED), sheet coating, and powder bed incorporation.
Wire arc additive manufacturing (WAAM), which uses
wire as an energy source, is a direct energy deposition cy-
cle used in AM innovation [8, 9]. WAAM can be obtained
from various additional power sources, such as plasma
arc welding, gas tungsten arc welding, and gas metal arc
welding (GMAW). GMAW-based WAAM technology is
used for achieving high deposition rates, favorable me-
chanical properties, and low equipment costs without the
need for conventional GMAW processes [10]. Among
the techniques available for AM, WAAM offers addi-
tional advantages. A low initial cost makes it ideal for
large-scale production. WAAM is a practical innovation
because it allows easy access to components such as wire
feeders and soldering irons [11]. Unlike metal powders,
the metal wires required for WAAM are readily available
and easy to handle. High deposition rates of approximate-
ly 8 kg/h were achieved using the GMAW-based WAAM
process. High metal deposition limits the surface quality
and dimensional accuracy; however, high-volume parts
can produce warping and deformation because of the fast
deposition rate, high temperature, and excessive energy
input. These challenges are often related to additive man-
ufacturing processes. Orbital planning should be studied
to obtain favorable process parameters, such as welding
speed, wire feed rate, and arc voltage [12].

Zhong et al. [13] examined metal 3D printing and
eliminated wire-based arc technology. Their detailed
research showed that GMAW-based WAAM is simple
and easy to implement because it uses a continuous coil
with iron. Other techniques such as plasma arc weld-
ing and tungsten inert gas welding require an external
wire feeder to obtain the filler metal. Shost et al. [14]
conducted a comparative study on the WAAM process.
They concluded that the correct selection of design vari-
ables and parameter optimization of the WAAM process
minimized the residual stress and strain. Tabernero et al.
[15] compared performance measurements of different
AM-based methods. They showed that their GMAW-
based WAAM technology is widely applied to low-cost,
large-scale parts production. Many materials can be used
to manufacture parts, such as titanium alloys, low-alloy
steel, brass, nickel alloys, and aluminum. WAAM con-
sists of three main requirements: movement and arcing
systems, wire feeders, and substrates for precision [16,
17]. Bushachi et al. [18] developed a process roadmap
for integration into a method, used for defense platforms
used by scientists in argon scavengers, stationary gas de-
livery systems, and heat treatment systems for research.
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To overcome the problem of shaking, scientists have tried
to synchronize the modules so that they can precisely
control the components and dimensions of the device. In
addition, design guidelines and evaluation methods have
been presented to determine the fabrication and manu-
facturing aspects of structural airship parts [19]. The de-
sired result was obtained using a thicker substrate plate
via double-sided WAAM deposition. The corners should
be rounded to reduce the visible pressure on the corners
and ensure smooth installation. Even after such practice,
it was later realized that the WAAM technique was insuf-
ficient for complex 3D networks. Similarly, Yuan et al.
[20] investigated a method focused on positional bead-
ing, a multidimensional drawing and deposition process
optimization strategy, and applications in architecture. To
obtain the correct path geometry and welding parame-
ters, a parabolic model was developed, which is helpful
in determining that the wire speed and value are lower at
lower powers and travel speeds. This leads to improved
quality and productivity. Therefore, selecting the pro-
cess parameters with their required levels is necessary
to deposit multiple layers in WAAM. Efforts have been
made to optimize these process parameters for different
steel grades [21, 22]. Vora et al. [23] utilized the WAAM
technique based on GMAW to manufacture a multi-facet
structure using metal wire on 2.25 Cr-1.0 Mo steel. An
advancement method was used to produce appropriate
parametric settings of the WAAM variables to develop a
slender multi-facet design, and the results showed that the
multi-facet design, with a similar dot statement for every
bed, was acquired through the enhancement. Kohler et al.
[24] consistently analyzed stacked aluminum wires using
WAAM and noted changes in bead geometry and design
exhibited by interlayer temperature. With increasing wire
feed and welding speeds, the layer height decreased and
the wall width increased. In addition, there is a high tem-
perature between the sides and the size and height of the
aluminum walls.

The studied materials showed that the combination
of electrode anomalies and excellent mechanical prop-
erties requires fine processing control. It is essential to
optimize the WAAM configuration parameters of the
yield strength (YS) and elongation (E) using a hybrid
electrode droplet. Therefore, the gaps in the above stud-
ies were filled by analyzing the combination of electrode
structures obtained with the optimized parameterization.
In this study, GMAW-based WAAM was used to fabri-
cate and characterize the mechanical properties of a com-
posite electrode structure with Fe-rich CuAINi wires. In
the present study, the best variables of its GMAW-based
WAAM process were used to fabricate the composite
electrode structures in the present study, the best vari-
ables of its GMAW-based WAAM process were used to
fabricate the composite electrode structures. The current
study focuses on the structural stability and mechanical
properties of Fe-rich CuAINi. This work focuses on the
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microstructure, tensile testing, XRD analysis, and scan-
ning electron microscopy (SEM) analysis of Fe-rich
CuAlINi. These results are essential for future research
and industrial applications. The authors believe that the
present study can address industrial problems related to
the design and analysis of mechanical properties.

2. Materials and Experimental Method

The configuration of the WAAM framework utilized
in this research is displayed in (Fig. 1a.) The WAAM de-
vice consists of a GMAW device with a wired device.
Iron, copper, nickel, and aluminum combination elec-
trode welding (CEW) with diameters of 0.8, 0.7, 0.3, and
0.1 mm were used in this study (as shown in Fig.1b). The
base metal electrode is iron alloy to create the welding

arc and copper alloy to stabilize the arc during welding
and nickel and aluminum alloys with different diameters
are integrated during welding. All examples were made
on an St37 steel base plate with dimensions 100x100x10
mm?® assigned as the substrate material. The chemical
composition of the materials and the mechanical prop-
erties of the combined electrodes are shown in Tables 1
and 2. In this study, nine experiments of WAAM welding
were conducted. Uncontrolled consumable electrodes on
the workpiece can result in off-center welds and faulty
weld spot connections. The machine is used to move in
the X, Y, and Z axis and automate the GMAW process.
Due to the use of GMAW welding, the feeding wire elec-
trode is consumable in the form of welding electrode ma-
terial with a diameter of 1.9 mm. Carbon dioxide (CO,)
is used as a shielding gas.

Table 1. Chemical compound of four consumable wires.

Element Fe Cu Ni Al Zn Mg Mn Si Zr

[ron Bal -- -- -- -- -- 1.4 0.8 --
Copper - Bal - - 0.10 0.01 040 0.10 0.08
Nickel - - Bal - 025 430 050 040 0.10
Aluminum  -- -- -- Bal 24 0.01 3.7 0.04 0.19

Table 2. Mechanical properties of four consumable wires.

Mechanic Properties Fe Cu Ni Al
Yield strength (N/mm?) 550 550 >500 125
Elongation (%) >23 35 >35 17
Tensile strength (N/mm?) <420  390-500 >300 275
b)
Ni-0.3mm
& Fe-0.8mm

AD. 1mmed Co-0.7mm

Fig. 1. a) GMAW-based system WAAM device b) 3D model of CEW.
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The samples were sanded using 60 to 2500 grit
sandpaper and then polished with 0.05 micron alumina
powder along with washing liquid on a clean felt and
edged for 15 seconds. All samples were sandblasted to
remove surface contamination. In this research, input
parameters, including welding speed (cm/min), voltage
(V), and wire speed (cm/min), were selected as input
parameters. Minitab software was used to model and
optimize using Taguchi. Standard tensile testing was
performed to evaluate the mechanical properties of the
optimized parts. For this test, samples were prepared
according to ASTM-ES8. Their particular shapes and

R6

sizes are shown in Fig. 2.

Design of Experiments (DOE) using Taguchi's meth-
od is a powerful technique that can determine the opti-
mal combination of factors and parameters from limited
data. Using this technique, the measure of the S/N ratio
calculation for each process parameter level depends on
the property. For quality in S/N analysis, the analysis of
variance (ANOVA) technique was performed to check if
the process factor was statistically significant. As there
are three levels to this experience, L9 orthogonal array,
shown in Table 4. was chosen, effectively reducing the
total number of samples required to 9.

[

"]

I

30

100
Fig. 2. Standard tensile testing ASTM-ES.

Table 3. Study parameters and their levels.
parameters
Levels Code Speed welding Voltage Wire speed
(mm/min) V) (cm/min)
Low -1 44 24 5
Medium 0 62 27 6
High +1 86 32 7

Table 4. Experimental results of Taguchi experimental tests.

Input parameters Code
Ex Speed welding  Voltage  Wire speed Speed welding  Voltage Wire speed
(mm/min) V) (cm/min) (mm/min) V) (cm/min)

1 44 24 5 -1 -1 -1

2 44 27 6 -1 0 0

3 44 32 7 -1 +1 +1

4 62 24 6 0 -1 0

5 62 27 7 0 0 +1

6 62 32 5 0 +1 -1

7 86 24 7 +1 -1 +1

8 86 27 5 +1 0 -1

9 86 32 6 +1 +1 0
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The phase structure of the developed composite
electrode was analyzed using X-ray diffraction (XRD)
(X' Pert-MPD PRO-PW3040/60 Philips). XRD control,
with Cu-Ka radiation, voltage of ~32 kV, and range of
40 ° to 95 ° in 0.02 ° increments, was used. Before ex-
amining the microstructure, the samples were sanded
continuously with #60 and #2500 sandpaper and cleaned.
The element composition and morphology of the grown
composite electrodes were investigated using a scanning
electron microscope (SEM) (Philips X130).

3. Results and discussions
3.1. Taguchi analysis

In this research, statistical analysis was performed
using Mini-tab 19. Signal-to-noise (S/N) is considered to
be placed in a graphical format to understand the result

of the input constraints [20]. In this research, the big-
ger-better relationship was used. The reason for this was
to maximize the output effects of mechanical properties.
Eq. (1) shows the bigger-is-better relationship.
1
()

—10 x Log10 SumT Eq. (1)

Fig. 3. and Table 5. shows that the YS decreases lin-
carly as the welding speed decreases and then increases
sharply. The YS is seen to improve with voltage, whereas
the does not vary significantly. The YS expands around
a straightforward design as the wire speed increases
and diminishes just at the subsequent wire speed. Fig.
3b. shows that the elongation decreases linearly as the
welding speed, voltage, and wire speed increase and then
again increases sharply.

Table 5. Response obtained from the examination of mechanical properties.

Fig. 3. Stress-strain diagram resulting from tensile test of welded samples.

Samples
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Responses
Ex Yield strength ~ Elongation
(MPa) (o)
1 213.426 0.25
2 285.387 0.156
3 244.309 0.232
4 205.301 0.104
5 234.431 0.19
6 254.474 0.18
7 294.206 0.22
8 225.226 0.124
9 293.327 0.296
300 - Iield strlength I I I L 0.30
55 Elongation
250 F0.25
'*E—;, 200 020 5
E 150 -0.15 cg”
o i
>
100 - 0.10
50 - 0.05
0 +~0.00
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Main Effects Plot for SN ratios for Yield Strangth

Welding Speed

Voltage

Wire Speed

48.6

48.4

48.2

48.0

47.8

Mean of SN ratios

47.6

47.4+

47.24

44 62 86 24

Signal-to-noise: Larger is better

a)

27 32 5 6 7

Main Effects Plot for SN ratios for Elongation

J

Wire Speed

Welding S

Voltage

Mean of SN ratios

44 62 86 24

Signal-to-noise: Larger is better

b)

27 32

th
=]
=1

Fig. 4. Plots of the main S/N ratio effects of a) yield strength and b) elongation .

ANOVA identifies the effective process input param-
eters that affect their characteristics. ANOVA results for
changes in yield strength and elongation are shown in
Table 6. respectively. In this research, it very well may
be seen that on account of yield strength and elongation,
wire speed and voltage and welding speed mainly played
a role in the P-value smaller than 0.05%. According to
the validation test of the optimization, the optimization
has a level of reliability response. ANOVA results for the
mechanical properties model are R? = 0.85, R? (adj) =
0.76, and R? (predict) = 0.47, respectively. The desirabil-
ity model is equal to 0.854.

Table 5. shows that welding speed and voltage and
wire speed play an essential role in achieving yield
strength and elongation changes. Therefore, it clearly
shows that wire speed, voltage, and welding speed have
the most significant, contribution in achieving maximum
yield strength and elongation changes, respectively. Re-
gression conditions were created to lie between the de-
sign factors of the GMAW-based WAAM and the weld-
ing speed levels and voltage and wire speed responses
from the Taguchi technology technique.

66

Regression of Yield strength = 250.0 - 2.3 Welding
Speed 44 - 18.6 Welding Speed 62 + 20.9 Welding
Speed 86 - 12.4 Voltage 24 - 1.7 Voltage 27 + 14.0
Voltage 32 - 19.0 Wire Speed 5 + 11.3 Wire Speed 6 +
7.6 Wire Speed 7

Regression of Elongation = 0.1933 - 0.0167 Welding
Speed_44 - 0.0367 Welding Speed_62 + 0.0200 Welding
Speed 86 - 0.0033 Voltage 24 - 0.0387 Voltage 27 +
0.0420 Voltage 32 -0.0087 Wire Speed 5+ 0.0113 Wire
Speed 6 + 0.02 Wire Speed 7

Fig. 5. shows the interaction effects on welding
speed, voltage, and wire speed. The interactions mean of
mechanical properties i.e., YS and E, in Fig. 4. shows
that the three primary parameters in the DoE are cho-
sen correctly and they affect each other a lot. The re-
sults shown in each parameter are as follows: welding
speed and voltage have an extreme point, but the op-
posite has been done in the wire speed. By increasing
wire speed, the welding speed of the sample increases
significantly and the voltage of the pieces decreases
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significantly. The wire speed is the effective parameter
on the Y'S and E of the pieces, and the S/N ratio increases
with the increment of the wire speed. The justification
for this can be expressed that by lessening the wire speed,
porosity is created inside the pieces. For this reason,

the YS and E for models with increased wire speed
are higher than for models with decreased wire speed.
According to the results presented in Table 6. the pa-
rameter that had the most negligible impact on YS
and E.

Table 6. ANOVA analysis for yield strength and elongation changes.

Welding Source DF Adj SS Adj MS F-value P-value  Remarks
Regression 3 9555668913 3185222971 9.76 0.016  significant
Speed welding 1 624064605 624064605 1.91 0.225
Voltage 1 5380665097 5380665097  16.48 0.010
Wire speed 1 3550939210 3550939210  10.88 0.022
Error 5 1632018060 326403612
Total 8 11187686972

R-Sq(adj)= 76.66%  R-Sq=85.41%

R-Sq (pred)=47.78

Interaction Plot for Yield Strangth

a)
24 27 2 2 ¢ 1
===y 1990 Welding
Speed
250 4
Welding Speed B el o 62
<= 86
200
5 300
v SN Voltage
A s —e— 24
~
. Ve v [258 | 27
Voltage S = TR 32
- - 200
Wire Speed
b) Interaction Plot for Elongation
24 27 32 5 6 7
E3 0.3 )
/ Welding
& Speed
* N i - 0.2 > 44
Welding Speed R S —= - 62
P \‘z == 86
- - 83
Voltage
e 24
. 02 | —m - 27
Voltage == 32
0.1

Wire Speed

Fig. 5. Interactions of the effect of parameters on; a) yield strength and b) elongation.
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Surface plots are an assessment that can be made parameters are changed, and the other parameter is

of the influence of effective process parameters on kept constant. Three-dimensional surfaces for welding
output parameters, and three-dimensional response speed, wire speed, and voltage are shown in Figs. 6
level diagrams have been used. In the graphs, two and 7.

Surface Plot of Yield Strangth vs Welding Speed, Wire Speed Surface Plot of Yield Strangth vs Welding Speed, Voltage

275

Yield Strangth Vield Strangth
250
225 $0

200 bt
60 Welding Speed 250

! 50
6 50 75 00

315
Wire Speed 7 Voltage

m

Surface Plot of Yield Strangth vs Voltage, Wire Speed

Yield Strangth

30.0

275 Voltage
p 250

Wire Speed 7

Fig. 6. 3D diagram of parameters affecting yield strength response.

Surface Plot of Elongation vs Welding Speed, Wire Speed Surface Plot of Elongation vs Welding Speed, Voltage

0.3

0.3
Elongation Elongation
30 80
0.1 70 0.1 aum ]
. 60  Welding Speed 250 o Welding Speed
50 . 27.5
6 00 4,
Wire Speed 7 Voltage

Surface Plot of Elongation vs Voltage, Wire Speed

Elongation

30.0

. 275 Volage
6

Wire Speed

7

Fig. 7. 3D diagram of parameters affecting Elongation response.
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3.2. X-Ray Diffraction Results

Fig. 8. shows the X-Ray Diffraction pattern of the
Fe-rich CuAINi sample prepared by the GMAW-based
WAAM method. In the combination of electrodes fabri-
cated by this method, the BCC phase and the FCC phase
can be distinguished. An integrated electrode prevents
the formation of intermetallic results in single BCC and
FCC phases. GMAW-based WAAM models have higher
BCC (110) and FCC (200) vulnerabilities. As the weld-
ing speed increases, the BCC peak at (110) gradually in-
creases and the BCC peak at (200) decreases. It is clear
that the faster the cooling rate, the better the growth of
the BCC (110) oriented particles and the more inhibited
the development of the BCC (200) oriented particles. The
BCC phase is tripped at (100) and (211) and the FCC
phase is tripped at (111). From Fig. 8. it can be seen that
BCC is the primary phase, and the other phases are the
FCC phase in the integrated electrode model.

(110)
-

® FCC
| BCC

(200)
L]

Intensity (a.u)

(220)
@11 L4
(200) ]
]

(100)
= (111)
°

T T T T T T T T T T T
40 45 50 55 60 65 70 75 80 85 90 95

20 (Degree)
Fig. 8. XRD patterns of the Fe-rich CuAINi sample pro-
duced by the GMAW-based WAAM process.

3.3. SEM Results

SEM images are shown in Fig. 8. The white parti-
cles of the second phase are likely disseminated along
the grain boundary or dispersed in the grain. The sec-
ond phase particle is enriched with the light white of
aluminum and iron phase and is bordered with dark
white color. With more enriched aluminum and iron
content but less nickel and copper, the content of sec-
ond-phase particles with the bright white color of grain
boundary phase gradually increases, one of the essential
factors of welding energy that can cause possible re-
actions between alloys. In addition, the melting during
welding also causes cavities and porosity of different
sizes. By increasing the welding speed, the void has
become smaller, and the size of the grain boundaries
has increased. By welding speed up, the shaped molten
pool has increased, which reduces the cooling rate. This
factor increases the grain boundaries and makes the
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structure coarser. By decreasing the welding voltage, the
amount of heat produced in the welding area is reduced,
and this factor increases the cooling rate and reduces
the grains size created. (The increase in the warmth cre-
ated with the welding speed has an inverse relationship
and a direct relationship with the voltage of the weld-
ing wire). The lower the welding voltage, the lower the
arc length. the amount of penetration, and the stabil-
ity of the welding arc fluctuates as the heat increases
and the formation of cavities and porosity in the area of
the welding grain boundaries increases. The phases are
mainly distributed along the grain boundaries in a pure
form in the Al-Ni matrix. By increasing the iron con-
tent and decreasing the copper content, AI-Ni phases are
produced and dispersed as points on the cross-section-
al surface of the grain boundaries or inside the grains.
From other SEM observations, it was found that the
dendritic areas are entirely smooth, and no significant
features are observed in them. The analysis showed
that the level of alloy elements in the dendritic and in-
ter-dendritic regions differs in all three alloys. The story
of Al-Ni-Cu in the dendritic areas was relatively lower,
while the inter-dendritic areas of the alloy appeared rich
in iron. However, the number of deposits was relative-
ly small, and no significant difference was seen in the
distribution of Fe deposits from the surface to the core
of the sample. SEM observations also showed that the
Fe-rich deposits have circular or oval morphology. The
Fe-Al-Ni-Cu alloy image by SEM shows that the Fe-Al-
Ni-Cu alloy has a relatively uniform grain size distribu-
tion. On other hand, black needle-shaped areas in these
images indicate porosity, and white areas indicate alloy
matrix. It was found that the porosity distribution was
uniform for most of the samples. But as the percent-
age of enriched iron increases, the porosity decreases.
With increasing welding speed, the grains become more
significant, and the needle ferrite and Widmanstétten
ferrite decrease. Austenite is essentially needle-shaped
with different morphologies. When the needles thin
and elongate, they are called Widmanstétten Austen-
ite (WA). When more unusual and more common, it is
called isotropic austenite (AA). Intra-grain austenite
(IA) is also observed, which characterizes the structure
of the welded part, the ratio of which varies according
to the maximum temperature achieved and the cooling
rate. A decrease in particle size is observed due to low
temperature. Therefore, the cell granule morphology is
clearly observed in the austenitic surrounding the ferrite
grains. This morphology is preferred because austenit-
ic is harder than ferrite and prevents any cracks in the
ferritic region from spreading to other grains. This is
because the melting temperature in the solder is higher
and the cooling rate is faster. This structural change is
characteristic of the fusion welding process. By increas-
ing the heat input, the particle size is reduced. There
is no dividing line between the molten region and the
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molten metal. By increasing the welding speed, it can due to the temperature difference. These agents make
be said that the welding input heat is reduced and the the structure more minor and increase the grain bound-
solder puddle is more minor, causing cooling expansion aries, improving its mechanical properties.

porosity

DOLoSity
& g ! )

/ nd"’e

/

/ /
/ 4
/

Dendrite

Fig. 9. SEM images of Fe-rich CuAINi sample produced by the GMAW-based WAAM process.
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4. Conclusions

An investigation was conducted to optimize welding
parameters for the GMAW-based WAAM process on Fe-
rich CuAINi. The three parameters wire speed, welding
speed, and voltage affect the yield strength and elonga-
tion. A summary of the results:

e According to the S/N ratio, the best compound to
maximize performance, YS, and E in any Fe-rich
CuAINi sample is from the voltage and welding
speed.

e To improve the GMAW-based WAAM parameters,
the Taguchi method provides an efficient experimen-
tal design.

* The optimal process parameters were YS, welding
speed of 86 mm/min, voltage of 32 V, and wire speed
of 6 cm/min.

* ANOVA was used for statistical analysis. For the
welding voltage and wire speed, the regression mod-
el is important as the interaction term, while the re-
gression model term has a significant influence on
the welding voltage response. The normal probability
plot provided a good statistical analysis for ANOVA
and better future results than those of the proposed
model.

* The optimal process parameters are E, welding speed
of 44 mm/min, voltage of 32 V, and wire speed of 7
cm/min.

* By increasing the welding speed, the particles be-
come finer, and the Widmanstétten ferrite content de-
creases.

e The higher the welding voltage, the greater the length
and penetration of the arc, and the stability of the arc
fluctuates as heat increases. Therefore, the amount of
weld spatter and voiding in the weld area increased.
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