An Investigation on Relationship between Process Control Parametersand
Weld Penetration for Robotic CO, Arc Welding using Factorial Design
Approach

S. Thiru chitrambalam Chew Lai Hudt Phang Boo Onh S.Hemavattflj Imran Syakir
Mohammad Shafizal bin Mat

12338niversiti Teknikal Malaysia Melaka (UTeM), Melakslalaysia
“Linton University College, Mantin, Negeri Sembilaialaysia.
E-mail; thiru@utem.edu.my

ABSTRACT

Weld penetration is an important physical charaistiez of a weldment that affects the stress
carrying capacity of the weld joint. Several welgliparameters seem to influence weld penetration.
This paper presents the relationship between weldefration and four direct welding process
parameters of robotic C£arc welding process on structural carbon steel. Texeel, full factorial
design was applied to investigate and quantify direct and interactive effects of four process
parameters on weld penetration. The upper and ldweits of the process control variables were
identified through trial and error methodology, atigk experiments were conducted using ‘bead on
plate’ mode. The performance of the model was tbsted by using analysis of variance technique
and the significance of the coefficients was tedigdapplying student’s't’ test. Commercial
computer programs were used for statistical analy$he main and interactive effects of different
welding parameters are studied by presenting graphical form.

KEYWORDS: Robotic CQ Arc Welding; Process control parameters; Weld Penetrati
Mathematical modelling; Factorial design

1.0 INTRODUCTION

Welding technology has been employed virtually imast every field of engineering, right from
the fabrication of the residential window grills ttee manufacturing of “high risk” rocket engines.
As the manufacturing technology grows exponentiglyhe last few decades due to the advent of
high speed, micro computer controlled fully autoedaftabrication processes, consequently welding
technology also need constant upgrading due towitiespread applications. Nevertheless, to
consistently produce high quality welds, arc weidstill requires highly skilled, more experienced
welding personnel in order to properly select wajdparameters for a given task so as to provide
the optimum weld quality. The weld quality, whichgenerally identified by the amount of spatter
during welding, the optimum bead geometry, its cicain mechanical properties and micro-
structure (M.P. Jain, 2002), is mostly controllgdtbe welding process parameters. The control of
these process control parameters is the major eodeaor welding based manufacturing
industries, to obtain a quality weld with the reqdi bead geometry, occurred with least harmful
residual stresses and distortion.



In general, it is mandatory to determine the walalit parameters for every new welded product to
obtain a welded joint with in the required spedfions. To do so, requires a time-consuming “trial
and error” effort, with weld input parameters chosky the competency and skill of the
engineer/welder so that the welds will meet thaeimegl specifications. Nevertheless, it's a common
practice that a pre-specified weld bead can ofeeprbduced with various parameters combinations
(A.C. Underwood, 1980). Therefore it's imperative & welding engineer/manufacturer to identify
and test this ideal welding parameters combindgtiom particular welding application.

This paper presents an investigation on the effgfcssich parameter combination viz., the welding
current, rated voltage, welding speed and weldesgl fangle made on robotic GMAW process with
structural mild steel as the base metal to analyeeof the most important characteristic factors of
bead geometry of robotic G@rc welds, the weld penetration.

20 LITERATURE REVIEW

The CQ arc welding, a version of gas metal arc weldin/&W) is a versatile, easily automated
and hence easy to be integrated into robotizeduygtamh centres is increasingly employed for
fabrication in many manufacturing industries. GMAg®/an arc welding process that uses an arc
between a continuously-fed solid filler metal etede and the base metal. The process is applied
with an externally supplied shielding gas (inertaotive) and without the application of a pressure.
If inert gas shielding is involved, in industrigrininology, it is known as MIG (Metal Inert Gas)
welding or if an active gas such as £&hd oxygen (@ is being used it is called as MAG (Metal
Active Gas) welding. Most of the engineering matisrithat include metals and its alloys such as
high strength carbon steels, alloy steels, staniteel, copper, aluminium, titanium and nickel
alloys can be welded in all position by GMAW progdsy selecting appropriate shielding gas,
electrode and welding input parameter variables.

2.1  Processcontrol parameters, bead Geometry and weld penetration

In arc welding, the weld quality is greatly inflid by the welding parameters. These welding
process parameters are strongly related to the gfepmof the weld bead, a relationship is thought
to be very complicated (I.S. Kim et al., 2003) doethe number of variables and their complex
interrelationship involved. For pipe welding forstance, weld bead geometry and shape
relationship of girth welding is significantly infénced by several process variables, such as arc
voltage, welding current, metal disposition rates-taavel rate, electrode work angle etc., which
could affect the quality, productivity and the ecomcs of the entire pipeline (Widgery D.J., 1999,
R. L. Klien 1984, M.P. Jain 2002). Thus, in prenligtthe weld bead shape and geometry and hence
to get better control over the weld quality as veslfor the optimum utilization of the resources,
appropriate welding conditions among the weldingapeeters have to be ascertained. To do so,
welding personnel with great experience and repleaxperiments are needed so as to determine
the optimal welding conditions among the weldinggass parameters. Besides this, other factors
such as the type of base metal, the selection @fingeprocess and the geometry of the welded
parts will also contribute in determining the opdinvelding conditions. As a result, a huge amount
of data is needed in order to obtain the best wgldonditions. Also, it is nearly impossible in €as

of continuous welding to check whether each beati®@fvelded part is formed as intended or not.
Moreover, it is generally impracticable to instililé expensive vision sensors in every welding area
to monitor the welding bead geometry especially wedd penetration. Therefore, an accurate,
viable, weld bead geometry prediction system igladen order to predict the size of the weldment



that can eliminate much of the “estimation”, ofeamgaged only by the welding engineers/welders
to specify welding parameter for a given task.

Weld bead penetration, schematically shown in Feduis an important feature of weld geometry in
arc welding, playing a decisive role in determinthg joint strength and dilution of the base metal.
For different applications the optimum depth of @eation requirement varies. For instance,
applications like pipe welding, a much deeper patien is an imperative requirement while for
surfacing related processes a shallow penetratiarore preferred.

Weld bead Penetration (P)

Base metal Heat affected
zone (HAZ)
FIGURE 1 FIGURE 2
Weld penetration Experimental set up

The influence of welding parameters on bead petmatrdnas been studied extensively by many
researchers (I1.S. Kim et al.,, 2003, J. I. Lee et 2000, Theodore T. Allen et al., 2001). It is
generally accepted that welding current, arc veltagc travel rate and shielding gases are those
process parameters play an important role in déténm the characteristic of weld penetration.
Among these, the welding current has a very stinfigence on weld bead penetration, affects the
melting rate, the geometry and the depth of petetraincrease in current will increase the heat
flux through arc force (Sunil Pandey, 2004) stinedamore convective heat flow with a larger
molten bath resulting high penetration depths. Yoltage on the other hand, generally interacts
with weld current and arc travel rate greatly afeseld penetration. However when the rest of the
parameters are kept constant an increase in atageobexpands the area the weld pool reducing
weld penetration slightly. Also for arc travel ratn optimum level is absolutely necessary for
deeper penetration as both high and low speedesaballow penetration. Faster travel rates cause
lower heat transfer to the base metal and lesseedswauses accumulation of weld metal
accompanied with larger weld pool and low peneirati

For shielding gases Argon ()Awhen mix with CQ at 15-25% weight improves penetration greatly.
It was reported (Jawad Haidar et al., 1997) thes ar CQ and A+CQO, mixtures are much more
constricted than arcs in pure. AThis results in an increase in the radial curréansity and
magnetic field of the molten metal at the droplasdy coupled with an increased pressure in both
the plasma and the molten metal at the base adrthye which could possibly be one of the many
reasons that cause higher penetration levels. @tgerd the proportion of CQthe higher the



pressure increase which can be several times ldnger for argon in a gas containing-@0;,
mixtures.

2.2 Design of Experiments and Development of Design matrix

During mid 1900s, many attempts were made by rekees to scientifically analyse the effect of
process control variables on weld bead geometrforisfwere initiated for the development of
various algorithms in the modelling of arc weldipgpcesses. These include the theoretical studies
based on heat flow (D. Rosenthal, 1941, N. Chrsseret al., 1965) and the experimental based
investigations made on actual welding processé€s (McGlone, 1978). Mathematical analysis of
the relationship between the process variablesnaid bead geometry on submerged arc welding
was reported by McGlone and Chadwick (J.C. McGlehal. 1978) and similar mathematical
relationship between welding variables and filleeldv geometry for gas metal arc welding
(GMAW) using flux cored wires (R.S. Chandel et 4B88) have also been reported. Chandel et al.,
first applied mathematical modelling technique t®e tGMAW process and investigated the
relationship between process variables and beachefep (R.S. Chandel et al., 1988). The results
showed that arc current has the greatest influemcéead geometry, and that the mathematical
models derived from empirical results can be usqutedict bead geometry accurately.

Experimental data based statistical regression adetbgy was later employed extensively to the
welding process control research and attempts haga made by many researchers (Raveendra et
al., 1987, Zacharia et al., 1988, J. |. Lee et281Q0, Pandey 2004,) for predicting and analyzireg t
effect of welding parameters on the bead shape g&ggrand shape relationships by developing
mathematical models. Those models were developeahnilyzing and predicting the effects of the
most important welding process control variables,wvelding current, arc voltage, arc travel rate
(welding speed), electrode feed rate, shielding fipag rate, and the electrode angle on the bead
geometry and shape relationship viz., weld penetra{P), bead width ), and height of
reinforcement If), weld penetrations shape facttWRSH and weld reinforcement form factor
(WRFBH and were used for estimating the individual aniriaction effects within the designed
limit of the parameters in these models.

30 DEVELOPMENT OF MATHEMATICAL MODELLING

As discussed earlier, the main disadvantages ofctim¥entional “trial and error” experimental
approach of varying one control parameter at a tivhde keep the rest constant, needs more trial
runs and does not provide any information aboutitkeraction between the selected parameters.
This handicap has been eliminated by using matheahdiased regression equations. Although
there have been many models (linear and non lireaai)able and has been successfully employed
by the researchers (J. I. Lee et al., 2000, TheodoAllen et al., 2001, Nagesh D.S. et al., 2002,
I.S. Kim et al., 2003) the linear models have bpewven to be simple and more useful for arc
welding processes (Sunil Pandey, 2004). Moreowverdiootic CQ arc welding, it was reported that
the linear model found to be producing better prigal of the bead penetration than the curvilinear
model and that theoretical results made from ththemaatical models may predict the experiment
values with any consistent accuracy (I.S. Kim gt2003).

Designing of experiments by using statistical bafsetiorial techniques are cost effective and are
able to generate comprehensive information on iteetdand interaction relationship, effects of the
control parameters on responses (D.C. Montgom@&Q@5R For factorial design of experiments, the



most important part is the selection of the indeleen direct parameters which could affect the
response and later the range of the parameterd &amdey, 2004). For the present study therefore,
two level, full factorial design of (2= 16) sixteen runs with three replications areunegl to for
completing one set of design of experiments. Whitee¢ replications there were 48 runs (16x3)
required to fit the regression equation for deteing the effect of four independent direct welding
process parameters on weld penetration.

The four parameters that were selected based oputbleshed literature such that they have been
proven to be affecting the weld penetration larg@&lye low and high levels of the parameters were
selected on “Trial and Error” basis so that they kaep equilibrium between the wire feed rate and
the burn off rate as well as keeping the welds freen all the visible welding defects such as

undercut non uniform width, extreme spattering,osdy, overlap, extreme convexity and macro

cracking.

For DOE based mathematical modelling the controlabées, as part of the general procedure are
coded as (+) and minus (-) for high and low lewspectively for manual data processing and for
rechecking the software based results. These linésinclude highest level ((+1) or simply (+))

and the lowest level ((-1) or simply (-)) of eaettor are coded respectively as per the equatjon (1

X, =—r——£ 1)

Where, X is the coded value of the factof;, is thenatural value of the factoij is thenatural
value of the basic levell; is the variation interval andis thenumber of the factors. The rest of
parameters other than the selected were kept ctngtar the current investigation therefore the
selected welding parameters are coded for theieugipd lower limits accordingly in such a way as
shown in Table 1.

TABLE 1
Process control parameters and their limits
Limits
SILNo Control Parameter Unit  NotatiorActual Code Actual Code
Low Low High High
1 Open circuit \ \% 18 -1 26 +1
2 Welding current A I 180 -1 260 +1
3 Arc travel rate cm/min A 24 -1 46 +1
4 Welding angle degree W 90 -1 145 +1

For the objective of this investigation which i thrediction of the weld penetration as a function
of direct welding parameters such as arc curratgdrvoltage, arc travel rate and welding angle can
be mathematically written in a linear form such as:

P=f(I.V,AW) )



This linear equation can be written in the formaopolynomial by taking into account all the
possible two factor interaction:

P = 1[30 +ﬂl| +ﬂ2V +ﬂ3A+ﬂ4W +ﬂ12|V +1[;13|A+:[;14|W +ﬂ23VA+ ﬂ24VW+ﬂ34AW (3)

whereP is the measured weld penetratiof,, 8, 5,, 5, and S, are the linear coefficients to be

estimated which depend on the four process copammeterd,V,A and W. Employing the least
square method based regression analysis, the redaglues from the experiments were employed
to measure the response, the weld penetration.s€leeted process control variables and their
respective limits are given in Table 1.

40 EXPERIMENTAL SETUP

For the experiments, flat position “Bead on platethnique was employed on SS41 carbon
structural steel plate with a specification of 18drfwidth) x 200mm (length) x 20mm (thickness).
The top surfaces of the test plates were cleanadhanécally and chemically to remove any oxide
layer and any source of hydrogen. AWS ER70S-6 (thBmild steel flux cored wire was used as
consumable and the experiments were carried outgudSTC DR-4000, robotic arm GMAW
welding machine under the shield of 80% ahnd 20% C@gas mixture supplied at the rate of
16 litre/min. The chemical composition of the wiseshown in Table 2 and the experimental set up
is shown in Figure 2.

TABLE 2
Chemical Composition of Electrode

%C %Mn %Si %S %P %Cu %Ni %Cr %Mo %V
0.06- 1.40- 0.80- 0.035 0.025 0.50 0.15 0.15 0.15 0.03
0.15 1.85 1.15 max. max. max. max. max. max. max.

Prior to the experiments, trial runs were condudtedetermine the workability of the machine.
Three sets of experiments were conducted as pgndesmtrix at random to avoid systematic error
creeping into the system. The data was collectex dime equilibrium between the wire feed rate
and the burn off rate is established and about ra@® weldment was deposited. The finished
welded plates are cross-sectioned at their midtpaiging a band saw to obtain its bead geometry.
The weld surfaces were polished by standard megatil procedure and were etched with 5%
Nital (Nitric acid + Ethanol) solution. The platesre dipped into the solution for 7 seconds and
then washed with running water before blow dryihge weld bead geometry was traced using an
optical profile projector and the bead dimensiaores,depth of penetration, height of bead and bead
width were measured. With the help of digital phaater, the areas of the parent metal melted and
the fused material from the electrode formed retdment were also measured. All the measured
values of weld penetration from the three setsxpeaments and are presented in Table 3.

For conducting the DOE approach and regressionysisala statistical software program
(MINITAB 16) was used to develop different matheiwat models to establish the relationships
between welding input parameters and the respomsengter. The coefficients obtained were used
to construct the model for weld bead geometry astpihe weld penetration. From the analysis, a
tabulated value of 95% confidence level was onlgdaconsidered as adequate. The associated “



value for this model is lower than 0.0& £ 0.05 or 95%) confidence level was considerede Th
values of the regression coefficients will giveidea as to what extent the factors have relatignshi
with the response. Insignificant coefficients welieninated to plot the main and interaction effects
between the direct process parameters.

TABLE 3
Design Matrix and Responses

Trial Process Control Parameters in coded formResponse Parameters

No | Y, A W P, P, P

1 1 1 1 1 0.670 1.150 1.400
2 1 1 1 1 0.800 1.150 1.170
3 1 1 1 1 0.710 0.650 0.670
4 1 1 1 1 2.250 2.630 2.630
5 1 1 1 1 1.000 0.870 0.880
6 1 1 1 1 0.730 0.620 0.570
7 1 1 1 1 0.330 0.220 0.880
8 1 1 1 1 1.280 1.490 1.470
9 1 1 1 1 1.240 1.250 1.240
10 1 1 1 1 1.390 1.130 1.130
11 1 1 1 1 0.730 0.570 0.550
12 1 1 1 1 2.330 2.630 2.330
13 1 1 1 1 1.310 1.260 1.250
14 1 1 1 1 0.560 0.730 0.560
15 1 1 1 1 0.570 0.540 0.570
16 1 1 1 1 1.740 1.450 1.360

50 ANALYSISOF THE RESULTSAND DISCUSSION

The experimental data based mathematical modelamad from the study can be used to predict
the process parameters that control weld penetrdtp substituting the coded values of the
respective parameters in the equations. The weldtpion(P) was calculated from the model for
each set of welding parametdrsv, A andW individually in their coded form are represented i
equation (2). Subsequently, it is possible to abthe required values of each of the process dontro
parameters by simply substituting the values ofdbsired weld penetration in the model. Under
prescribed welding conditions, the proposed mathieailamodel for the prediction of weld
penetration(P) after neglecting the statistically insignificamtetficients in the coded form is given
by:

P=1.124+0.3071 +0.133V -0.205A+0.090W +0.410lV -0.151IA-0.099VA 4)

This mathematical model could provide useful infatibn and possible guidelines for the robotic
GMAW welding system with reasonable accuracy bylysmag both the main and combined

interaction effects of each of the individual presecontrol variables on weld penetration. The
analysis of variance (ANOVA) results performed dffiedent regression functions denoted that the
set of linear model is a better representativetlier actual robotic GMAW process. The level of



significance of a particular parameter is assebygetie magnitude of thep® value associated with
it.

A closer look at the regression equation (4) cleendlicated that all the four parameters considered
for the study which are statistically significangve direct effects on weld penetration. The weldin
current () and open circuit voltageV] and the welding angl€W) have direct proportional
relationship with the penetration while the arcvédarate A (welding speed) has an inverse
relationship. Increasing any of these process obparametergl, V, W will cause an increase in
(P) and an increase in welding speed will decreaseémnetration level. These observations are in
full agreement with most of the published resultS.(Kim et al., 2003, Erdal Karadeniz et al.,
2007)

However, these process parameters when interaetdd ather are interestingly showed different
relationships to the response. The welding cuwargn interact with the open circuit voltage has
direct relationship with penetration which means iaorease in both of these parameters
collectively will increase weld penetration. But vl interact withA the interaction of these two
will reduce the weld penetration according to tegression model. Similarly open circuit voltage
too has positive relationship with the penetratiout, has an inverse effect when combined with arc
travel rate. The results clearly demonstrated thatwelding speed has the major influence in
reducing the weld penetration in robotic £®elding process. The accuracy of the model in
predicting the response is tested by plotting theeoved and predicted penetration in a scatter
diagram shown in Figure 3.
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Scatter diagram for the prediction of weld peneirefP)

All the main effects and interactive effects of #gtatistically significant process control paramete
are graphically illustrated such that the direde@t and relationships between weld penetration
with welding current, arc voltage, welding speed arelding angle are shown in Figures 4, 5; the
interaction effects of the process control paramsesee graphically plotted in Figures 6, 7 and the
surface plots for the interaction effects of thegass parameters are shown in Figures 8-10 to
understand the overall spectrum of the effecthefparameters on the response.



It can be seen from Figures 4 and 5 that unlikentéleling angléw (although has significant direct
effect onP) the rest of the control variables suchvas$ andA have much more significant influence
over weld penetration. The slope of the line tlegaresentdV however indicates that the effect is
comparatively lesser prominence than the rest.graphs also show both the open circuit voltage
and the welding current has positive effect on weddetration which confirms the results inferred
from the equation.
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On the other hand, the welding speed has invetaBomship with penetration comparatively at a
lower degree. All the graphs clearly indicate thdh an assumed linear relationship exists between
the weld penetration and the variablR$ias strong relationship wit, 1, A andW individually and
some of them, when combined together controls & idifferent manner. The results are also in
agreement with most of the published results orsgorable arc welding (Erdal Karadeniz et al.,
2007).

It is well known that the welding current is the shaignificant factor for weld penetration as
welding current has linear relationship with theaotlon flow resulting in high heat generation
which increase in more melting of the base metdll@nce high penetration. Also, the higher the
current density, the larger the volume of base riat® be melted, and deeper the weld penetration
will become. In other words, as current densityeases, the heat content of the molten droplets
increases as well as the temperature of the dnegshance, more heat is transferred to the base
metal. Increase in current also increases arc fatweh furthers the momentum of the molten
droplets, which on striking the weld pool causesueh deeper penetration.
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Figure 4 (b) indicates the existence of a positekationship between open circuit voltage and
penetration at both low and higher levels howewtien compared with the interaction effects plots
in Figure 6 (a) the trend is little different sintde voltage has a slightly inverse effect (althoug
statistically the effect is not prominent enoughlosv current levels.

This phenomenon can be confirmed clearly from Fg8rthat under the prescribed welding
conditions, there exist a very lean inverse refaiip between arc voltage and penetration at the
lower levels of welding current (180 A) and a sfgraintly high degree of a direct relationship is
found to be existing at higher current levels (250 The possible reasons for this phenomenon



could be the automated electrode wire feed ratectwimaintains the arc voltage constant by
adjusting the arc gap constant.
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The arc voltage is also proven to be an influengralcess control parameter in arc welding which
controls the depth of fusion and hence the geonwétiiye weldment. An increase in the arc voltage
under low current levels will expand the arc reduitee arc intensity and thereby reducing the weld
penetration.
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However at higher current levels, an increase énvttitage will increase the intensity of convective

fluid flow as higher voltage will enhance heat flard the driving forces for fluid flow, which in
turn will improve the penetration profile.
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The arc travel rate has a clear negative effedt weld penetration (Figure 5 (a)), and when interac
with welding current Figure 7 (a) as well as opercuit voltage Figure 6 (b). However the

inversion effect when interacted with voltage isywprominent at both levels (Figure 6 (b)), than
with welding current (Figure 7 (a)) at both leveldhe surface plots that shows the interaction
effects of arc travel rate with welding currentdiiiie 9) and with voltage (Figure 10) also confirms

these observations. This trend also is in totadéagent with most of the published results (J. & Le
et al., 2000), Erdal Karadeniz et al., 2007).
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Increase in arc travel rate (welding speed) redtisesmelting rate of the base metal as the arc
passes the area under influence faster and hematgdeetration and hence the depth of fusion is
also becoming lesser. The penetration decreasesodine pressure of the large amount of weld
pool beneath the electrode, which will cushion &he penetrating force. This could obviously be
attributed to the reduced line power per unit langft weld bead as welding speed increases. Also,
at higher welding speeds, the electrode travelerfasd covers more distance per unit time. The
combined effects of lesser line power and fastectedde travel speed results in decreased metal
deposition rate per unit length of weld bead. Hempmnetration and reinforcement decrease as
welding speed increases.

Welding angle has a mild influence on weld penetnaalthough the statistical results showed there
exists a positive direct relationship (Figure 5 @m)d 7 (b)). The possible reasons for this
relationship is well documented since the anglemenes the point of application and direction of
the arc force and hence the weld pool motion vhth relative angular position between electrode
and base plate alters the weld pool shape and ¢hetnqation. Changing of electrodes from
perpendicular (90°) to forehand position (for exéanmn this case is 145°) makes the weld bead
shallower which resulted in wider weld beads wékbsl penetration. Besides, narrow bead and deep
penetration are a result of the application of backl technique as well.

6.0 CONCLUSIONS
The following are the conclusions drawn from tmslgsis:

a) A Mathematical model has been developed to predeeld penetration as a function of
parameters that can be measured and controllegpendently in robotic C@arc welding
process

b) The model can be used to calculate other weld resgsowhich depend on weld penetration.

c) The two level, full factorial design is found to lery effective tool for quantifying the main
and interaction effects of direct independent weddirocess parameters on weld penetration.

d) It was observed that welding current was the magtificcant parameter affecting the weld
penetration and that the open circuit voltage areldwg speed’s interactions on weld
penetration were found to be statistically sigmifitand the interactions are well represented by
the surface plots developed.

e) Welding angle was also found to be statisticalgngicant, influencing on welding penetration
in a lower scale as compared to the welding current

f) The open circuit voltage was found to have inversi&ationship with penetration when
interacted with the welding current at low levedamhen interacted with arc travel rate it has
inverse relationship at both levels.

g) The arc travel rate was found to be influencednnraerse relationship with weld penetration
while the welding angle although has direct linedationship with penetration in both levels.
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