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Preliminary Study of Bead-On-Plate
Welding Bead Geometry for 316L
Stainless Steel Using GMAW

The application of the gas metal arc welding (GMAW) process can produce
metal parts in additive manufacturing (AM) and has the advantages of fast
production speed and material saving. There are some different
requirements for welding beads between the AM process and the usually
welded joints, so preliminary research on the 316L GMAW is conducted to
find the optimal voltage, wire feed speed (WFS), and travel speed (TS).
Taguchi algorithm was used firstly to obtain parameters to achieve the
desired higher reinforcement, lower width, and higher aspect ratio (R/W).
The voltage of 19 V, WES of 500 cm/min, and TS of 15 cm/min were
obtained as the optimal one among the samples. To further investigate the
influence of the parameters and verify the result, a two-factor- three-level
full factorial design was carried out, with the consideration of the
interaction between factors. At last, the studied parameters were used in the
AM process using a GMAW welding robot to verify the reliability.

Keywords: gas metal arc welding (GMAW), travel speed (TS), wire feed

speed (WFS), Taguchi method, design of experiment (DOE)

1. INTRODUCTION

Additive manufacturing (AM), which in principle
manufactures products layer by layer developed rapidly
during the last decades because of its advantages such
as high productivity, low cost, and high material utili—
zation rate [1-6]. Wire + arc additive manufacturing
(WAAM) is one important type of AM method, during
which metal wires, such as titanium, nickel, and stain—
less steel [7, 8], melt, and deposit on a substrate to ma—
nufacture the product [9]. Furthermore, welding proce—
sses that can be applied for WAAM include gas metal
arc welding (GMAW), gas tungsten arc welding
(GTAW), and plasma arc welding (PAW). Among
them, GMAW showed its advantages like higher depo—
sition rate in the fabrication of thin multi-walled struc—
tures with minimum capital cost [10, 11]. Regarding the
materials used in GMAW AM, stainless steel is widely
used in the fields of construction, ocean, chemical
industry, and papermaking because of its good
comprehensive performance and relatively low price
[12]. Therefore, 316L stainless steel will be selected as
the additive material in the following research.

During the GMAW process, welding parameters can
significantly affect the forming morphology and geo—
metric dimensions of the deposited pass [13]. The for—
ming morphology of the deposition has an important
impact not only on the internal defects of additive
components, such as slag inclusions, porosities, cracks,
etc., but also on manufacturing productivity. Therefore,
it is necessary to conduct in-depth research on the
effects of process parameters on the forming morp—
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hology and geometric dimensions of single-pass
deposition [14].

Many factors affect the morphology and geometric
dimensions of single-pass deposition, such as wire fee—
ding speed (WFS), travel speed (TS), shielding gas
composition and flow rate, elongation of the welding
wire, etc. [11, 14, 15]. The influence of GMAW wel-
ding parameters on weld bead geometry and mechanical
properties has been studied by many researchers and
some of them aim to use the results in the following AM
process. LM.W Ekaputra et al. [16] applied different
welding speeds (175 mm/min, 190 mm/min, 205
mm/min) and voltage of 20.1 V in their study for SS
316L. The results revealed that there was no significant
difference in hardness in the weld metal zone (WM)
under different welding speeds, while the welding speed
of 175 mm/min can bring a higher tensile and yield
strength. In the study of Manas Kumar Saha et al. [17],
welding current (120-220 A), voltage (22-30 V), and TS
(6.0-7.0 mm/s) were applied, and austenite stainless
steel (316) weld beads were formed on low alloy
structural steel (E350) by GMAW. The results showed
that the application of higher heat input resulted in
larger bead width, lower reinforcement, and lower
penetration.

In the optimization of the welding parameters,
different methodologies can be applied. For example,
Vora et al. [13] applied Box-Behnken design (BBD) on
2.25 Cr-1.0 Mo steel GMAW process. Wire feed speed,
travel speed, and voltage were chosen as the input para—
meters, and bead width and bead height were chosen as
the output parameters. Based on the BBD results, a
multi-objective teaching-learning-based optimization
(MOTLBO) was applied to achieve max bead height
and min bead width. Rakesh Chaudhari et al. applied the
Respond surface BBD technique in their research, and
bead height (BH) and bead width (BW) were selected as
response variables [18]. Three factors and three levels
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were selected, which were WFS (4 m/min, 5 m/min, and
6 m/min), TS (125 mm/min, 150 mm/min, and 175
mm/min) and voltage (19 V, 20 V, and 21 V). The
following parameters (WFS of 5.50 m/min, TS of 141
mm/min, and voltage of 19 V) were applied in their
AM process [19]. Ping Yao, et al. [20] used Taguchi
and surface response method to find out the influence of
different inclinations of welding torch (welding angle)
on the appearance, width, reinforcement, and penetra—
tion of welding beads under welding parameters as
voltage (19.6 V), current (80 A) and TS (30 c/min),
and obtained that the optimal parameter setting was 70°.
The genetic algorithm was applied by Kumar et al. to
reveal the influence of process variables on the layer
geometry of 304 SS [21]. Box-Behnken design (BBD)
was applied on GMAW-based WAAM, and TS,
voltage, and WFS were defined as the input parameters
and the maximum bead height (BH) of 7.81 mm, and a
minimum bead width (BW) of 4.73 mm was obtained
by using the optimal parameters.

According to the above literature review, welding
voltage, WFS, and TS are usually applied as the
researched welding parameters in the research of
GMAW weld bead geometry and mechanical properties.
Although the ranges of parameters are similar, there are
still differences in experimental results due to the
differences in  welding  equipment, welding
environment, or materials conditions. It is important to
mention that due to the accumulative nature of the
process, even the small differences in parameters and
resulted geometry of individual layers can significantly
influence the final product. Therefore, in this paper, the
Taguchi method was applied first to obtain the suitable
parameters’ ranges, and then the full factorial design
was used to get more optimal results, all with the aim of
obtaining suitable parameters for better additive
manufacturing products.

2. MATERIALS, EQUIPMENT, AND EXPERIMENT
DESIGN

2.1 Experiment materials

The present study bead-on-plate trails will be carried out
on Q235 carbon steel plate (100 x 30 x 5 mm). The 1.2
mm diameter ER316L metal core wire is utilized, which
is provided by Sandvik, and the grade is 19.12.3. LSi.
The composition of Q235 is C 0.2%, Si 0.35%, Mn
1.4%, P 0.045%, S 0.045%, Cr 0.3%, and Ni 0.3% [22].
The composition of 316L stainless (arc wire ER316L) is
C 0.016%. Si 0.51%, Mn 2.14%, P0.013%, S 0.014%,
Cr 18.96%, Cu 0.03%, Ni 12.73%, Mo 2.32% [23], and
the rest is Fe.

2.2 Welding equipment and parameters

The experimental setup involved a FANUC Robot, R-
30iB robot control cabinet, wire feeder, Lincoln welding
power, and shielding gas cylinders (argon), as shown in
Figure 1. The GMAW torch is installed in front of the
robot arm. Fanuc iPendant is utilized as the operator
interface device to display the software menus and
control the welding robot.
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In this study, 100% Argon will be employed for the
product shield gas, and the gas flow will be 15 L/min.
The distance between the torch and workpiece is 15
mm. Welding voltage, WFS, and TS will be considered
as the independent variables. The range of the wire feed
speed is 400-600 cm/min, the travel speed range is 12-
18 cm/min, and the voltage range is 19-21 V. Welding
parameters and their values are shown in Table 1.

Fanuc Robot

Control Cabinet and ipendant

Figure 1. Welding robot system in the experiment

Table 1. The GMAW process parameters

Parameter Unit Value
WFS cm/min 400, 500, 600
TS cm/min 12, 15,18
Voltage \ 19, 20, 21
Gas flow rate L/min 15
Weld bead length mm 60

2.3 Experiment design

To find out the suitable parameter setting, an experi—
ment design will be introduced, and the Taguchi method
[4, 24, 25] will be applied. Three factors and three
levels of parameters using the Taguchi method led to an
L9 orthogonal matrix (as shown in Table 2), which can
reduce the experimental demands significantly compa—
red to the full factor experiment (27 experiments).

Table 2. L9 Taguchi design for 316L GMAW welding

Run | Voltage (volts) | WFS (cm/min) TS (cm/min)
T1 1(19) 1(400) 1(12)
T2 1(19) 2(500) 2(15)

T3 1(19) 3(600) 3(18)
T4 2(20) 1(400) 2(15)
T5 2(20) 2(500) 3(18)
T6 2(20) 3(600) 1(12)
T7 321 1(400) 3(18)
T8 3(21) 2(500) 1(12)
T9 3(21) 3(600) 2(15)
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The macrostructure of the weld bead includes the
appearance and geometry of the weld bead.

The geometry of the weld bead in terms of bead
width, reinforcement, and penetration can be defined in
the design stage and be measured and controlled
throughout the process to achieve the required quality
[26]. For this research, two values of the geometry will
be measured as shown in Figure 2, which are the bead
width (W) and reinforcement (R).

On the other hand, appearance determines whether
the weld bead is even or not and whether there are
surface defects, which will influence the AM products
directly as, in AM processes, defects can accumulate
layer by layer. In this research, one additional value for
welding appearance will also be observed and valued.

l ) Width

Reinforcement

T

Figure 2. The geometry of a weld bead

3. RESULTS AND DISCUSSION

As mentioned above, the selected welding process
parameters were varied at 3 levels. Therefore, 9 trials
were welded, as shown in Figure 3. Related response
values were measured (bead width and reinforcement)
and calculated (aspect ratio of R/W) and discussed in
the following sections.

3.1 Appearance observations

From the weld bead appearance observation, a good or
bad quality weld bead can be decided in the first step.
Generally, the surface should be smooth and free of any
bumps, craters, or irregularities for a high-quality weld
bead. This can also indicate whether the selection of the
welding parameters is suitable. For example, in [27]
bead flow, incomplete fusion of weld toe and hump, and
scallop were defined as the factors to influence the
welding appearance quality. All these factors could be
obtained through observation.

One appearance value, value A (2 to 5), is intro—
duced to evaluate the appearance, which is determined
by the amount of welding spatter and welding bead uni—
formity. For welding spatter in this study, there are three
levels, which are no spatter (spatter value of 3 in Table
3), a small amount of spatter (spatter value of 2), and
significant spatter (spatter value of 1). For welding bead
uniformity, there are two levels, which are even bead
and the bead with some wave and their value are 1 and 2
separately. Then, the sum of the spatter and uniformity
values can be summed as the appearance value A.

The appearance of 316L welding beads using dif-
ferent voltage, WFS, and TS are shown in Fig. 3. Wel-
ding bead figures reveal that the application of different
welding parameters can result in significant differences
in the appearance of the welding start and end parts of
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the bead. There are more metal accu—mulations in
welding start parts for T1, T3, T4, and T5, which may
result in more severe metal accumulation in the multi-
layer AM process, so their welding bead uniformity
value will be lower. Although the welding start part for
T8 has not presented much metal accumu—lation, the
welding end is not smooth, so the uniformity value for
this sample is still low. As mentioned above, the spat—
ters will also be considered in this section because they
will influence the welding quality, especially in the
multi-layer AM process. The welding parameters can
influence the spatter noticeably; as shown in Figure 3,
there is no visible spatter in T2, TS, and T7, while T1,
T3, and T6 have more spatters than other weld beads.
All spatter and welding bead uni—formity values are lis—
ted in Table 3, and these values will be applied as a
reference when determining the optimal welding para—
meters.

IT1
T2

T3

Figure 3. Welding bead appearance for 316L

Table 3. Spatter and welding bead uniformity values

Trials | Spatter Welfiing l?ead Overall Appearance
uniformity value A
T1 2 1 3
T2 3 2 5
T3 1 1 2
T4 2 1 3
T5 2 1 3
T6 1 1 2
T7 1 2 3
T8 2 2 4
T9 1 2 3

3.2 Welding bead geometry

As mentioned above, reinforcement and width will be
measured as responses and analyzed using the Taguchi
method. Due to the metal accumulation at the welding
start and metal lack at the welding bead end, the
measurements will be carried out in the middle of the
weld beads and average data for three sections of the
weld beads are collected and shown in Table 4. The
results revealed that the highest reinforcement is found
for T6, which is 6.3 mm, and it is 43% higher than the
lowest reinforcement from T7, which is 4.41 mm. The
largest width is from T6, too, which is 8.84 mm, and it
is about 55% higher than the lowest width from T7,
which is 5.70 mm.

Both the highest reinforcement and width are from
welding bead T6 and the lowest reinforcement and
width are from welding bead T7, which means that the
influence of different parameters on geometric dimen—
sions follows certain trends. To find out the effects of
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welding parameters on geometry, ANOVA and Taguchi
method analysis will be applied using the data in Table
4. As per [28], the value of the aspect ratio was calcu—
lated using the ratio of weld reinforcement to width
(R/W), which is introduced as one value to determine if
the parameters are fit for the application in additive
manufacturing.

3.3 ANOVA for model responses

To validate the acceptability of the regression model of the
Taguchi method application, Design Expert, version
22.0.8., [29] was utilized for the evaluation of the signifi—
cance or non-significance of the models for selected respo—
nses from ANOVA. A confidence level of 5% was set to
determine the significance, which means that P-values less
than 0.0500 indicate model terms are significant. In this
section, the Predicted vs. Actual plots will be displayed to
visualize the performance of a regression model.

Table 4. Widths and reinforcement for 316l with different voltage, WFS, and TS

. Voltage WES TS Reinforcement Width
Trials | Runs (V)g (co/min) (co/min) (mm) (mm) RW
1 1 19 400 12 58 7.16 081
T2 2 19 500 15 5.77 7.05 0.82
T3 3 19 600 18 5.5 6.92 0.79
T4 4 20 400 5 436 6.21 0.78
TS 5 20 500 18 461 6.48 0.71
T6 6 20 600 2 6.3 8.84 0.71
7 7 21 400 18 441 5.7 0.7
T8 g 21 500 12 57 8.1 0.70
T9 9 21 600 5 5.88 821 0.72

(1) ANOVA for weld bead reinforcement

The statistical analysis of the regression model for the
reinforcement is shown in Table 5. The P-value is
0.0267 which is less than 0.05, so the model terms are
significant. It also shows that the F-value is 36.74,
which also implies the model is significant, and there is
only a 2.67% chance that an F-value this large could
occur due to noise. The performance of this regression
model can be visualized in the Predicted vs. Actual plot
as shown in Figure 4, in which the actual sample points
are close to the predicted model line. The fit statistics
also indicated that this model can be used to navigate
the design space.

Table 5. ANOVA for the selected factorial model for
reinforcement

Sum of Mean  F- p-
Source f
Squares Square value value
Model 333 6 0.5547 36.74 0.0267 Sig.
A-voltage 0.3443 2 0.1721 11.40 0.0806
B-WFS 1.12 2 0.5614 37.18 0.0262
C-TS 1.86 2 09306 61.63 0.0160
Residual 0.0302 2 0.0151

Cor Total 3.36 8
Fit Statistics: R* = 99.10%; Adj. R? = 96.40%; Pred. R®
81.79%

Predicted vs. Actual

Predicted

a5_|

Actual

Figure 4. Predicted vs. actual plot for reinforcement
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(2) ANOVA for weld bead width

The statistical analysis of the regression model for bead
width is shown in Table 6. The P-value is 0.0230 which
is less than 0.05, so the model terms are significant. It
also shows that the F-value is 42.83, which implies the
model is significant, and there is only a 2.30% chance
that an F-value this large could occur due to noise. The
performance of this regression model can be visualized
in the Predicted vs. Actual plot as shown in Figure 5, in
which the actual sample points are close to the predicted
model line. The fit statistics also indicated that this
model can be used.

Table 6. ANOVA for the selected factorial model for width

Sum of Mean  F- p-
Source
Squares Square value value
Model 8.30 6 138 42.83 0.0230 Sig.
A-voltage 0.1294 2 0.0647 2.00 0.0333
B-WFS 4.00 2 200 6197 0.0159
C-TS 4.17 2 209 6454 0.0153
Residual 0.0646 2 0.0323

Cor Total 8.37 8
Fit Statistics: R? = 99.23%; Adj. R? = 96.91%; Pred. R* =
84.36%

Predicted vs. Actual

Predicted

T T T T T
5 6 7 8 9

Actual

Figure 5. Predicted vs. actual plot for bead width
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(3) ANOVA for aspect ratio R'W

The statistical analysis of the regression model for R/'W
is shown in Table 7. The P-value is 0.0489 which is less
than 0.05, so the model terms are significant. It also
shows that the F-value is 19.77, which implies the
model is significant, and there is only a 4.89% chance
that an F-value this large could occur due to noise. The
performance of this regression model can be visualized
in the Predicted vs. Actual plot as shown in Figure 6, in
which the actual sample points are close to the predicted
model line, and as for reinforcement and width, the
statistics also indicated that this model can be used.

Table 7. ANOVA for the selected factorial model for R/IW

surface [31]. The effect of voltage on reinforcement
shows that with the voltage increasing, the reinfor—
cement decreases slightly.

1 (a)

Resnforement (mm)
1

Sum of Mean F- p-
Source d
Squares Square  value value
Model 0.0171 6 0.0029 19.77 0.0489 Sig.
A-voltage 0.0124 2 0.0062 43.00 0.0227
B-WFS 0.0030 2 0.0015 10.23 0.0890
C-TS 0.0018 2 0.0009 6.08 0.1413
Residual ~ 0.0003 2  0.0001
Cor Total 0.0174 8

T

A woltage [V]

Fit Statistics: R? = 92.47%; Adj. R? = 93.37%; Pred. R?
66.42%

Predicted vs. Actual

Predicted

T T T T T T T T

068 34 on om 076 o7 08 022

Actual

Figure 6. Predicted vs. actual plot for respect ratio R'W
3.4 Taguchi Method Application

Taguchi method applications are based on the data in
Table 3, where reinforcement, width, and aspect ratio
R/W are treated as the response values. The main effect
plots for reinforcement, width and appearance using
different welding parameters (Voltage, WFS, and TS)
are shown in Figure 7 to Figure 9 separately. From these
plots, the influence of each independent parameter on
the response can be obtained.

(1) Reinforcement

As shown in Figure 7 the reinforcements of the weld
beads increase when WFS increasing, because with a
higher WFS more materials can enter form the wire
feeder to the nozzle to melt and deposited on the bead
[30]. More material deposition will lead to metal
accumulation and a larger height. The negative
influence of TS is significant as shown in Figure 7 too,
which means that with the increase of TS the
reinforcement decreases because the a higher speed of
the torch will limit the deposition time on the weld
bead then lead to less metal accumulation on the bead
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Reinforcment (mm)

T T T

B: WFS (cm/min

Reinforcment (mm
I
¥

C: TS (em/min}

Figure 7. Main effects plot for reinforcement, (a) Voltage,
(b) WFS, and (c) TS

The relationship between parameters and responses
can be judged more clearly in rank order, which reveals
the most important/effective input on output.

Table 8. Response table for mean effects of reinforcement

Level Voltage WFS TS
1 5.723 5.057 5.947
2 5317 5.347 5.537
3 5.317 5.953 4.873
Delta 0.407 0.897 1.073
Rank 3 2 1

As shown in Table 8, TS is the rank 1 of the three
parameters, which means that the reinforcement can be
influenced by TS significantly, then followed by WFS
and Voltage. Looking just at the reinforcement
requirement, lower TS, higher WFS, and lower Voltage
should be considered.
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(2) Bead width

From the purpose of the AM process, lower bead width
has positive effects on the manufacturing process, so
lower bead width will be treated as the objective in this
section. As shown in Figure 8 the widths of the weld
beads increase when WFS increases, as a similar reason
for reinforcement, because a higher WFS can allow
more material to enter from the wire feeder to the nozzle
to be melted and deposited on the bead. More material
deposition will lead to metal accumulation and enlarge
the bead widths. A declining trend of widths is signi—
ficant when TS is increasing, as shown in Figure 8§,
which means that with the increase of TS, the bead
width decreases because a higher speed of the torch will
limit the deposition time than less metal accumulation
on the bead surface. The effect of the voltage shows a
substantial trend for bead widths, the lower voltage will
result with the lower bead width.

(a)

‘Width (mm)
L
[ i
-
-

e valtage (V)

(b)

Width {mm
L
.

T T T
00 %o a0

B: WFS [em/min)

Widd
1
..

T T T
s " h

TS (em/min)

Figure 8. Main effects plot for bead width, (a) Voltage, (b)
WFS, and (c) TS

As shown in Table 9, the response table for means of
width reveals that the rank order is the same as for the
reinforcement, the first one is TS followed by the WFT
and Voltage. To get a lower width, higher TS, lower
WEFS, and lower voltage should be considered in turn.
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Table 9. Response table for mean effects of bead width

Level Voltage WEFS TS
1 7.043 6.323 8.230
2 7.143 7.407 7.123
3 7.533 7.990 6.367
Delta 0.490 1.667 1.863
Rank 3 2 1

(3) Aspect ratio (R/W)

The R/W value is calculated from the values of
reinforcement and bead width, it can indicate the
relationship between the two responses. As shown in
Figure 9 with the increase of voltage and WFS the value
of R/W decreases slightly, which means that when
voltage and WFS increase the material expansion
horizontal (bead width) is larger than the deposition in
vertical direction(reinforcement). Figure 9c shows that
there is a maximum value of R/W, which means that
using the TS of 15 cm/min the related value of
reinforcement increasing is higher than the related value
of bead width increasing.

(a)

RW

A: voltage (V)

(b)

RW
2
"

B: WFS lcm/man

W
i
i
——

C: TS (emimin)
Figure 9. Main effects plot for R/W, (a) Voltage, (b) WFS,
and (c) TS

From the rank order in Table 10 and the main effects
plot in Figure 9, the voltage has the highest rank order,
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which means that this parameter can influence the R/W
more significantly than WFS and TS. Lower voltage can
obtain higher R/W, so 19 V leads to the highest R/W in
this range.

Table 10. Response Table for Mean effects of R'W

Level Voltage WFS TS
1 0.8133 0.8000 0.7267
2 0.7467 0.7267 0.7833
3 0.7167 0.7500 0.7667
Delta 0.0967 0.0733 0.0567
Rank 1 2 3

The Taguchi method application results, from Figure
7a, Figure 8a, and Figure 9a, show that to get higher
reinforcement, lower width and higher R/W, the lower
voltage should be selected, which is 19 V. There are
conflicts in the selection of WSF and TS for the above
aims. For example, for lower WFS welding, both the
higher bead width and higher reinforcement will be
obtained. So the R/W value is considered as the criteria
for optimization. = As shown in Table 4, when the
voltage is 19 V, the R/W of T1, T2 and T3 are 0.81,

0.82 and 0.79, which are the top three among the all
value. The values are close to each other, so bead
appearance value (in Table 3) is applied as the reference
value, which indicates that T2 has a much higher value
than the other two, so parameters for T2 can be
considered as the optimal parameters, which are voltage
of 19 V, WFS of 500 cm/min and TS of 15 cm/min.

4. FULL FACTORIAL DESIGN OF EXPERIMENT
AND APPLICATION

4.1 Full factorial optimization

As shown above, the best parameters are voltage of 19
V, WES of 500 cm/min, and TS of 15 cm/min. In order
to get more optimal WFS and TS parameters and
investigate the interaction between parameters, a
smaller gap between the two parameters is introduced.
Two factors (WFS and TS), on three levels of full
factorial design are shown in Table 11 WFS ranges
from 450 cm/min to 550 cm/min and TS from 13.5
cm/min to 16.5 cm/min are applied.

Table 11. Reinforcement and width for the full factorial design of the experiment

Trails WFS TS . Reinforcement Width R/W
(cm/min) (cm/min) (mm) (mm)
F1 450 13.5 5.35 7.44 0.72
F2 450 15 5.3 6.75 0.79
F3 450 16.5 5.25 6.7 0.78
F4 500 13.5 5.6 8.19 0.68
F5 500 15 5.70 7.11 0.80
F6 500 16.5 5.5 7.18 0.77
F7 550 13.5 5.76 8.7 0.66
F8 550 15 5.67 8.15 0.70
F9 550 16.5 5.47 7.46 0.73

In this section, appearance value A will not be
considered, because as shown in Figure 10, there is no
visible spatter under the parameters in this range, and
the uniformity of the welding beads is kept in an
acceptable range.

Figure 10. The weld bead for full factorial design

As mentioned above the reinforcement and the width
value are both average value for three-time measu—
rements. The data in Table 11 has the same trends obta—
ined using Taguchi method. It also revealed that under
the same WEFS higher TS will lead to lower rein—
forcement and width, while when using the same TS,
higher WFS will lead to higher reinforcement and
width.
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For further study, the interaction of WFS and TS,
namely WFS*TS is considered, and the interaction has
been shown in Figure 11. It revealed that in WFS of 500
cm/min, the green line (TS of 15 cm/min) has the
highest value for reinforcements, the highest R/W and
lower width.

Interaction
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Figure 11. Interaction of WFS and TS for reinforcement (a),
bead width (b) and R/W (c)

4.2 Application in multilayer AM process

Optimal welding parameters (Voltage of 19 V, WFS of
500 cm/min, and TS of 15 cm/min) from the above
study were applied as the GMAW AM parameters. 120s
was selected as the dwell time for interlayer cooling,
which helps the part to cool down for the next
deposition. As shown in Figure 12 the multi-layer single
pass 316L wall has a good appearance, especially the
first 12 layers. From the 13th layer (as shown in Figure
12), there is visible melt flow from the upper layers to
the lower layers, which can influence the surface
waviness significantly. It is assumed that the
unevenness is caused by the higher temperature from
the previous layers when deposition of the next layer
starts. So, the dwelling time strategy will be considered
for the next trial.

It was also observed that the surface of the part
structure is smooth, the distance between each layer is
equal, the connections between layers are tight, and
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there are no gaps. There was minimal spattering occur—
ring during the welding, indicating that the parameters
were stable during the entire welding process. This time,
20 layers were welded, the total height was 65 mm, and
the average height of each layer was 3.25 mm. This
height can ensure high welding efficiency. Therefore,
the welding parameters optimized in this article can be
applied to the subsequent 316L stainless steel additive
manufacturing process to ensure a better-forming
appearance and higher deposition efficiency.

.

Figure 12. Appearance of 20 layers single pass wall for
316L

5. CONCLUSION

The preliminary experiment of welding parameters for
better appearance, higher reinforcement, and lower
width are carried for the future GMAW AM process
because single-layer weld beads can influence the mul—
tilayer structures directly. Taguchi method and full
factorial design were employed, and the main conclu—
sions are shown below.

(1) Spatter and uniformity were employed to evaluate
the appearance of the weld beads. No visible trends
for the effects of different parameters on the appea—
rance were observed, which means that appearance
is not influenced by individual parameters, but by
the interaction and combination of various para—
meters.

(2) ANOVA showed the statistical significance for both
reinforcement, width, and respect ratio R/W of the
mean square model.

(3) Voltage is the least important factor for reinfor—
cement and bead width, but it is the most important
for R/W. With its increase the reinforcement and the
width increase, while the R/W value decreases.

(4) TS is the most important factor for reinforcement
and bead width, it can reduce the reinforcement and
width when it increases. The lowest reinforcement
and width are found for TS of 18 cn/min.

(5) Higher WES intends to higher reinforcement and
width and the highest reinforcement and width are
found for WFS of 600 cm/min.

(6) Full factorial design was carried out based on the
Taguchi method analysis and with the more refined
experiment parameters. The result verified the opti—
mal parameters scheme, voltage of 19 V, WFS of
500 cm/min, and TS of 15 cm/min is the optimi—
zation.

(7) The multilayer single-pass AM structure was
obtained using the optimal parameters and the
appearance and geometry show its reliability.
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The results from this study can be applied to future
AM processes for higher efficiency and better surface
quality. Moreover, the combination of the Taguchi
method and the full factorial method can be treated as a
suitable method to get the optimal results.

For future study, processing parameters dwelling
time will be optimized for additive manufacturing to
obtain good appearance, properties, and manufacturing
efficiency.
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NOMENCLATURE

AM additive manufacturing
BBD Box-Behnken design
BH bead height

BW bead width

DOE design of experiment
GMAW  gas metal arc welding

multi-objective teaching-learning-
MOTLBO based optimization
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R reinforcement

R/W ratio of weld reinforcement to width
TS travel speed

W width

WAAM  wire + arc additive manufacturing
WES wire feed speed

WM weld metal zone

MPEJIUMHUHAPHA CTYJUJA TEOMETPUJE
HABAPA KO/l HABAPUBAILA HA
HEXPBAJYHHU YEJIUK 3161 KOPUILITEILEM
MUI IIOCTYIIKA 3ABAPUBAIBA

X. Banr, III. Knapuh, C. XaBpjauman

[IpumjeHOM TmOCTYNKa ENEKTPOIYYHOT 3aBapHBamba
TaJbUBOM €JIEKTPOJOM Yy 3alTUTH MHEPTHOT raca
(MHUI') Mory ce mnpoMU3BECTH METAIHU [EINOBU Yy
aJIMTHBHO] TIPOW3BOJIbH (am) jep OBaj MOCTYyNaK HUMa
NPeJHOCTH Yy BHIY Op)Ke NpPOM3BOAKE W YIITEIE
Marepujana. MelyTum, rmocroje pasIvMyuTH 3aXTEBH 3a
HaBape kox mnpumene MMUI mocrymka y aaMTHBHO]
MpOM3BOAKHY Yy Topehermy ¢ KOHBEHIMOHAIHUM 3aBa—
pHUBamEM TE j€ CHPOBEACHO NPEITUMHUHAPHO HCTPasKh—
Bake MUI' moctynmka Ha Hephajyhem wuemuky 316J1
Kako O ce MpOHAIUTM ONTHUMAJIHU IapaMeTpH HalloHa,
Op3une nonamama xuie (B/DK) u Op3uHe 3aBapuBama
(B3). Taryun mMeTona kopwuiihieHa je kKako Ou ce 1o0HIH
napamMeTpu 3a IOCTU3ambe KEJbCHOT HaJBHUIICHA Ha—
Bapa, Mawe IupuHe Te Beher oaHoca mMpUHE |
HaJuema HaBapa (p/w). OnNTUMaiIHU HapaMeTpH, No—
6ujenn melhy ysopmuma cy: Hamon 19 V, BJIXK 500
cm/min 1 b3 15 cm/min. kako Ou ce 10JaTHO UCTPAKHO
yTUIa] TUX TIapamMerapa W TOTBPIWIN pe3yNTaTH,
CIIPOBEJIEH je MOTIyHH (PaKTOPCKH IUTAH EKCIIEPHMEHTa
c mBa (QakTtopa Ha TpPH BHCHHE, y3uMajyhm y o03up
naTepakiujy mmely ¢akropa. Ha kpajy cy mcnuranu
napaMeTpu INPUMEHEHH Yy aJAUTHBHO] IPOU3BOAGH
npuMeHoM pobotuzoBanor MUI moctynka 3aBapuBama
Kako OM ce IIPOoBEpHiIa BHX0BA MOY3AaHOCT.
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