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Abstract. In recent years, stainless steel cladding appidces have increased in industrial environments thu¢his
process allows anti-corrosive surfaces be produtemh low cost materials, such as carbon steel or &loy steels.
However, to ensure the final quality of the cladginit is important to know the welding parametesfects on the
process outputs. This contributes to an approprigperation monitoring. Given that the main differenbetween
surfacing and conventional welding is related te geometric profile of the weld bead, this workedntio analyze the
influence of flux cored arc welding parameters eometric characteristics of 316L stainless steatldings deposited
on AISI 1020 carbon steel plates. The weld beadngéry was described by bead width, reinforcemenit ditution.
The FCAW parameters analyzed were wire feed raleage, welding speed and contact tip to work pigiséance. To
verify the parameters’ influence, mathematical niodeere developed based on Design of ExperimemtRasponse
Surface Methodology techniques. The results shothatl the mathematical models developed for geometry
claddings presented good adjustments and goodsstatii significance. Thus, these expressions caohiagacterized
as reliable relationships in representing and coliing the process, especially in the optimizatafrthe final welding
bead geometry characterized by a maximum bead védth a minimum dilution. All parameters analyzedreve
significant. However, the degree of significanceoam them varied according to the responses of @sterThe
interaction effects of parameters were also sigaift, showing that the combined effect of two patens can
significantly affect a response, even when takdividually the two might produce little effect.

Keywords: Surfacing, Flux cored arc welding, Stainless ktd&ddings, Design of Experiments, Response Sairfac
Methodology.

1. INTRODUCTION

Surfacing is a welding process in which a layefiltdr metal is deposited over the surface of arotinaterial to
obtain desired properties or dimensions. It is gaheused for three purposes: to extend the uddéubf a part that,
for a given application, lacks needed propertiesestore elements affected by corrosion or weat;ta create surfaces
with special features (Phillips, 1965; Marquetsal, 2005). Of these three applications, this last, aneindustrial
settings, is noticeably on the rise. Considering ¥harious types of surfacing materials, stainldeslscladdings are
characterized as one of the most frequent apmicatiMurugan and Parmar, 1997).

The stainless steel cladding process is then dkfisethe deposition of a stainless steel layerdfaces of carbon
steel or low alloy steels in order to produce clagsd with anti-corrosion properties and resistameeded to withstand
environments subject to high wear due to corrosiompressive results have made the process quitactie.
Essentially, the process produces surfaces, oat rommon materials, that are resistant to corrosivdronments.
This is obtained at a cost dramatically lower taing the pure, highly expensive components ofilstss$ steel. As a
result, carbon steels cladded with stainless steefaking hold in various types of industries,liuting petroleum,
chemical, food, agricultural, nuclear, naval, raiy civil construction, and still others (MurugandaParmar, 1994;
Palani and Murugan, 2006).

How cladding applications differ from conventionaklding mainly concerns the weld bead geometry.ikegnl
conventional applications, that require high peat@n (P) to ensure the resistance of the weld. (F, the desired
weld bead geometry in cladding applications inctudigh bead width (W), high reinforcement (R), Ipanetration (P)
and low dilution percentage (D) (Fig. 1b). This idweristic geometric profile is important for thecess allows cover
the largest possible area with the least numbpas$es, resulting in significant savings of timd araterial.

The dilution control is another critical aspectlie cladding process. This control, according teesa researchers,
is critical to ensuring the final quality of theaddings (Kannan and Murugan, 2006; Shahi and Par2i236;
Balasubramaniamt al, 2009). Shahi and Pandey (2008) argue that theiafl strongly influences the chemical
composition and properties of cladded componemisthé stainless steel cladding process, increatsiagdilution
reduces the alloying elements and increases theowacontent in the cladded layer, giving rise towanber of
metallurgical problems. Chief among these is thet metal is less corrosion-resistant. Thereforsearchers are
studying and developing procedures that are abdéféo an optimal dilution (Palani and Murugan, Zp0
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Figure 1 — Desired weld bead geometry: a) uniomt jii/pical applications), b) cladding

Considering that the desired weld bead geometprésented as one of the most important qualityofactor
stainless steel claddings, the knowledge abouiniding parameters’ influence on the responsesighfithis bead
geometry is of great relevance. This informatidovas evaluate how geometric characteristics arectdtl by changes
in the input parameters, which contributes to approprocess control and to obtain optimal results & given
application.

In this context, the objective of this work is toatyze how flux cored arc welding parameters infeee the
geometric profile of stainless steel claddings @&é&pd on surfaces of carbon steel. The weld beadnggy was
analyzed by the bead width, reinforcement and iditutRegarding the welding parameters, the effettgire feed rate,
voltage, welding speed and contact tip to workpidiseance were considered.

The choice of studying the Flux Cored Arc Weldingpqess (FCAW) is justified with the advantages as h
exhibited, advantages that are consistent to rgackl levels of productivity, economy and qualitly.obtains high
deposition rates, has minimal waste of electrodews process flexibility, produces high weld qualind
demonstrates excellent control of the weld podfi{3e2004).

To analyze the parameters’ influence, mathematinatlels were developed through Design of Experiments
techniques. The experimental designs commonly eyeplanclude the Factorial Design, Fractional Faatdbesign,
Taguchi, Mixture and the Response Surface MethagoldAmong them, it was used the Response Surface
Methodology, described in more details in the rsextion.

2. EXPERIMENTAL METHOD

According to Montgomery (2005), the Response Serfdethodology is a collection of mathematical atadistical
techniques which are useful in modeling and anatyziroblems where responses of interest are affdnfemultiple
input parameters. Such techniques have been usedssdully for the analysis of welding processesdsgarchers as
Kannan and Murugan (2006), Palani and Murugan (R@®6édrigueset al. (2008) and Balasubramanianhal. (2009).

The second order polynomial function developedafoesponse surface that relates a given respowité k input
variables has the following format, described by @9

y:ﬂo+Z:8iXi+Z:8iixi2+zzlgu)§xj @

i<j

where: y— Response of interest
X — Input parameters
Po, Bi, Bii, pij — Coefficients to be estimated
k — Number of input parameters considered

To estimate the coefficients stated in Eq. (1), @rdinary Least Squares (OLS) is the typically uaégbrithm.
After the model building, the ANOVA statistical medure is usually employed to check its signifiearmnd its
adjustment.

Thus, to build and analyze the mathematical funstidor the responses of interest, the Responseacurf
Methodology was divided into four phases, eachwitie its respective steps, as described below:

1°) Experiments planning: defining the parameters and their levels of watoosing the responses of interest,
definition of the experimental matrix.

2°) Experimental procedure:performance of experiments and recording of resgen
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3°) Mathematical modeling of responses of interestnathematical modeling of responses, adequacy djudtenent
of the models, obtaining of response surfaces.
4% Analysis of parameters’ influenceanalysis of main effects and interaction effedtparameters.
The following sections present the developmentlgftaases related by this experimental method.
2.1. Experiments planning

The FCAW parameters examined were wire feed retg, (/oltage V), welding speedS) and contact tip to
workpiece distanceN). In defining the parameters levels, previous aege and preliminary tests were took into
account. Thus, by analyzing previous studies antsidering the objectives of this work, the limitseach variable
were pre-fixed. Then, preliminary tests were usefirnd the extreme levels for each variable, deteimg whether the

process occurred under such conditions. Table Wshioe parameters and their levels, set at theoétite preliminary
tests.

Table 1 — Parameters and their levels

Levels
Parameters Unit Notation
-2 -1 0 +1 +2
Wire feed rate m/min W 55 7.0 8.5 10.0 11.5
Voltage \% \% 24.5 27.0 29.5 32.0 34.5
Welding speed cm/min S 20 30 40 50 60
Contact tip to workpiece distance mm N 10 15 20 25 30

The responses examined include the bead widjh reinforcementR) and dilution D), which represent the weld
bead geometry. Penetration was not consideredisnstindy. However, as can be observed in Fig. &,ditution
percentage depends directly of degree of penetratio other words, a high penetration producesgh Hdilution.
Analogously, low penetrations generate low dilutipercentages. Thus, the FCAW parameters’ influeane
penetration has a very similar aspect with thetidifuanalysis.

The experimental matrix used was the central coitgpdssign (CCD) with four factors (k) at two lesdp = 2* =

16), eight axial points (2k = 8), seven center poand 1 replication, resulting in 31 experimeffitee value adopted for
a (related to the axial points) was 2.0.

2.2. Experimental procedure

The experiments were carried out using a sourceBES8AstoPower 460 and a module AristoFeed 30-4W MAG6
this latter employed to feed the wire. To conttw tvelding speed and to adjust the torch over #se lmetal, it was
used a test bank equipped with a device for magatiiose operations. The base metal used was catbehAlSI
1020, cut into plates of 120 x 60 x 6.35 mm. THierfimetal employed was flux cored stainless staed E316LT1-
1/4, of 1.2 mm diameter. Table 2 presents the ctelreomposition of these materials.

Table 2 — Chemical composition of base metal diet finetal

Material C Mn P S Si Ni Cr Mo
AISI 1020 0.18/0.23 0.30/0.60 0.04 0.05 - - - -
E316LT1-1/4 0.03 1.58 - - 1.00 12.4 18.5 2.46

Experiments were performed by simply depositingeadbof stainless steel onto carbon steel platesi(be plate),
taking into account the parameters defined in Bal.he shielding gas used was the mixture 75% Rb6% CQ at a
flow rate of 16 I/min. The torch angle was set%ft tb “pushing”.

To measure the weld bead geometry, the specimere aut at four different points to get a betterrage of the
responses. The beginning and the end of the presmssdiscarded. After the cut of samples, thaessrsections were
properly prepared, attacked with 4% nital and phpaphed. With the help of the image analysis saftwnalysis
Doc®, the cladding dimensions were measured, obtaitiiaghead width, reinforcement, area of penetradio total
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area of the weld. The dilution percentage was tenulated by dividing the area of penetration hg total area.
Figure 2 illustrates the procedure applied in tlemsurement of the weld bead geometry.

After collecting all the responses, they were asdethto create the experimental matrix showed ib. T Two
data relating to the reinforcement (tests 10 andw&ke eliminated because they were characterigesbitliers. Their
presence could have negatively influenced the esim of mathematical models. By way of illustratidrab. 3 also
presents the values of average welding currentrebdén the experiments.

Table 3 — Experimental matrix

Parameters Responses Average
R T w v s W W R current
[m/min] V] [em/min] [mm] [mm] [mm] D [A]
1 7,0 27,0 30 15 11.19 2.63 26.44% 172
2 10,0 27,0 30 15 12.99 3.12 25.82% 214
3 7,0 32,0 30 15 12.70 2.50 31.49% 181
4 10,0 32,0 30 15 15.05 2.78 31.25% 233
5 7,0 27,0 50 15 9.21 2.17 36.22% 173
6 10,0 27,0 50 15 9.96 2.67 33.69% 205
7 7,0 32,0 50 15 9.75 2.06 37.12% 176
8 10,0 32,0 50 15 11.51 2.42 41.08% 218
9 7,0 27,0 30 25 10.32 2.87 22.46% 143
10 10,0 27,0 30 25 11.43 * 18.32% 179
11 7,0 32,0 30 25 11.27 2.85 23.71% 152
12 10,0 32,0 30 25 13.34 3.18 21.96% 179
13 7,0 27,0 50 25 7.99 2.55 24.96% 143
14 10,0 27,0 50 25 8.62 2.80 23.31% 177
15 7,0 32,0 50 25 8.48 2.36 28.77% 151
16 10,0 32,0 50 25 10.84 2.60 30.19% 183
17 55 29,5 40 20 9.07 2.21 31.56% 141
18 11,5 29,5 40 20 12.21 3.06 30.95% 213
19 8,5 24,5 40 20 9.42 3.03 22.84% 175
20 8,5 34,5 40 20 11.69 2.46 35.58% 188
21 8,5 29,5 20 20 14.93 * 18.58% 187
22 8,5 29,5 60 20 8.48 2.25 35.78% 172
23 8,5 29,5 40 10 11.73 2.61 40.44% 223
24 8,5 29,5 40 30 9.22 2.89 24.16% 152
25 8,5 29,5 40 20 10.82 2.60 31.05% 180
26 8,5 29,5 40 20 10.93 2.59 31.67% 181
27 8,5 29,5 40 20 10.74 2.65 30.88% 179
28 8,5 29,5 40 20 10.61 2.50 32.83% 176
29 8,5 29,5 40 20 10.64 2.62 29.99% 175
30 8,5 29,5 40 20 10.59 2.61 31.09% 172
31 8,5 29,5 40 20 10.57 2.56 31.02% 174
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Figure 2 — Measurement of the weld bead geometry
2.3. Mathematical modeling of responses of interest

Writing the response surface function stated in @&.for the four input parameters considered is thork, the
following expression is obtained:

y:ﬂo +ﬂ1Wf +ﬂ2V +ﬂ38+ﬁ4N -'-ﬁllwf2 +ﬂ22V2 +ﬂ33Sz +ﬁ44N2 +ﬁ12WfV +ﬁ13WfS+
+ LW N + B, VS + VN + 53, SN

()

Thus, to develop the mathematical relationshipsefach response of interest, the coefficients of efsodvere
estimated by employing the statistical softwMENITAB®, which uses the Ordinary Least Squares (OLS) ndetho
Table 4 presents these coefficients for completedrptic models developed for the bead width, reagment and
dilution.

The adequacy of the models was verified using Asialpf Variance (ANOVA), also made BINITAB®. The
main results of this analysis are also found in.T4b All developed models were adequate and shokigH
adjustments, since they haevaluesless than 5% of significance aadj. R values over 90%P-valuesless than 5%
indicate that the models are statistically sigaifit On the other handdj. R values over 90% suggest that the models
are able in explaining more than 90% of the valitghin the responses and can be used as theiigbi@dinstruments.

After the adequacies of the models were verifibds¢ were reduced by removing insignificant teffile criteria
for removal were (1) increase in thdj. R value and (2) reduction in the variance of the eiedThus, the final models
had the shapes described by Egs. (3) - (5), while 5 shows the new adjustments obtained.

Finally, the response surfaces relating the propasameters with the geometric responses of trddirlgs were
built using the softwardINITAB®. However, such surfaces will be discussed in nuw®il later along with the
analysis of the interaction effects of parameters.
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Table 4 — Estimated coefficients for complete gatidmodels

Responses
Coefficient
w R D
Constant 10.6996 2.5898 0.3122
B 0.7967 0.1921 -0.0028
5 0.6555 -0.1051 0.0249
B -1.4507 -0.2230 0.0368
B -0.6290 0.1155 -0.0425
B -0.0033 0.0069 -0.0023
B> -0.0240 0.0346 -0.0074
Baa 0.2637 0.0196 -0.0125
Bia -0.0440 0.0368 0.0003
Bio 0.2663 -0.0309 0.0077
Bis -0.1137 -0.0146 0.0050
Bia -0.0308 -0.0219 -0.0042
Bos -0.1023 -0.0049 0.0023
Boa -0.0064 0.0148 -0.0020
Baa 0.0665 -0.0144 -0.0077
p-value 0.000 0.000 0.000
adj. R 97.98% 91.86% 93.43%

Coefficients inbold indicate significant terms

Table 5 — Comparison between the adjustment ofdihgplete models and final models

adj. R? (%) Variance
Response - -
Complete model Final model Complete model Final nuel
w 97.98 98.33 0.2469 0.2244
R 91.86 93.20 0.0791 0.0723
D 93.43 94.30 0.0150 0.0140

W = 10640+ 0797W, + 0656V — 1451S - 0629N + 0270S” + 0260N,V — 0114V, S
- 0102/S+ 0067SN

3)

R= 2597+ 019, — 0104V — 0223S + 0115N + 0034V > + 0019S? + 0036N 2
~ 0030,V - 0023V, N

(4)

D = 0310- 0003V, + 0025/ + 0037S - 0043N — 0007V * — 0012S* + 0008V, V
+ 0003V, S - 0004V, N — 0008SN

()
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3. RESULTS AND DISCUSSION

Having developed the final models, it was posstblanalyze how changes in the input parameterstafiethe
process responses. By varying the parameter whifesg & was desired to study, while keeping thieens constant, its
influence over the responses could be visualizéiks Tlarified important information about the presan question.
Thus, in this section it is discussed the differimfiuences of flux cored arc welding parameterstio& weld bead
geometry for stainless steel claddings depositechomon steel.

3.1. Main effects of FCAW parameters

Figures 3 to 5 present the main effects on the badth, reinforcement and dilution, showing howsbeaesponses
are affected by changes in FCAW parameters.
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Figure 3 — Influence of parameters on the beadhwidt
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Figure 5 — Influence of parameters on the dilution
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Figure 3 indicates that increasing the wire feadd ad voltage and decreasing the welding speed@mtdct tip to
workpiece distance result in larger bead widthds Diecurs because the increase in wire feed rateesaa rise in the
welding current. The amount of material depositecréases, resulting in higher weld bead dimensibikewise,
increased voltages are positively correlated withheased width, i.e., the higher the voltage tleaigr the bead width
and vice versa. As for welding speed, lower spemdse, for each unit of time, greater amounts dkeri@ to be
deposited in a given length, resulting in higheneimsions. For the contact tip to workpiece distaaceincrease in
distance increases the length and the Joule effabe wire, causing a drop in heat in the weldlpdais fall in heat
reduces the weld bead dimensions. Thus, smallemties produce greater bead widths.

The results for reinforcement (Fig. 4) show thatr@&ases in reinforcement are related to low voiialgav welding
speeds, high wire feed rates and high contacbtipdrkpiece distances. Reinforcement is inverselgted to voltage.
Lower voltages result in stronger reinforcementd higher voltages result in weaker reinforcemefits. the welding
speed, lower speeds cause greater deposition efialgter unit of time, which leads to larger wélelads. Obtaining
greater reinforcements at higher wire feed rateslds related to increasing the welding current trelamount of
material deposited. Increasing the contact tip ¢okwiece distance lowers the heat in the weld pbloé molten metal
consequently has insufficient energy to penetmnatihé base metal. Hence, the filler metal, unablpanetrate in the
piece, just accumulates on the base metal, incrgdise reinforcement.

The influence of FCAW parameters on the dilutiopiiesented in Fig. 5. As can be observed, low gekalow
welding speeds and high contact tip to workpiestadices produced lower levels of dilution. For tieisponse, wire
feed rate is a parameter with little impact. NotioeFig. 4 that low voltages and low welding spe@dsduce high
reinforcements and, consequently, high reinforceénae@as. Similarly, the experiments in such coadgipresented
low penetration areas. Therefore, the increaseimfarcement area and decrease in penetrationrasedted in low
dilution percentages. The same reasoning appliéiset@ontact tip to workpiece distance. Under cioos of greater
distances, it was observed low penetration ared$i@h reinforcement areas, leading to decreadatiadi.

3.2. Interaction effects of FCAW parameters

Table 4 showed that only one significant interatiid FCAW parameters was identified. It was observetween
the wire feed rate and voltage on the bead widthraeans that the combined effect of these paramsignificantly
influences this response. However, other interasti@lthough not significant, must be consideregairtant because
they could not be removed from mathematical modelthe reduction procedure. Such interactions vwaralyzed
using the response surfaces developed in the esectibn 2.3.

In Fig. 6 it is illustrated the combined effect wire feed rate and voltage on bead width. Althokad. 3 has
presented both parameters having influence onr#sponse, Fig. 6 shows that also significant is ittieraction
between them. Thus, increasing the wire feed raiigevincreasing the voltage widens the weld beatsicierably. The
same analysis can be attributed to Fig. 7, whielsgmts the interaction effect between wire feesl aat welding speed
on bead width. A significant increase in this cletegistic can be reached when high wire feed rateslow welding
speeds are employed.

w12
20
10
s
Figure 6 — Interaction effect between wire feeé rat Figure 7 — Interaction effect between wire feeé rat
and voltage on bead width and welding speed on bead width
(S =40 cm/min; N =20 mm) (V=29.5V;N=20mm)

The interaction effects of FCAW parameters on #iaforcement are illustrated in Figs. 8 and 9. Fég8 shows
that the reinforcement increases with low voltaged high wire feed rates and Fig. 9 indicates tthiatresponse also
can raise using high wire feed rates and high cbtifato workpiece distances.

For dilution, low percentages are observed in héiyels of wire feed rate and low voltages (Fig. d0with low
welding speeds and high contact tip to workpiestadices (Fig. 11).
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Figure 8 — Interaction effect between voltage and Figure 9 — Interaction effect between wire feeé rat
wire feed rate on reinforcement and contact tip to workpiece distance on reinforeem
(S =40 cm/min; N =20 mm) (V=29.5V; S =40 cm/min)
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Figure 10 — Interaction effect between wire fedd ra Figure 11 — Interaction effect between welding spee
and voltage on dilution and contact tip to workpiece distance on dilution
(S =40 cm/min; N =20 mm) (W =8.5 m/min; V =29.5V)

. CONCLUSIONS
From the previous section’s results, the followoagclusions can be drawn:

. The mathematical models developed presented higlstatents and can be characterized as expressiqgreat
reliability for a good control of this process. Atlodels were adjusted over 90%.

. All parameters analyzed had significant influencetloe stainless steel claddings’ geometry. Howetlegree of
importance among them varied depending on the rsgpof interest.

. As for the desired geometry of the cladding procksger bead widths may be obtained by employiigd hvire

feed rates, high voltages, low welding speeds awdbntact tip to workpiece distances.

Increased reinforcement is obtained by increadiegwire feed rate and contact tip to workpieceadise and by

decreasing the voltage and welding speed.

. For dilution, low percentages are achieved at loftages, low welding speeds and high contact tiprdokpiece
distances. The wire feed rate yielded little inflae on this response.

. The analysis of interaction effects identified oolye significant interaction between FCAW paranseteiowever,
other interactions, although not significant, weomsidered important elements to analyze this éhgdgdrocess,
since they were used to compound the mathematicdéls developed.

. The interaction effects showed that the geometraracteristics can be significantly improved wheo br more
parameters are worked together.

. It can be observed by previous findings that besrasf FCAW parameters varies between different @asps. In
other words, the input parameters combination pinavides the desired condition for a given respdaseot the
same that satisfies the others. Thus, the existehoenflicts of interest between the variablesgasis, as theme for
future studies, that optimization methods are &pbpin this problem. The goal is to achieve a glamlition that
addresses all the process features at the same time
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