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Abstract— The automated welding systems, have received much attention in recent years, because they are highly suitable
not only to increase the quality and productivity, but also to decrease manufacturing time and cost for a given product. To
get the desired quality welds in automated welding system is challenging, an algorithm is needed that has complete control
over the relevant process parameters in order to obtain the required bead geometry. However, there is still the lack of
algorithms that can predict bead geometry over a wide range of welding conditions. Therefore, to solve this problem, this
paper investigated the relationship between the process parameters and the bead geometry in Plasma arc welding (PAW).
The quantitative effect of process parameters on bead geometry was calculated using sensitivity analysis. From the
experimental results, the developed algorithm can predict the bead dimensions within 0-10% accuracy from analyzed
parameters. It also showed that the change of process parameters affects the bead width relatively stronger than bead height.
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l. INTRODUCTION

Recently automated welding systems have received much attention because they are highly suitable not only to increase
production rate and quality, but also to decrease cost and time to manufacture for a given product. To get the desired quality
welds, it is essential to have complete control over the relevant process parameters in order to obtain the required bead
geometry and which is also based on weldability. However, new algorithms need to be developed to make effective use of
automated arc welding process.

Previous works on relationship between the process parameters and bead geometry in arc welding process can be grouped
into two distinct areas: empirical methods based on studies of actual welding situations [1]-[2] and theoretical studies based
on heat flow theory [3,4]. Despite the large number of attempts to analysis arc welding process, there is still the lack of
algorithms that can predict bead geometry over a wide range of welding conditions. Sensitivity analysis, a method to identify
critical parameters and rank them by their order of importance, is paramount in model validation where attempts are made to
compare the calculated output to the measured data. This type of analysis can study which parameters must be most
accurately measured, thus determining the input parameters exerting the most influence upon model outputs. It differs
considerably from the usual approach of perturbing a process parameter of a known amount and evaluating the new results.
Various statistical techniques such as regression analysis, Response Surface Methodology (RSM) and Taguchi method have
been applied to modeling and optimization of bead geometry in Gas Metal Arc(GMA) welding[5]-[8]. Palani and
Murugan[9] developed mathematical model for prediction of bead geometry in Flux Core Arc(FCA) welding using a RSM
method. Taguchi method was also used to analyze the effect of each process parameter on the bead geometry [10]-[11].
Effect of pulse current on bead profiles of Gas Tungsten Arc(GTA) welded aluminum alloy joints has been studied [12].
Because the solution of a mathematical model to predict bead geometry is complex and the parameters involved are highly
coupled, some researchers have resorted to Artificial Intelligence(Al) such as Artificial Neural Network(ANN) and Genetic
Algorithm(GA) techniques based on large experimental databases [13]-[14]. Also, Son and Kwak [15] established a
sensitivity formulation for eigen values, including repeated eigenvalues, with respect to the change of boundary conditions.
The tangential design velocity component was employed to present the change of boundary conditions. The practical PAW
process is widely appreciated in the aerospace, chemical, naval, nuclear industries, etc[16]. Prasada et al. investigated the
weld quality characteristics of pulsed current micro-plasma arc welded austenitic stainless steels and considered weld pool
geometry, microstructure, grain size, hardness and tensile properties as weld quality characteristics. It was established that
SS 304L attained better weld quality characteristics at same welding conditions as compared to SS 316 L, SS 316Ti, SS
321[17].
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Recently, Choi et al. [18] proposed sensitivity analysis for laser surface treatment by the differentiation of the analytic
solution with respect to the laser beam radius and beam scanning velocity. It is evident that the qualitative and quantitative
effectiveness of the process parameters can be determined using sensitivity analysis.

In this paper, investigation was carried out to study the relationship between the process parameters and the bead geometry in
Plasma arc welding (PAW). The quantitative effect of process parameters on bead geometry was calculated using sensitivity
analysis, and thus critical parameters can be identified and ranked by their order of importance.

1. PLASMA ARC WELDING PROCESS

Since PAW is an arc welding process similar to Gas Tungsten Arc (GTA) welding, the electric arc is formed between an
electrode (which is usually but not always made of sintered tungsten) and the work piece. The key difference from GTA
welding is that in PAW welding, by positioning the electrode within the body of the torch, the plasma arc can be separated
from the shielding gas envelope. The plasma is then forced through a fine-bore copper nozzle which constricts the arc and the
plasma exits the orifice at high velocities (approaching the speed of sound) and a temperature approaching 28,000 °C (50,000
°F) or higher. Experiments of bellows segment were conducted by plasma welder, in which there was an automatic welding
system. Figure 1 shows the experimental setup of PAW process. The system mainly comprises the plasma welding power
source, a shielding gas controller, a water-cooled controller and welding monitoring system. This experimental material was
employed to deposit orbital welds on austenitic stainless steel 304 bellows segment with dimensions of an external diameter
64 mm, an inner diameter 39 mm and thickness 0.15 mm. The dimensions of bellows segment and the direction for plasma
arc welding process on a test specimen are shown in Figure 2.
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(A)A SCHEMATIC DIAGRAM FOR PAW PROCESS (B) EXPERIMENTAL OVERVIEW
FIGURE 2 OVERVIEW OF SPECIMEN WELDED USING PAW PROCESS

The chosen factors for this study were welding current, arc voltage and shielding gas ratio, and the responses were bead
width and bead height as welding quality. The 2° factorial designs provided the main effect and interaction effects of three
parameters at two levels. The process parameters and limits employed in this study are given in Table 1. All other parameters
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except these parameters under consideration were fixed. Figure 3 illustrates a model of a process parameter with input and
output parameters in PAW process. The factorial design required 8 weld runs for fitting each equation. This continued until
the predetermined-factorial experimental runs were completed. To measure the bead geometry, transverse sections of each
weld were cut using a power hacksaw from the mid-length position of the welds, and the end faces were machined. Specimen
end faces were polished and etched using a 2.5%nital solution to display bead dimensions. The schematic diagram of bead
geometry was employed as shown in Figure 4. The factorial matrix was assumed to link the mean values of the measured
results with changes in the three process parameters for determining local features of the response surface. The experimental
results were analyzed on the basis of relationships between process parameters and bead dimensions in the PAW process.
The previous researches have studied the relationships between the underwater wet parameters and process stability [19]-
[20]. In this study, the levels of the welding parameters are carefully set to make sure that the PAW processes are stable and
can obtain good weld beads. The typical plasma arc welding bead appearances obtained in this study are shown in Table 2.

TABLE 1
PROCESS PARAMETERS AND LIMITS

| Amp
\Y Volt
S I/min 15,18
Welding speed : 2CPM(Cm/min)
CTWD : 2.5mm
Input parameters
Selected variable
Rl gt uent Output parameters
Arc voltage
Shiekdiog gaz radlo . . Output variable
N @ —
Bead width
CTWD
{Contact Tip Distance)
Welding speed
"= Bead Width
FIGURE 3 INPUT AND OUTPUT PARAMETERS OF THE FIGURE 4 MEASUREMENT OF BEAD GEOMETRY
PAW PROCESS
TABLE 2

BEAD GEOMETRY OF PAW PROCESS: CROSS SECTION

Test No. Beeometry Test No. Bead geometry
1 S 2
3 4
5 6
7 8
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1. RESULTS AND DISCUSSION

Process parameters and the corresponding bead geometry of factorial matrix experiments for PAW process are presented in
Table 3.

TABLE 3
EXPERIMENTAL LAYOUT USING 2° FACTORIAL MATRIX AND MEASURED BEAD GEOMETRY

1 5 12 15 3.306 3.270 0.537 0.595 1.114
2 5 12 18 3.620 3.075 0.364 0.705 1.937
3 5 125 15 3.620 3.273 0.719 0.731 1.017
4 5 125 18 3.623 3.306 0.348 0.817 2.348
5 6 12 15 3.608 3.174 0.558 0.731 1.310
6 6 12 18 3.757 2.963 0.545 0.595 1.092
7 6 125 15 3.757 2.690 0.347 0.769 2.216
8 6 125 18 4174 2.901 0.331 0.796 2.405
3.1 Development of empirical models

Based on the results from the above factorial design, a curvilinear regression analysis was performed with the predictors that
were found to be statistically significant against bead geometry. Suppose that the relationship between bead geometry as a
dependent parameter and process parameters including welding current, arc voltage and the shielding gas ratio as
independent parameters can be expressed by the following equation,

Y =by(1)P2 (V)3 (5)™ €

Where Y is the measured bead geometry in [mm], | is the welding current, V is the arc voltage, S is the shielding gas ratio.
Also, by, by, bs, and by are curvilinear coefficients to be estimated for the model. This equation can be written as,

Y=b+byInl+b3InV +byInS 2)
Thus, the above equation can be expressed by the following linear mathematical form,
1= PiXa+ BaXo + PaXa + faXy ©))

Where h is the logarithmic value of the experimentally measured response (bead geometry), S, fo, B3, [4 are constants
to be estimated, x;, X,, X3, Xsare logarithmic values of welding current, arc voltage and shielding gas ratio. The

commercial statistical package SAS [19] was utilized for all the multiple regression analyses in this research. The procedure
employed resulted in the following predictive equations;

Bead width:
B \/0:338 ’
"~ 0247 0.078 140.092 Q)
Bead height:
0.587
\Y
H = 0204 50.064 1,0.872 ®)

The adequacy of the models and the significance of coefficients were tested by applying the analysis of variance technique
and student’s (T) test respectively. Table 4 shows the Standard Error of Estimates (SEE), coefficients of multiple correlations
(R), and coefficients of determination (100R) for the above models respectively.
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TABLE 4
ANALYSIS OF VARIANCE TESTS FOR MATHEMATICAL MODELS FOR BEAD GEOMETRY

0.20470 89.8% 28.7%

0.06859 98.6% 90.1%
 Mesured bead width B Predicted bead width | \ « Mesured bead height ® Predicted bead height |
4.5 T T . 4 T T T
2
4 | ! 35
-
= : $ = . ] ¥
= [ ) .
= R T S g .
~ 35 i L o 3 i 1 .
3t 3 1
S S v
5
3 25 !
25 - | : } 2 - - ! ! !
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Trial Number Trial Number

FIGURE 5 BEAD MODEL ANALYSIS GRAPH FOR BEAD FIGURE 6 BEAD MODEL ANALYSIS GRAPH FOR BEAD
WIDTH HEIGHT

It is evident that all models were adequate. To ensure the accuracy of the developed equations and survey the spread of the
values, results were again plotted using scatter graphs. These graphs of measured vs calculated values of bead dimensions are
presented in Figures 5-6 for bead width and bead height respectively. The line of best fit for plotted points was also drawn
using regression computation. Another criterion employed to judge the accuracy and efficiency of the developed models to
predict bead geometry was the percentage deviation that is defined in Eq. (6). With this criterion, it would be much easier to
see how the developed models fit and how close the predicted values are to the actual ones.

2=Ra~Re 100 (6)
Re

Where A is percentage error, Ry is the calculated results and RE is the experimental results. It was decided to group these
into six categories: 0-2%, 2—-4%, 4-6%, 6-8%, 8-10% and over 10%. The results of this analysis for the bead geometry are
presented in Figure 7. During analysis of the results, it was observed that the developed models for plasma arc welding
yielded more accurate bead dimensions. The conclusion from the results of this analysis for the experimental runs is that the
calculated results may predict the measured values with consistent accuracy.

5

—e—Bead width
—— Bead height

Number

0-2% 2-4% 1-6% 6-8% 8_10%
%s Error

FIGURE 7 ACCURACY ANALYSES OF THE DEVELOPED EQUATIONS

3.2 Sensitivity analysis of empirical equation for bead geometry

From the above resultant equations for the estimation of bead geometry, the sensitivity equations are obtained by
differentiation with respect to process parameters of interest such as welding current, arc voltage and shielding gas ratio that
are explored here. To obtain the sensitivity equations for arc current, the Eqgs. (4) and (5) were differentiated with respect to
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welding current. The sensitivity equations are shown in Egs. (7) and (8). They represent the sensitivity of bead width and
height for welding current, respectively.

dW /dl = —-0.2471 —1.247V 0'3383 —0.07810—0.092 (7)

dH /dl = -0.204] ~120% 0-5875-0.06415-0872 ®

The sensitivity equations for arc voltage can be determined by differentiating Eqs. (4) and (5) with respect to arc voltage.
They are shown in Egs. (9) and (10).

dw /dV =0.338vV —0.662| _0'2475_0'07810_0'092 ©)

dH /dV = 0587V —0.413| —0.2048 —0.06410—0.872 (10)

And the sensitivity equations for shielding gas ratio are as follows;
dW /dS = —0.0785 1078] 70247, 0.338;7-0.092 (11)

The purpose of this investigation is to show the effectiveness of process parameters by using the direct sensitivity analysis
technique on these empirical equations. Table 5 shows the applied welding parameters and the calculated results of
sensitivity analysis such as welding current, arc voltage and shielding gas ratio. For these conditions, sensitivities of arc
voltage on bead width are positive, and sensitivities of welding current and shielding gas ratio are negative. Also sensitivities
of arc voltage on bead height are positive, and sensitivities of welding current and shielding gas ratio are negative.
Depending on each of the calculated sensitivity results, an increasing and decreasing tendency was found for the bead height
and width. In addition, it was found that as the welding current is reduced there is also reduction in the bead width and
height; and it was also confirmed that if the arc voltage is increased the tendency of bead width and height also increases.
Figure 8 shows the sensitivity of welding current on bead geometry (bead width and bead height) for various welding
conditions. The bead width is more sensitive in the low welding current region but sensitivity of the bead height increases in
the high arc voltage region. The sensitivities of arc voltage are represented in Figure 9. These results reveal that the bead
width is more sensitive than bead height. It means that the variation of arc voltage causes small changes of bead height and
large changes of bead width. Figure 10 shows the results of sensitivity analysis of shielding gas ratio. Generally, the
sensitivity values of bead width are higher than bead height. This means that shielding gas ratio affects the bead width more
strongly than bead height. The sensitivities of welding current and arc voltage on bead width are positive, but sensitivities of
shielding gas ratio on bead geometry are negative. Since the sensitivity of welding current on bead width and bead height is
much higher than that of shielding gas ratio, the change of welding current is more useful in control of bead width and bead
height.

TABLES
BEAD GEOMETRY SENSITIVITIES OF PROCESS PARAMETERS

5 12 15 -0.05036 | 0.02795 | -0.00530 | -0.01427 | 0.01682 | -0.00149
5 12 18 -0.04965 | 0.02756 | -0.00436 | -0.01410 | 0.01662 | -0.00123
5 125 15 -0.05106 | 0.02872 | -0.00537 | -0.01461 | 0.01710 | -0.00153
5 125 18 -0.05034 | 0.02831 | -0.00442 | -0.01444 | 0.01691 | -0.00126
6 12 15 -0.04012 | 0.02672 | -0.00507 | -0.01145 | 0.01620 | -0.00144
6 12 18 -0.03955 | 0.02634 | -0.00416 | -0.01132 | 0.01602 | -0.00118
6 12.5 15 -0.04068 | 0.02745 | -0.00514 | -0.01173 | 0.01648 | -0.00147
6 125 18 -0.04010 | 0.02706 | -0.00422 | -0.01160 | 0.01629 | -0.00121
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V. CONCLUSION

In this paper, the selection of the process parameters for PAW process of austenitic stainless steel 304 bellows segment with
bead geometry has been reported. The optimal bead geometry was chosen bead width and bead height. The factorial design
has been adopted to solve the optimal bead geometry. Experimental results have shown that process parameters such as
welding current, arc voltage and shielding gas ratio influence the bead width and bead height in PAW processes. Empirical
models developed from the experimental data can be employed to study relationships between process parameters and bead
geometry and to predict the bead dimensions within 0-10% accuracy. Sensitivity analysis has been investigated to represent
the effectiveness of the processing parameters on these empirical equations and showed that the change of process
parameters affects the bead width more strongly than bead height relatively. The developed models should be put into
perspective with the standard plasma arc welding power source that was employed to conduct the experimental work.
Factorial analysis has the potential for more stringent sensitivity analysis and may be used for optimal parameter estimation
for other mathematical models.
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