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Abstract. In the wire arc additive manufacturing (WAAM) process, the geometry of single
welding beads has significant effects on the stability process and the final quality and shape of
manufactured parts. In this paper, the geometry of single welding beads of 308L stainless
steel was predicted as functions of process parameters (i.e. welding current I, voltage U, and
travel speed v) by using the response surface methodology (RSM). A set of experimental runs
was carried out by using the Box-Behnken design method. The adequacy of the developed
models was assessed by using an analysis of variance (ANOVA). The results indicate that the
RSM allows the predictive models of bead width (BW) and bead height (BH) to be developed
with a high accuracy: R2-values of BW and BH are 99.01% and 99.61%, respectively. The
errors between the predicted and experimental values for the confirmatory experiments are
also lower than 5% that again confirms the adequacy of the developed models. These
developed models can efficiently be used to predict the desirable geometry of welding beads
for the adaptive slicing principle in WAAM.

Keywords: Wire arc additive manufacturing, gas metal arc welding, welding bead geometry,
response surface methodology, ANOVA.
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1. INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, has largely investigated in the
last four decades because of its ability of building complex components by adding materials
layer-by-layer [1]. In comparison to traditional manufacturing processes (e.g. casting and
machining), AM has the advantages of design freedom, reducing material wastes and
environmental impacts [2,3]. AM technologies - particularly metallic AM, have been
efficiently applied in different industrial sectors, for example aerospace, automotive, and
biomedical engineering [1].

The metallic AM technologies can be classified into three main groups: laser-based,
electron beam-based and arc welding-based AM [4]. Among them, wire arc additive
manufacturing (WAAM) uses the electrical arc as the heat source to melt metallic wire and
produces the parts layer-by-layer. This technique reveals high deposition rate of materials and
low costs of production and investment [5]. The deposition rate of materials in WAAM can
reach up to 8 kg/h, while that of laser-based and electron beam-based AM is around 0.1 - 0.2
ka/h [6]. Moreover, this technology features a high efficiency of material utilization. The use
of metal wire as the feedstock material is also safer than the metal in powder form for the
health of operators and environment.

The heat source used in WAAM can be gas metal arc welding (GMAW), gas tungsten arc
welding (GTAW), and plasma arc welding (PAW) [7]. During GTAW-AM and PAW-AM
processes, the arc is ignited between the tungsten electrode and the workpiece and the melted
wire is fed into the molten pool, separately. On the other hand, the welding arc of GMAW-
AM processes is directly ignited between the consumable wire and the workpiece. Thus, the
wire is melted more quickly under the effect of the electric arc and the shielding gas flow. The
deposition rate of GMAW-AM is generally from two to three times higher than that of
GTAW-AM and PAW-AM processes [8]. Therefore, the GMAW-AM is usually used for
producing components with large scale dimensions.

In comparison to the traditional welding process, in which some factors related to the
welding beads such as the aspect factor or the form factor, the depth of penetration, and the
bead width are usually taken in consideration [9-11], the bead width and the bead height of
single welding beads play very important role in the WAAM process. They significantly
influences the process stability, the final geometry and quality of manufactured parts,
especially in the cases of building thin-wall components [12]. The geometry and quality of
welding beads are generally controlled by the welding process parameters, such as the
welding current, the arc voltage, and the travel speed. Previously published studies generally
carried out a number of trial runs with different sets of process parameters to observe the
geometry and quality of welding beads, and subsequently select a reasonable one for the build
of components [13-15]. Other studies selected the process parameters according to the
recommendation of the wire manufacturers for specified wire materials and welding
conditions [16]. In addition, most of previous studies focused on exploring the manufacture of
low-carbon steels [16,17] and some austenite stainless steels (e.g. 304, 304L, and 316L) [16—
20] by the WAAM process. Until now, very limited studies have reported in the build of
WAAM SS308L components.

Therefore, this study aims at developing the predictive models of welding beads and
welding height by using the response surface methodology (RSM) for the build of thin-walled
SS308L components by GMAW-AM. Based on the predictive models, the effect of main
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process parameters on the geometry of welding beads can be analyzed, and the designer and
process planners can predict optimal process parameters, which ensure the process stability
and final quality of components built by the WAAM process.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

2.1. Materials

In the experiments, a commercial 308L stainless steel wire with a diameter of 1 mm was
used as the feedstock material. A number of SS400 steel plates with dimensions of 250 mm x
150 mm x 10 mm were used as the substrates in the welding process. The chemical
composition of the wire and the substrate are given in Table 1.

A robotic GMAW system (Panasonic TA1400) shown in Fig. 1a was used to build all
samples. During the welding process, a gas of 99.99% argon with a constant flow rate of 15
(L/min) was applied for the shielding.

Table 1. Chemical compositions of SS308L and SS400 (in wt. %).

Material C P S Si Mn Mo Cu Cr Ni Fe
308L wire 0.03 0.03 003 030- 10- 050 0.75 195- 9.0- Bal

max max 0.65 25 max max 21 11.0 )
SS400 0.05 0.013 0.002 0.037 0.46 - - - - Bal.

2.2. Experimental procedure

In order to develop the predictive models of the bead width and the bead height as
functions of main process parameters, including the welding current I, the voltage U, and the
travel speed v, a series of trial runs were designed by using the Box-Behnken method. Three
levels of values were selected and coded for each factor (i.e. I, U and v), as shown in Table 2.

The limits of each parameter were chosen based on the recommendation of the wire
manufacturer. These values were also verified by several trial runs to ensure the weldability
and to avoid the interruption of the experiment.

Table 2. Process parameters and their levels.

Levels
Parameters Code
-1 0 +1
Welding current, I (A) A 100 120 140
Voltage, U (V) B 17 20 23
Travel speed, v (mm/min) C 300 400 500

Table 3 shows 17 trial runs of welding beads designed by the Box-Behnken design,
which were used to develop the regression models. In addition, four extra runs (from 18 to 21)
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were used to evaluate the accuracy of the developed models. In each trial run, a single
welding bead was produced by the robotic GMAW system with a length of 120 mm (Figure
1b). The bead width (BW) and the bead height (BH) of a welding bead were measured at five
positions in the steady region of the welding bead by using a digital caliper, and then the
average value was taken, as presented in Table 3.

Table 3. Experimental design matrix and experimental results.

Input variables Response
Run Al (A) B:U (V) C:v(mm/min) BW (mm) BH (mm)
1 100 17 400 3.79 3.01
2 140 17 400 4.03 3.98
3 100 23 400 5.08 2.49
4 140 23 400 5.41 3.46
5 100 20 300 4.96 3.29
6 140 20 300 5.42 4.22
7 100 20 500 4.19 2.02
8 140 20 500 4.53 3.14
9 120 17 300 431 4.21
10 120 23 300 6.02 3.66
11 120 17 500 3.81 3.12
12 120 23 500 521 2.62
13 120 20 400 4.97 3.17
14 120 20 400 5.00 3.28
15 120 20 400 4.97 3.30
16 120 20 400 4.87 3.22
17 120 20 400 5.01 3.20
18 110 18 350 4.54 3.38
19 130 22 350 5.46 3.53
20 110 18 400 4.42 3.28
21 130 22 450 5.13 2.96
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Five positions for measuring bead
width and bead height

K_H

(a)

Figure 1. (a) The robotic GMAW system (Panasonic TA1400) and (b) 17 trial runs of single
welding beads used for developing the regression models.

3. RESULTS AND DISCUSSION

3.1. Developing the predictive models

In the current study, the second order regression equation was adopted to develop the
predictive models of bead width, bead height, eq. (1):

Y = bo+ b1l + boU + bav + bi2lU + bizlv + basUv + b11l? + boU? + basv? 1)

where Y is the responses — i.e. the bead width BW (mm) or the bead height BH (mm), bo
is the average of the response; bj, bii and bjj (i, j = 1, 2, 3 and i =j) are the coefficients, which
depend on their main effects and interaction effects of the parameters on the responses, | is the
welding current (A), U is the voltage (V), and v is the travel speed of the welding torch
(mm/min). In this work, the coefficients were estimated by using the Design Expert 11
software. The full predictive models in terms of actual factors for the bead width and the bead
height are shown in eq. (2) and eq. (3), respectively:

BW (mm) = - 16.190 + 0.1431 + 1.027U + 0.508x1073v + 0.375x107°1U - 0.016x103Iv

- 0.263x1073Uv - 0.567x10%1 - 0.018U2 + 3.67x10°%v? 2)
BH (mm) = 7.575+ 0.085I - 0.623U - 0.014v + 8.33x10°°IU + 0.024x1073Iv
+0.048x103Uv - 0.292x10731% + 0.013U? + 5.223x107v? (3)

In eg. (2) and eq. (3), the unit of the welding current I, the voltage U, and the travel speed
Vis “A”, “V”, and “mm/min”, respectively.

3.2. Analysis of regression models

The accuracy of the developed models was evaluated by using the analysis of variance
(ANOVA) method. The results of ANOVA for the regression models of the bead width and
the bead height were presented in Tables 4 and 5, respectively.
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For the model of the bead width, as shown in eq. (2) and Table 4, the F-value of 78.06
indicates that the model is significant. There is only a 0.01% chance that the F-value could be
large due to noise. The p-values lower than 0.05 indicate that the model terms are significant,
whereas the p-values greater than 0.10 indicate the model terms are not significant. In this
case, the terms {A, B, C, A? and B?} are significant terms of the developed model. The R? of
0.9901 indicates a high correlation between the experimental and the predicted values. The
Predicted R? of 0.8726 is in reasonable agreement with the Adjusted R? of 0.9774. The Adeq.
Precision represents the ratio of signal-to-noise. A value of this ratio greater than 4 is usually
desirable. Herein, the Adeq. Precision of 32.85 indicates an adequate signal. Therefore, the
developed model of the bead width is totally validated in the design space.

Table 4. ANOVA results for the regression model of the bead width (BW).

Source Sum of Squares Mean Square F-value p-value
Model 5.8900 0.6542 78.06 <0.0001
A-Welding current, | 0.2339 0.2339 27.91 0.0011

B-Voltage, U 4.1700 4.1700 497.94 <0.0001
C-Travel speed, v 1.1000 1.1000 131.56 <0.0001
AB 0.0020 0.0020 0.2416 0.6381

AC 0.0040 0.0040 0.4736 0.5135

BC 0.0250 0.0250 2.98 0.1280

A2 0.2166 0.2166 25.84 0.0014

B? 0.1123 0.1123 13.40 0.0081

C? 0.0057 0.0057 0.6767 0.4379

R? 0.9901 Predicted R? 0.8726

Adjusted R? 0.9774 Adeq. Precision  32.8534

In the case of the bead height model (eg. (3) and Table 5), the F-value of 200.86 indicates
that the model is significant. Only a 0.01% chance occurs that the F-value could enlarge due
to noise. The terms {A, B, C, A2 and B2} with the p-values lower than 0.05 are significant
terms in the bead height model. The R? of 0.9961 indicates very good correlation between the
experimental values and the predicted values. The Predicted R? of 0.9706 is in good
agreement with the Adjusted R? of 0.9912. The Adeq. Precision of 53.02 higher than 4
indicates an adequate signal. Thus, the model can be used in the whole design space.

3.3. Effects of process parameters on the geometry of single welding beads

Fig. 2a and Fig. 2b present the perturbation of the bead width and the bead height,
respectively, as functions of deviation from the reference point. In Fig. 2a, it is found that the
voltage and the travel speed reveal significant effects on the bead width. The bead width
increases when the voltage increases from 17 (V) (at -1 level) to 23 (V) (at +1 level), whereas
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the bead width decreases when the travel speed increases from 300 (mm/min) (at -1 level) to
500 (mm/min) (at +1 level). Moreover, the bead width gradually increases when the welding
current increases up to a certain value, and then it starts decreasing.

Table 5. ANOVA results for the regression model of the bead height (BH).

Source Sum of Squares Mean Square F-value p-value
Model 5.1800 0.5752 200.86 <0.0001
A-Welding current, | 1.9900 1.9900 694.76 <0.0001
B-Voltage, U 0.5513 0.5513 192,51 <0.0001
C-Travel speed, v 2.5100 2.5100 875.13 < 0.0001
AB 0.0000 0.0000 0.0003 0.9856
AC 0.0093 0.0093 3.24 0.1149
BC 0.0008 0.0008 0.2937 0.6047
A2 0.0574 0.0574 20.05 0.0029
B2 0.0565 0.0565 19.74 0.0030
C2 0.0115 0.0115 4.01 0.0853
R? 0.9961 Predicted R? 0.9706
Adjusted R? 0.9912 Adeq. Precision 53.0157
6] 45
Actual Factors (a) Actual Factors (b)
A: Welding current, | = 120 A: Welding current, | = 120

*E\ B: Voltage, U = 20 g /é\ 4| B: Voltage, U = 20
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[an] m

£ 5 g

g =)

= 2

e

§ 45 | §

4 | 2.
-1.2)00 -o.;;oo o.o]oo o.éoo 1.600 -ulJoo -o.lsoo o.(;oo 0.5100 1,o|oo

Deviation from reference point (coded units)  Deviation from reference point (coded units)

Figure 2. Main effects of process parameters on the bead width (a) and on the bead height (b).
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As revealed in Fig. 2b, the travel speed and the welding current have notable effects on
the bead height. An increase in the welding current from 100 (A) (at -1 level) to 140 (A) (at
+1 level) leads to an augmentation in the bead height. On the other hand, the bead height
decreases when the travel speed and the voltage increase in the design space.

Fig. 3 shows the interaction effects of process parameters on the bead width. It is also
observed that the bead width increases with an increase in the voltage for all values of the
welding current (Fig. 3a) and for all values of the travel speed (Fig. 3c). On the other hand,
the increase in the travel speed also leads to a decrease in the bead width for all values of the
voltage and for all values of the welding current. The bead width slightly increases with an

increase in the welding current for all values of the voltage and the travel speed (Fig. 3a and
Fig. 3b).
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Figure 3. Interaction effects of process parameters on the bead width: (a) I and U on BW, (b) I and
v on BW, and (c) U and v on BW.

The interaction effects of process parameters on the bead height were also presented in
Fig. 4. It is found that the bead height increases with an increase in the current from 100 (A)
to 140 (A) for all values of the voltage (Fig. 4a) and for all values of the travel speed (Fig.
4b). On the other hand, the bead height decreases with an increase in the travel speed for all
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values of the welding current (Fig. 4b) and for all values of the voltage (Fig. 4c). The increase
in the voltage leads to a gradual decrease in the bead height for all values of the welding
current (Fig. 4a) and for all values of the travel speed (Fig. 4c). At the lowest value of the

voltage and the travel speed, and at the highest value of the welding current, the bead height
reaches the maximal value.
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Figure 4. Interaction effects of process parameters on the bead height: (a) 1 and U on BH, (b) |
and v on BH, and (c) U and v on BH.

The effects of the parameters on the geometry of welding beads can be explained by the
following reasons: when the voltage increases, the arc length and the spreading of the arc
increase too [21,22]. As a result, the bead width increases, and the bead height decreases. An
excessive increase in the voltage can also cause flat welding beads. The bead width and the
bead height decrease when the travel speed increases. This is due to the fact that the quantity
of deposited materials per length unit and the heat input also decrease with an increase in the
travel speed. Thereby, both the bead width and bead height decrease. In the GMAW process,
the increase in the welding current leads to an augmentation in the wire feed speed. Namely,
the rate of deposited material increases. Thus, the size of welding pool, the bead width, and
the bead height increase. However, the bead width only increases up to a certain value of the
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welding current and then decreases. After that, an extra deposited material does not have
significant effects on the bead width, and the bead width remains almost constant or slightly
decreases [21].

3.4. Validation of the regression models

In order to validate the accuracy of the regression models, the data of four extra runs
(from 18 to 21 given in Table 3) was also used. The error between a predicted value (PV) and
an experimental value (EV) was calculated by eq. (4):

Error (%) = 100%*(PV — EV)/EV (4)

It is found that the errors in the percentage for the bead width (BW) and the bead height
(BH) lie within the rages of -3.28% to 3.26%, and of -2.96% to 4.10%, respectively. The
small errors lower than 5% indicate that the regression models are adequate and can be used
for optimizing process parameters, which would give a desirable geometry and quality of
welding beads for the build of thin-walled components.

Table 6. Comparison of the experimental and the predicted values.

Bead width, BW Bead height, BH
No PV EV Error (%) PV EV Error (%)
18 4.44 4.54 -2.30 3.49 3.38 3.33
19 5.64 5.46 3.26 3.61 353 2.17
20 4.27 4.42 -3.28 3.18 3.28 -2.96
21 5.20 5.13 1.33 3.08 2.96 4.10

3.5. Optimization of the process parameters for the build of SS308L walls

Based on the developed models, the optimal process parameters can be predicted. In the
WAAM process of thin walls, the bead width and the bead height of single welding beads are
expected to be maximum, while the heat input (HI) determined by the formula HI =
60* 7*U*1/v (J/mm), where 7 is the coefficient of thermal efficiency and » = 0.8 for the
GMAW process [23], U in (V), I in (A), and v in (mm/min), should be minimum. This
ensures the process stability and reducing the distortion and residual stresses of the built walls
[12,24,25]. Therefore, the problem of optimizing the process parameters was expressed as
follows:

Find [1, U, v] to maximize BW, maximize BH, and minimize HI.
Subject to: 100 <1<140 (A); 17 <U <23 (V); 300 <v <500 (mm/min).
This problem was solved by using the optimization module in the Design Expert 11

software. The optimal process parameters were calculated as: | = 122 (A), U =20 (V) and v =
368 (mm/min). As shown in Fig. 5, three single welding beads built by the optimized process
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parameters are nearly identical. They are continuous, smooth, regular and without major
defects. The average bead width and bead height are 4.95 (mm) and 3.32 (mm), respectively.

Run 2

" Run3

Figure 5. Three welding beads built with the optimized process parameters.

Fig. 6 shows a SS308L wall built by the GMAW-AM with the above optimized process
parameters. The wall was built by using the same deposition direction strategy [26]. It is
found that the width of the wall is stable. On the other hand, the height of the wall decreases
from the right to the left. This phenomenon is commonly observed in the case of building
thin-walled components by the same deposition direction strategy in WAAM [26].

Figure 6. The GMAW-AM SS308L wall built with the optimized process parameters.
4. CONCLUSIONS

This paper aims at developing the predictive models for the bead width and the bead
height in the WAAM process of SS308L components. For this purpose, a series of
experimental runs were performed according to the Box-Behnken design method. The value
range of the process parameters was chosen based on the recommendation of the wire
manufacturer and verified by several trial runs. The regression models were developed by
using the response surface methodology (RSM), and their accuracy was assessed by the
analysis of variance (ANOVA). The results indicate that the regression models present a high
accuracy and can be efficiently used to analyze the effects of process parameters on the
welding bead geometry, and to predict the desirable bead width and bead height in the whole
design space. From the developed models, the optimized process parameters, including a
welding current of 122 (A), a voltage of 20 (V) and a travel speed of 368 (mm/min) were
determined for the build of SS308L walls. The models developed in this study are only used
to predict the optimal process parameters in the GMAW-AM of SS308L. However, the same
workflow can be applied to predict the geometry of single welding beads in WAAM of other
metals. In the future works, the microstructure and mechanical properties of GMAW-AM
SS308L components will be investigated to confirm their adequacy for real applications.
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