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In recent years, industrial settings are seeing a rise in the use of stainless steel claddings. The anti-corrosive
surfaces are made from low cost materials such as carbon steel or low alloy steels. To ensure the final
quality of claddings, however, it is important to know how the welding parameters affect the process�s
outcome. Beads should be defect free and deposited with the desired geometry, with efficiency, and with a
minimal waste of material. The objective of this study then is to analyze how the flux-cored arc welding
(FCAW) parameters influence geometry, productivity, and the surface quality of the stainless steel clad-
dings. It examines AISI 1020 carbon steel cladded with 316L stainless steel. Geometry was analyzed in
terms of bead width, penetration, reinforcement, and dilution. Productivity was analyzed according to
deposition rate and process yield, and surface quality according to surface appearance and slag formation.
The FCAW parameters chosen included the wire feed rate, voltage, welding speed, and contact-tip-work-
piece distance. To analyze the parameters� influences, mathematical models were developed based on
response surface methodology. The results show that all parameters were significant. The degrees of
importance among them varied according to the responses of interest. What also proved to be significant
was the interaction between parameters. It was found that the combined effect of two parameters signifi-
cantly affected a response; even when taken individually, the two might produce little effect. Finally, the
development of Pareto frontiers confirmed the existence of conflicts of interest in this process, suggesting the
application of multi-objective optimization techniques to the sequence of this study.

Keywords design and analysis of experiments, flux cored arc
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1. Introduction

Surfacing is a welding process in which a layer of filler
metal is deposited over the surface of another material to obtain
desired properties or dimensions. It is generally used for three
purposes to extend the useful life of a part that, for a given
application, lacks needed properties; to restore elements
affected by corrosion or wear; and to create surfaces with
special features (Ref 1). Of these three applications, this last
one, in industrial settings, is noticeably on the rise. Considering
the various types of surfacing materials, stainless steel clad-
dings are characterized as one with the most frequent applica-
tions (Ref 2). The stainless steel cladding process is then
defined as the deposition of a stainless steel layer on surfaces of
carbon steel or low alloy steels to produce claddings with anti-

corrosion properties and resistance needed to withstand
environments subjected to high wear due to corrosion. Impres-
sive results have made the process quite attractive. Essentially,
the process produces surfaces, out of common materials that are
resistant to corrosive environments. This is obtained at a cost
dramatically lower than using the pure, highly expensive
components of stainless steel. As a result, carbon steels cladded
with stainless steels are gaining stronghold in various types of
industries including petroleum, chemical, food, agricultural,
nuclear, naval, railway, civil construction, etc. (Ref 3, 4).

While its potential economic advantages are great, the
stainless steel cladding is a complex welding process. Several
input parameters and multiple response variables are involved.
Thus, finding the proper control over the process parameters is
essential to achieve a desired quality of the material deposited
(Ref 5).

How cladding applications differ from conventional welding
mainly concerns the weld bead geometry. Unlike conventional
applications that require high penetration (P) to ensure the
resistance of the weld (Fig. 1a), the desired weld bead
geometry in cladding applications includes high bead width
(W), high reinforcement (R), low penetration (P), and low
dilution percentage (D) (Fig. 1b). This profile geometric
characteristic that is important for the process allows covering
the largest possible area with the least number of passes,
resulting in significant savings of time and material.

In the cladding process, another critical aspect is the dilution
control. This control, according to several researchers, is critical
to ensuring the final quality of the claddings (Ref 6-8). Shahi
and Pandey (Ref 9) claim that dilution strongly influences the
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chemical composition and properties of cladded components. In
the stainless steel cladding process, increasing the dilution
reduces the alloying elements and increases the carbon content
in the cladded layer, giving rise to a number of metallurgical
problems. Chief among these is that the metal is less corrosion
resistant. Therefore, researchers are studying and developing
procedures that are able to offer an optimal dilution.

Recent years have seen the development of several studies
addressing stainless steel cladding process (Ref 2-20). As this
process has been increasing in industrial environments, most of
the previous research studies have focused on analyzing the
final properties of the claddings, checking whether the welding
process used is capable of producing claddings with the
required specifications to withstand conditions of high wear
corrosion (Ref 10-18). The main tests evaluate the microstruc-
ture, hardness, tensile properties, and corrosion resistance. On
the other hand, some studies have sought to better understand
the cladding process, looking for mathematical relationships
between the welding process�s input parameters and the
response variables (Ref 3-9). For this approach, the researchers
have concerned themselves with dilution and the parameters of
the weld bead geometry, analyzing how variations in process
parameters influence these responses.

A review of the literature reveals two fundamental groups of
researchers: those analyzing final properties and those studying
the cladding�s geometric characteristics. Considering the indus-
try�s current demand for efficient and economic processes, little
study has been concerned with the analysis of variables related
to the productivity of the process (Ref 19, 20). As was said
earlier, an important factor in achieving the final quality of the
claddings is control over the process. In this respect, the effects
of welding parameters on the results of the cladding process are
known to be related to the beads being defect free and
deposited with the desired geometry, with good yield and with a
minimal waste of material.

Given these theoretical considerations, this article aims to
analyze how flux-cored arc welding (FCAW) parameters
influence geometry, productivity, and the quality of stainless
steel claddings deposited on surfaces of carbon steel. Regarding
the welding parameters, we considered the effects of wire feed
rate, voltage, welding speed, and contact-tip-workpiece dis-
tance (CTWD). The weld bead geometry was analyzed by the
bead width, penetration, reinforcement, and dilution. Produc-
tivity included the deposition rate and process yield. Regarding
quality, the slag formation and surface appearance were
considered.

The choice of studying the FCAW process is justified with
the advantages it has exhibited. It obtains high deposition rates,
has minimal waste of electrode, shows process flexibility,
produces high-weld quality, and demonstrates excellent control
of the weld pool (Ref 21).

The parameters� influence was analyzed using mathematical
models developed through design and analysis of experiments
techniques, mainly using the response surface methodology
(Ref 22-24). According to Montgomery (Ref 22), this meth-
odology is a collection of mathematical and statistical tech-
niques, which are useful in modeling and analyzing problems
where responses of interest are affected by multiple input
parameters. Such techniques have been used successfully for
the analysis of welding processes by such researchers as Palani
and Murugan (Ref 4), Kannan and Murugan (Ref 6), and
Balasubramanian et al. (Ref 8).

2. Experimental Method

The response surface methodology was divided into four
phases: (1) experiments planning; (2) experimental procedure;
(3) mathematical modeling of responses of interest; and (4)
analysis of parameters� influence. The steps followed in each
phase are detailed in Fig. 2.

2.1 Experiments Planning

The FCAW parameters examined are wire feed rate, voltage,
welding speed, and CTWD. In defining the parameters’ levels,
previous research, and preliminary tests were taken into
account. Thus, by analyzing previous studies and considering
the objectives of this study, the limits of each variable were
prefixed. Then, preliminary tests were performed to find the
extreme levels for each variable, thus determining whether
the process occurred under such conditions. Table 1 shows the
parameters and their levels, set at the end of the preliminary
tests.

The responses examined include the bead width (W),
penetration (P), reinforcement (R) and dilution (D), represent-
ing the weld bead geometry. The responses of productivity are
the deposition rate (DR) and process yield (Y). For quality, the
slag formation (SF) and the surface appearance (SA) were
considered.

The experimental matrix used was the central composite
design (CCD) with four factors at five levels, eight axial points,
seven center points, and one replication, resulting in 31
experiments. The value adopted for a was 2.0. CCDs are often
recommended when the design plan calls for sequential
experimentation because these designs can incorporate infor-
mation from a properly planned factorial experiment (Ref 22).
The factorial and center points may serve as a preliminary stage
where you can fit a first-order (linear) model, but still provide
evidence regarding the importance of a second-order contribu-
tion or curvature.

2.2 Experimental Procedure

The experiments were carried out using a welding
machine ESAB AristoPower 460 and a module AristoFeed
30-4W MA6, this latter one employed to feed the wire. The
control of the welding speed and the torch angle were
provided by a mechanical system device. The base metal
used was a carbon steel AISI 1020, cut into plates of
120 mm9 60 mm9 6.35 mm. The filler metal employed was
a flux-cored stainless steel wire of type AWS E316LT1-1/4,
of 1.2-mm diameter. Table 2 presents the chemical compo-
sition of these materials.

Fig. 1 Desired weld bead geometry: (a) union joint (typical appli-
cations) and (b) cladding
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Experiments were performed by simply depositing a bead of
stainless steel onto carbon steel plates (bead on plate), taking
into account the parameters defined in Table 3. The shielding

gas used was the mixture 75%Ar+25%CO2 at a flow rate of
16 l/min. The torch angle was set at 15� to ‘‘pushing.’’

Recording the responses was made in three steps:
(1) Evaluation of the quality: researchers evaluated both the

slag formation and the surface appearance by assigning them
scores. The slag formation (SF) was scored from 1 to 5 on the
following basis:

1: bad slag formation, uneven and flawed;
2: slag formation with large failures in the coating;
3: slag formation with some areas not covered;
4: slag formation with minor flaws in the coating;
5: good slag formation, with a complete coating on the weld.
After the slag was removed, the surface appearance (SA) of

the weld beads was evaluated. This was scored on a 1-10 basis,
according to the following criteria:

1: weld bead totally defective;
2: weld bead with high occurrence of defects (more than six)

and rough SA;
3: weld bead with high occurrence of defects (more than six)

and SA appearance;
4: weld bead with an average occurrence of defects (from

four to six) and rough SA,
5: weld bead with an average occurrence of defects (from

four to six) and smooth SA;
6: weld bead with little occurrence of defects (one to three)

and rough SA;
7: weld bead with little occurrence of defects (one to three)

and smooth SA;
8: weld bead free from defects and rough SA;
9: weld bead free from defects and partially smooth SA and

partially rough;
10: weld bead free from defects and smooth SA.
Figures 3 and 4 show some examples of the quality

assessment of claddings.
(2) Calculation of the responses of productivity: to measure

the variables of productivity, the carbon steel plates were
weighed before and after the deposition of beads. Also, welding
time was recorded. Thus, the fusion rate (FR), the deposition
rate (DR), and process yield (Y) were calculated by the
following expressions:

Fusion rate: FR ¼ lw � dw
t
ðkg/hÞ ðEq 1Þ

which lw is the length of flux cored wire consumed, calcu-
lated by:

lw ¼ Wf � t � 60 ðmÞ ðEq 2Þ

where Wf is the wire feed rate (m/min); dw the linear density of
flux cored wire: 7.21910�3 kg/m; and t is the welding time (h).

Deposition rate: DR ¼ mf � mið Þ
t

ðkg/hÞ ðEq 3Þ

where mi is the plate mass before welding (kg); mf the plate
mass after welding (kg); and t is the Welding time (h).

Fig. 2 Experimental method

Table 1 Parameters and their levels

Parameters Unit Notation

Levels

22 21 0 +1 +2

Wire feed rate m/min Wf 5.5 7.0 8.5 10.0 11.5
Voltage V V 24.5 27.0 29.5 32.0 34.5
Welding speed cm/min S 20 30 40 50 60
CTWD mm N 10 15 20 25 30

Table 2 Chemical composition of base metal and filler
metal

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
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Process yield: Y ¼ DR

FR
� 100 ð%Þ ðEq 4Þ

(3) Measuring the weld bead geometry: The weld bead
geometry was measured at four different points of the
specimens. The beginning and the end of the process were

discarded to get a better average of the responses. The samples
were cut and their cross sections properly prepared, attacked
with 4% nital, and photographed. Figure 5 shows the cross
sections of two specimens after cutting, preparation, and attack.
With the help of the image analysis software Analysis Doc�,

Table 3 Experimental matrix

Test

Parameters Geometry Productivity Quality

Wf V S N W P R D, % DR Y, % SF SA

1 �1 �1 �1 �1 11.19 1.37 2.63 26.44 2.718 89.74 3 7
2 1 �1 �1 �1 12.99 1.66 3.12 25.82 3.881 89.71 5 6
3 �1 1 �1 �1 12.70 1.69 2.50 31.49 2.699 89.14 3 10
4 1 1 �1 �1 15.05 1.98 2.78 31.25 3.871 89.47 3 …
5 �1 �1 1 �1 9.21 1.65 2.17 36.22 2.773 91.58 3 10
6 1 �1 1 �1 9.96 1.94 2.67 33.69 3.924 90.70 4 9
7 �1 1 1 �1 9.75 1.54 2.06 37.12 2.647 87.43 3 10
8 1 1 1 �1 11.51 2.18 2.42 41.08 3.822 88.36 3 8
9 �1 �1 �1 1 10.32 1.25 2.87 22.46 2.740 90.49 4 9
10 1 �1 �1 1 11.43 1.00 … 18.32 3.870 89.47 5 8
11 �1 1 �1 1 11.27 1.32 2.85 23.71 2.743 90.60 3 7
12 1 1 �1 1 13.34 1.10 3.18 21.96 3.885 89.81 4 4
13 �1 �1 1 1 7.99 1.11 2.55 24.96 2.847 94.03 3 9
14 1 �1 1 1 8.62 1.23 2.80 23.31 3.901 90.17 4 9
15 �1 1 1 1 8.48 1.37 2.36 28.77 2.832 93.52 3 10
16 1 1 1 1 10.84 1.64 2.60 30.19 3.969 91.74 3 7
17 �2 0 0 0 9.07 1.38 2.21 31.56 2.204 92.62 3 9
18 2 0 0 0 12.21 2.14 3.06 30.95 4.454 89.52 4 6
19 0 �2 0 0 9.42 1.20 3.03 22.84 3.324 90.41 4 9
20 0 2 0 0 11.69 1.86 2.46 35.58 3.311 90.04 3 8
21 0 0 �2 0 14.93 0.95 … 18.58 3.319 90.27 4 8
22 0 0 2 0 8.48 1.43 2.25 35.78 3.423 93.08 3 9
23 0 0 0 �2 11.73 2.18 2.61 40.44 3.242 88.15 3 8
24 0 0 0 2 9.22 1.28 2.89 24.16 3.385 92.05 3 8
25 0 0 0 0 10.82 1.71 2.60 31.05 3.421 93.04 3 8
26 0 0 0 0 10.93 1.72 2.59 31.67 3.380 91.91 3 8
27 0 0 0 0 10.74 1.62 2.65 30.88 3.402 92.51 3 7
28 0 0 0 0 10.61 1.80 2.50 32.83 3.382 91.98 3 8
29 0 0 0 0 10.64 1.49 2.62 29.99 3.388 92.15 3 7
30 0 0 0 0 10.59 1.49 2.61 31.09 3.398 92.40 3 7
31 0 0 0 0 10.57 1.50 2.56 31.02 3.404 92.58 3 8

Fig. 3 Evaluation of slag formation: (a) Score 3 and (b) Score 5 Fig. 4 Evaluation of surface appearance: (a) Score 6 and (b) Score
10
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the weld bead dimensions were measured to obtain the bead
width (W), penetration (P), reinforcement (R), area of penetra-
tion, and total area of the weld. The percentage of dilution (D)
was then calculated by dividing the area of penetration by the
total area.

After measuring all the responses of interest, these were
assembled to create the experimental matrix shown in Table 3.
Note that two data relating to the reinforcement (tests 10 and
21) and another referring to the surface appearance (test 2) were
eliminated. These data were characterized as outliers. Their
presence could have negatively influenced the estimation of
mathematical models.

2.3 Mathematical Modelling of Responses of Interest

The second-order polynomial function developed for a
response surface that relates a given response y with k input
variables has the following format, described by Eq 5 (Ref 22):

y ¼ b0 þ
Xk

i¼1
bixi þ

Xk

i¼1
biix

2
i þ

XX

i < j

bijxixj ðEq 5Þ

where y is the response of interest; xi is input parameters; b0,
bi, bii, bij are the coefficients to be estimated; and k is the
number of input parameters considered.

Considering the process discussed in this study, which
investigates the effects of four parameters, Eq 5 can be re-
written as shown in Eq 6 below:

y ¼b0 þ b1Wf þ b2V þ b3S þ b4N þ b11W
2
f þ b22V

2

þ b33S
2 þ b44N

2 þ b12WfV þþb13WfS þ b14WfN

þ b23VS þ b24VN þ b34SN ðEq 6Þ

The statistical software Minitab� was employed to develop
themathematicalmodels. It uses the ordinary least squares (OLS)
method to obtain the coefficients related to the model. Table 4
presents the estimated coefficients for the complete quadratic
models developed to the responses considered in this study.

The adequacy of the models was verified using analysis of
variance (ANOVA), also made by Minitab�. Results of this
analysis are found in Table 5. All developed models were
adequate, since they had p-values less than 5% of significance.
The results from ANOVA also indicated that, aside from the
surface appearance, all the developed models showed good
adjustments. The values of adj. R2 were over 80%. As for
superficial appearance, the adjustment obtained was 61.82%,
considered a value not too good, but acceptable.

After the adequacies of the models were verified, these were
reduced by removing insignificant terms. The criteria for

removal were (1) increase in the adj. R2 value, and (2) reduction
in the variance of the models. Thus, the final models had the
shapes described by Eq 7-14, while Table 6 shows the new
adjustments obtained. The three digits on the coefficients were
statistically defined as result of a previous study of repeatability
and reproducibility.

W ¼ 10:640þ 0:797Wf þ 0:656V � 1:451S � 0:629N

þ 0:270S2 þ 0:266WfV � 0:114WfS � 0:102VS

þ 0:067SN ðEq 7Þ

P ¼ 1:639þ 0:122Wf þ 0:122V þ 0:093S � 0:241N

þ 0:025W 2
f � 0:032V 2 � 0:118S2 þ 0:034WfV

þ 0:076WfS � 0:100WfN ðEq 8Þ

R ¼ 2:597þ 0:191Wf � 0:104V � 0:223S þ 0:115N

þ 0:034V 2 þ 0:019S2 þ 0:036N 2 � 0:030WfV

� 0:023WfN ðEq 9Þ

D ¼ 0:310� 0:003Wf þ 0:025V þ 0:037S � 0:043N

� 0:007V 2 � 0:012S2 þ 0:008WfV þ 0:005WfS

� 0:004WfN � 0:008SN ðEq 10Þ

DR ¼ 3:396þ 0:568Wf � 0:009V þ 0:021S þ 0:031N

� 0:019W 2
f � 0:022V 2 � 0:008S2 � 0:023N 2

þ 0:008WfV � 0:006WfS � 0:012WfN � 0:010VS

þ 0:020VN þ 0:019SN ðEq 11Þ

Y ¼ 0:924� 0:006Wf � 0:003V þ 0:006S þ 0:009N

� 0:004W 2
f � 0:006V 2 � 0:002S2 � 0:006N2

þ 0:003WfV � 0:003WfS � 0:005WfN � 0:003VS

þ 0:006VN þ 0:006SN ðEq 12Þ

SF ¼ 3:021þ 0:333Wf � 0:333V � 0:250S þ 0:083N

þ 0:144W 2
f þ 0:144V 2 þ 0:144S2 � 0:250WfV

� 0:125WfS þ 0:125VS � 0:125SN ðEq 13Þ

SA ¼ 7:644� 0:855Wf � 0:272V þ 0:689S � 0:145N

þ 0:219V 2 þ 0:219S2 � 0:533WfV � 0:592VN ðEq 14Þ

Finally, the response surfaces relating the process parameters
with the responses of geometry, productivity, and quality of
the claddings were plotted using the software Minitab�. How-

Fig. 5 Weld bead geometry after preparing the specimens
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ever, such surfaces will be discussed in more detail later
along with the analysis of the interaction effects of parame-
ters.

3. Results and Discussion

The results found in Table 6 indicate that the final models
developed can be characterized as being quite reliable. All
models, aside from the surface appearance, presented adjust-
ments in excess of 84%. Nevertheless, the reduction procedure
improved the adjustment of the surface appearance from 61.82
to 70.34%, considered a satisfactory adjustment.

Having developed the final models, it was possible to
analyze how changes in the input parameters affected the
process responses. By varying one parameter at a time, its
influence over the responses could be studied. This clarified
important information about the process in question. Thus, in
this section, the different influences of FCAW parameters on
weld bead geometry, productivity, and quality of stainless steel
claddings are discussed.

3.1 Main Effects of Parameters on the Weld Bead Geometry

Figure 6 presents the main effects on the bead width of
claddings, showing how this response is influenced by FCAW
parameters.

Similar figures could be obtained for penetration, reinforce-
ment, and dilution. The results in Fig. 6 indicates that increasing
the wire feed rate and voltage and decreasing the welding speed
and CTWD result in larger bead widths. This occurs because the
increase in wire feed rate causes a rise in the welding current. The
amount of material deposited increases, resulting in higher weld
bead dimensions. Likewise, increased voltages are positively
correlated with increased width, i.e., the higher the voltage the
greater the bead width and vice versa. As for welding speed,
lower speeds cause, for each unit of time, greater amounts of
material to be deposited in a given length, resulting in higher
dimensions. For the CTWD, an increase in distance increases the
length and the Joule effect in thewire, causing a drop in heat in the
weld pool. This fall in heat reduces the weld bead dimensions.
Thus, smaller distances produce greater bead widths.

Similarly, the results for penetration showed that a decrease
in wire feed rate and voltage result in lower penetration. This is

Table 4 Estimated coefficients for complete quadratic models

Coefficient

Responses

W P R D DR Y SF SA

Constant 10.6996 1.6192 2.5898 0.3122 3.3964 0.9237 3.0000 7.5714
b1 0.7967 0.1221 0.1921 �0.0028 0.5676 �0.0055 0.3333 �0.8792
b2 0.6555 0.1220 �0.1051 0.0249 �0.0088 �0.0027 �0.3333 �0.2958
b3 �1.4507 0.0934 �0.2230 0.0368 0.0214 0.0061 �0.2500 0.7125
b4 �0.6290 �0.2408 0.1155 �0.0425 0.0308 0.0090 0.0833 �0.1208
b11 �0.0033 0.0266 0.0069 �0.0023 �0.0190 �0.0039 0.1458 �0.0293
b22 �0.0240 �0.0300 0.0346 �0.0074 �0.0218 �0.0060 0.1458 0.2207
b33 0.2637 �0.1161 0.0196 �0.0125 �0.0084 �0.0024 0.1458 0.2207
b44 �0.0440 0.0190 0.0368 0.0003 �0.0229 �0.0063 0.0208 0.0957
b12 0.2663 0.0337 �0.0309 0.0077 0.0080 0.0028 �0.2500 �0.5688
b13 �0.1137 0.0757 �0.0146 0.0050 �0.0057 �0.0026 �0.1250 0.1938
b14 �0.0308 �0.0998 �0.0219 �0.0042 �0.0124 �0.0049 0.0000 0.0687
b23 �0.1023 0.0002 �0.0049 0.0023 �0.0103 �0.0032 0.1250 0.0687
b24 �0.0064 0.0048 0.0148 �0.0020 0.0204 0.0055 0.0000 �0.5563
b34 0.0665 0.0045 �.0144 �0.0077 0.0195 0.0057 �0.1250 �0.0688

Coefficients in bold indicate significant terms

Table 5 Analysis of variance

Response

Degrees of freedom Adj. sum-of-squares Adj. mean-square

F-ratio P Adj. R2, %Regression Residual Regression Residual Regression Residual

W 14 16 89.355 0.975 6.383 0.061 104.73 0.000 97.98
P 14 16 3.054 0.300 0.218 0.019 11.64 0.000 83.24
R 14 14 2.067 0.088 0.148 0.006 23.58 0.000 91.86
D 14 16 0.099 0.004 0.007 0.000 31.49 0.000 93.43
DR 14 16 7.817 0.008 0.558 0.000 1131.65 0.000 99.81
Y 14 16 0.008 0.001 0.001 0.000 12.92 0.000 84.77
SF 14 16 10.263 0.833 0.733 0.052 14.08 0.000 85.92
SA 14 15 42.507 10.460 3.036 0.697 4.35 0.004 61.82

Tabulated values of F: F95% (14, 16) = 2.37; F95% (14, 15) = 2.42; F95% (14, 14) = 2.48
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due to the lower current and welding energy brought about by
reducing these parameters. For the CTWD, longer distances
increased the Joule heating of the wire and decreased the
penetration. For this response, the welding speed made a
curvature point, reaching a maximum penetration at a welding
speed of 44 cm/min. Lower values of penetration were
observed at extreme welding speeds.

For reinforcement, it was observed that its increasing is
related to low voltages, low welding speeds, high wire feed
rates, and high CTWD. Reinforcement is inversely related to
voltage. Lower voltages result in stronger reinforcements and
higher voltages result in weaker reinforcements. For the
welding speed, lower speeds cause greater deposition of
material per unit of time, which leads to larger weld beads.
Obtaining greater reinforcements at higher wire feed rates is
also related to increasing the welding current and the amount of
material deposited. Increasing the CTWD lowers the heat in the
weld pool. The molten metal consequently has insufficient
energy to penetrate in the base metal. Hence, the filler metal,
unable to penetrate in the piece, just accumulates on the base
metal, increasing the reinforcement.

The results for dilution showed that low voltages, low
welding speeds, and high CTWD produced lower levels of
dilution. For this response, wire feed rate is a parameter with
little impact. It was also observed that low voltages and low
welding speeds produce low penetration and high reinforce-
ment. Therefore, the reinforcement area increases and the
penetration area decreases, resulting in low dilution percent-
ages. The same reasoning applies to the CTWD. Under
conditions of greater distances, low penetration and high
reinforcements were observed, leading to decreased dilution.

3.2 Main Effects of Parameters on Productivity

The influences of parameters on the deposition rate and
process yield are shown in Fig. 7 and 8, respectively.

Figure 7 shows that only wire feed rate was characterized as
a significant parameter for the deposition rate. Higher wire feed
rates deposit a greater amount of material on the base metal.
This explains why the deposition rate goes up at higher wire
feed rate levels.

The effects of the parameters on the process yield (Fig. 8)
showed that each curve presented a curvature point. That is, a
maximum yield was recorded for each parameter. The yield in a
welding process is related to loss of filler metal caused by
spatter. Therefore, CTWD was the most sensitive to such loss,
followed by voltage, wire feed rate, and welding speed. In
addition, Fig. 8 suggests an overall yield for the process of
around 92%, located close to the center points.

3.3 Main Effects of Parameters on the Quality

Analyzing how the parameters influence surface quality of
claddings is relevant in monitoring poor slag formation and
occurrence of defects. Poor slag formation results in marks on
the side of the welds, and defects are detrimental to the
properties of claddings.

Within this context, Fig. 9 shows that better slag formation
can be achieved with low voltage levels, low welding speeds,
and high wire feed rates. The CTWD was characterized as an
insignificant parameter. Higher wire feed rates deposit larger
quantities of material. Thus, the amount of flux deposited—the
material in the wire responsible for slag formation—is also
higher, causing slag to be formed with few flaws. At low

Table 6 Comparison between the adjustment
of the complete models and final models

Response

Adj. R2, % Variance

Complete modelFinal modelComplete modelFinal model

W 97.98 98.33 0.2469 0.2244
P 83.24 86.10 0.1369 0.1247
R 91.86 93.20 0.0791 0.0723
D 93.43 94.30 0.0150 0.0140
DR 99.81 99.81 0.0222 0.0222
Y 84.77 84.77 0.0065 0.0065
SF 85.92 87.97 0.2282 0.2110
SA 61.82 70.34 0.8351 0.7361

Fig. 6 Influence of parameters on the bead width

Fig. 7 Influence of parameters on the deposition rate

Fig. 8 Influence of parameters on the process yield
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welding speeds, the weld pool is on a given length of base
metal for longer duration. Thus, it takes longer time to form
slag, helping in turning out a better coating. As for voltage, low
voltages help form a weld bead with greater convexity (small
bead widths and larger reinforcements). This geometric feature
is conducive to a better slag coating.

Considering the surface appearance (Fig. 10), it was found
that defect-free weld beads were obtained at low wire feed
rates, low voltages, and high welding speeds. The insignificant
parameter for this response was, again, the CTWD. High wire
feed rates, high voltages, and low welding speeds raised the
welding energy and the heat imposed on the base metal.
Consequently, the material�s cooling rate went up, making it
solidify in an uncontrolled manner. Such uncontrolled solidi-
fying favors the formation of defects. This explains why some
defects, mainly elongated superficial porosities, were observed
at high wire feed rates and low welding speeds. Figure 10
shows that in spite of rising voltages helping to increase the
material�s heat input, the variation of this parameter fluctuated
within a defect-free region (grades above 7.5). Therefore, it can
be stated that changing the voltage did not damage the surface
quality of the claddings.

3.4 Interaction Effects of Parameters on the Weld Bead
Geometry

Table 4 shows that several interactions between the param-
eters were found to be significant. This means that the
combined effect of these parameters significantly influences
the process�s outcomes. Such interactions were analyzed using
the response surfaces developed in the end of item 2.3.

Figure 11 shows the combined effect of voltage and wire
feed rate on bead width. As presented earlier, both parameters
influence this result. Figure 11, however, shows that also
significant is the interaction between these two parameters.
Thus, increasing the wire feed rate while increasing the voltage
widens the weld bead considerably. Similar figures, represent-
ing other interaction effects on the weld bead geometry, can be
plotted in the same way of Fig. 11. Nevertheless, these graphics
are not depicted here.

3.5 Interaction Effects of Parameters on Productivity

Figures 12 and 13 show the effects of interactions on the
productivity of the cladding process. Considering the deposi-
tion rate, Fig. 12 illustrates one of the most important aspects
related to interaction analysis. Here, two non-significant
parameters, working together, generated significant effects on
this response. As previously discussed, voltage, welding speed,
and CTWD, when taken individually, did little affect deposition
rate. Yet the interaction of these parameters generated signif-
icant effects. The deposition rate increased significantly for
voltages near 32 V and CTWD of about 25 mm. Figure 13
illustrates an interaction effect on the process yield, to which
similar analysis can be attributed.

Fig. 9 Influence of parameters on the slag formation

Fig. 10 Influence of parameters on the surface appearance

Fig. 11 Interaction between wire feed rate and voltage on bead
width (S = 40 cm/min; N = 20 mm)

Fig. 12 Interaction between voltage and CTWD on deposition rate
(Wf = 8.5 m/min; S = 40 cm/min)
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3.6 Interaction Effects on the Quality

Figures 14 and 15 show how the interactions between
parameters affect the slag formation and surface appearance.
We know that a weak influential parameter on these responses
was CTWD. However, the interaction of this parameter with
other variables resulted in significant increases to the cladding
quality. Increasing the CTWD at lower welding speeds and
lower voltages favored better slag formation and defect-free
weld beads.

3.7 Pareto Frontiers

The graphical analysis of the previous sections points out
that the several responses of the stainless steel cladding process
present conflicts of interest. In other words, the set of welding
parameters that provides the best result for a given character-
istic is not the same that optimizes the others. This information
is also observed in Fig. 16, which represents the Pareto frontier
developed for the responses bead width and dilution. From this
figure, it is seen that the process presents different optimal sets
when the responses are optimized with greater or lesser degree
of importance.

In a similar way, Fig. 17 illustrates the trade-off between
quality and productivity for this cladding process, showing that
the obtaining of the best quality implies in loss of productivity
and vice versa.

The development of Pareto frontiers was made by solving
the following expression:

Fig. 13 Interaction between wire feed rate and voltage on process
yield (S = 40 cm/min; N = 20 mm)

Fig. 14 Interaction between welding speed and CTWD on slag for-
mation (Wf = 8.5 m/min; V = 29.5 V)

Fig. 15 Interaction between voltage and CTWD on surface appear-
ance (Wf = 8.5 m/min; S = 40 cm/min)

Fig. 16 Pareto frontier for bead width vs. dilution

Fig. 17 Pareto frontier for deposition rate vs. surface appearance
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Min FðxÞ ¼ w � TY1 � Y1
TY1

� �2

þð1� wÞ � TY2 � Y2
TY2

� �2

ðEq 15Þ

Subject to: xTx � a2 ðEq 16Þ

where F(x) is the agglutination function of the objective func-
tions; Yi the RSM models of the responses of interest; TYi the
specified targets for the responses of interest; w the weight or
degree of importance of the responses of interest; and xTx £
a2 is the spherical constraint for the experimental region,

with a = 2.0.
In Eq 15, the targets were fixed after the individual

optimization of the RSM models, with minimization for
dilution and maximization for bead width, deposition rate,
and surface appearance. The weights w varied from 0.05 to
0.95, with increments of 0.05. In both Fig. 16 and 17, the cloud
of gray points represents dominated solutions by the optimal-
Pareto solutions which determine the frontier.

Once conflicts of interest were identified by the analysis
presented in sections 3.1-3.6 and confirmed by Pareto frontiers,
it becomes interesting to apply multi-objective optimization
techniques on this process, to find a set of welding parameters
that provides a global optimal solution for all process
outcomes. However, as this topic was not the main objective
of this study, it will be reserved for future researches.

4. Conclusions

From the results shown in previous sections the following
conclusions can be drawn:

1. The mathematical models developed presented high
adjustments and can be characterized as expressions of
great reliability. Apart from surface appearance, all mod-
els were adjusted over 84%. For surface appearance, the
adjustment obtained was 70.34%, considered a satisfac-
tory value.

2. All parameters analyzed had significant influence on the
cladding process outcomes. However, the degrees of
importance among them varied depending on the
response of interest.

3. As for the desired geometry of the cladding process, lar-
ger bead widths may be obtained by employing high
wire feed rates, high voltages, low welding speeds, and
low CTWD.

4. Minor penetrations are achieved by decreasing the
wire feed rate, voltage and welding speed and by
increasing the CTWD. When the welding speed was
about 44 cm/min the result was a maximum penetration.

5. Increased reinforcement is obtained by increasing the
wire feed rate and CTWD and by decreasing the voltage
and welding speed.

6. For dilution, low percentages are achieved at low volt-
ages, low welding speeds and high CTWD. The wire
feed rate yielded little influence on this response.

7. Better productivity is related to higher deposition rates
and higher process yields. Increasing the deposition rate
depends only on increasing the wire feed rate. Voltage,
welding speed, and CTWD had no significant influence

on this response. The process yield curves identified a
maximum value for each parameter, suggesting for the
process an overall yield of around 92%.

8. The CTWD exerted little influence on surface quality.
Defect-free weld beads are produced from increasing
welding speed, and reducing wire feed rate and voltage.
Better slag formation is produced at high wire feed
rates, low voltages, and low welding speeds.

9. An important element for the process control is to ana-
lyze the interactions between parameters. A parameter
with little influence on its own can, through interaction
with another parameter, produce significant effects.
There are lots of second-order interactions that affect
the responses, as seen on Table 4.

10. The existence of conflicts of interest, as identified by
previous findings and confirmed by Pareto frontiers,
suggests, as theme for future studies, the application of
multi-objective optimization methods on this problem.
The aim is to achieve a global solution that addresses
all the process outcomes at the same time.
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