
WELDING RESEARCH

JANUARY 2016 / WELDING JOURNAL 37-s

Introduction
     As is well known (Ref. 1), indicators
of quality welding technology are the
absence or limited occurrences of such
imperfections as melt-through, incom-
plete fusion, incomplete root penetra-
tion for a single-side butt joint weld,
incomplete penetration, excess pene-
tration, undercut, cold and hot crack-
ing, excess weld metal, and others.
Most of these imperfections are
caused by incorrect process parame-
ters or an improper relationship be-
tween the parameters. Obviously, the
parameters are a main part of technol-
ogy procedures.
     Developing welding procedures is
an expensive part of the quality assur-
ance system for any fabricator. The

Welding Procedure Specification
(WPS) is the final link in the chain of
documents required to demonstrate
welding process control. It is com-
prised of all the relevant information
required by a welder to complete a
welded joint. The WPS gives an allow-
able range of welding parameters that
might be used. Welding current, arc
voltage drop, travel speed, wire diame-
ter, and electrode extension are includ-
ed in WPSs for gas metal arc welding
(GMAW). 
     At present, there are several meth-
ods of determining the parameters of
the regime, but some of them do not
allow you to quickly calculate the opti-
mal welding parameters; others are
too complicated for everyday use by
welders.

     Considerable progress has been
made in numerical simulation of the
welding process. Today, many manu-
scripts describing numerical models of
various kinds of welding have been
published. However, just as the experi-
mental method, numerical simulation
requires considerable time to find
welding parameters. Both methods de-
termine an “allowable” range of weld-
ing parameters after experiments us-
ing the “trial and error” method, but
there is no guarantee that the final
range of welding parameters is optimal
in terms of quality and productivity.
     In addition, there are commercially
available software systems, such as
WeldOffice (Ref. 2), that are designed
to manage WPSs. The program helps
the technologist only to fill tables with
data manually. For example, the table
“electrical information” includes weld-
ing parameters. Thus, the main infor-
mation is not calculated, but is select-
ed from previously filled tables. 
     Because welded joint quality is mul-
tifaceted, there are many criteria for
determining it. Each such criterion es-
timates only certain areas of weld
quality. For example, there are the cri-
teria that establish the geometric qual-
ity, or strength quality of a joint. Oth-
er criteria describe the absence of de-
fects, such as undercuts, cold cracking,
and so on. 
     Determination of optimal welding
parameters in the case of multiple cri-
teria is very difficult for mathematical
solutions. Some papers devoted to this
subject are discussed in the following
section.
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Related Work

     In developing the WPS, so the weld-
ing parameters are not known so it is
necessary to solve the problem of ob-
taining a high-quality weld joint with
predetermined properties. In other
words, during development of the
WPS, the input data are properties of
the welded joint, such as dimensions
or mechanical characteristics of the
weld and heat-affected zone (HAZ).
The parameters of welding are the out-
put data.
     On the other hand, often the math-
ematical relationships between weld-
ing parameters and some properties of
the weld joint are known. Such rela-
tionships make it possible to deter-
mine the properties of welded joints
using the specified parameters of
welding. Determination of welding pa-
rameters using some of the desired
properties of the welded joint is the
inverse. Clearly, to solve these prob-
lems it is necessary to have a mathe-
matical model.
     Kumar and DebRoy (Ref. 3) consid-
ered that the model for calculating
weld geometry based on scientific
principles needs to be satisfied by
three main requirements. First, the
model should describe the major com-
plex physical processes occurring dur-
ing welding. Second, the model must
have a bidirectional capability. In other
words, in addition to the capability of
the traditional unidirectional, forward
models to compute the weld shape and
size from a given set of welding vari-
ables, it should also have the inverse
modeling ability, i.e., it should be able
to predict the welding variables need-

ed to produce a target weld geometry.
Finally, the model must be able to de-
termine welding parameters needed to
attain the desired weld geometry with-
in a reasonable time.
     Most frequently, to solve the direct
problem, regression is used to obtain
accurate analytical relationships. Ref-
erences 4 and 5 are typical studies. Gu-
naraj and Murugan (Ref. 5) have devel-
oped mathematical models using the
five-level factorial technique for sub-
merged arc welding. The models de-
scribe the relationships between the
important process-control variables
(welding voltage, wire feed rate, weld-
ing speed, and nozzle-to-plate dis-
tance) and a few important bead-
quality parameters (penetration, bead
width, reinforcement, total volume of
the weld bead, and dilution). Kim (Ref.
4) has used multiple regression analy-
ses to derive a similar relationship for
robotic GMAW. A simple regression
model connecting welding current and
depth of penetration was used in Ref.
7 to construct a control system for
SAW.
     In studies by Murray (Ref. 8),
Babkin (Ref. 9), and Okui (Ref. 10) an-
alytical relationships between welding
parameters and weld sizes were estab-
lished by dimensional and regression
analysis of experimental data. Two
nondimensional variables (similarity
criteria) were used by Murray (Ref. 8)
in order to establish a correlation.
These criteria are the mass transfer
number and similarity criterion, which
Christensen (Ref. 11) first introduced.
The mass transfer number is the ratio
of electrode melting rate to the prod-
uct of viscosity of the liquid metal in

the weld pool and the radius of the
electrode. Okui (Ref. 10) presents re-
gression equations for prediction of
fusion depth and width in GMAW. The
experimental welding employed in this
study was bead-on-plate and T-joint
fillet welds with GMAW. Christensen’s
similarity criterion and Peclet number
were used to derive the dependencies
in this study. Also, for the case of
bead-on-plate welding, Babkin (Ref. 9)
has derived all previously known simi-
larity criteria using dimensional analy-
sis and matrix algebra. Further in this
manuscript, using correlation analysis
between the similarity criteria, the
equations for calculating weld sizes
was determined for welding low-
carbon steel in carbon dioxide, in a
mixture of Ar+5%O2, in flux, and
welding aluminum in argon.
     The advantages of this approach are
the high information content and sim-
ple interpretation of the relationships
between the dimensionless criteria
and the possibility of applying the re-
sults, obtained in a partial case of
some phenomenon on process, to sim-
ilar processes. 
     For solving the direct problem, neu-
ral networks are also used. Most often,
neural networks are used in intelligent
techniques for quality control because
of their capability for modeling compli-
cated nonlinear functions. Kovacevic,
Zhang, and Li (Ref. 12) have described
the developed real-time image process-
ing algorithm and trained neural net-
work for GTAW. Complete joint pene-
tration has been monitored in real time
using an intelligent controller, which
was developed by Chen et al. (Refs. 13,
14) for the pulsed gas tungsten arc

Fig. 1 — The influence of welding parameters on
the variance of the calculated value of the penetra
tion depth, h: d = 1.2 mm.

Fig. 2 — Dependence of the confidence interval of the calculated value h on
welding parameters. A — Penetration depth h on welding current I: V = 0.5 cm/s,
d = 1.2 mm; B — penetration depth h on welding speed V: I = 250 А, d = 1.2 mm.
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welding of butt joints. Campbell et al.
(Ref. 15) applied an artificial neural
network model to the prediction of key
weld geometries (leg length and effec-
tive throat thickness) for a given set of
weld parameters in GMAW with alter-
nating shielding gases. 
     However, more often welding pa-
rameters are determined using an ex-
periment. In the experimental
method, welding parameters taken
randomly are used to produce some
welds. The searching process is fin-
ished when experimental weld sizes or
other properties are close enough to
the desired ones. Considering the sig-
nificant number of possible combina-
tions of welding parameters, it is obvi-
ous that the process of finding the
suitable welding parameters is long
and costly.
     Now a new method, known as the
genetic algorithm, is often used as a
near-optimization technique in some
modern investigations. Genetic algo-
rithms are a set of computer proce-
dures of search and optimization
based on the concept of the mechanics
of natural selection and genetics. Kim
et al. proposed a method for determin-
ing the near-optimal settings of weld-
ing parameters using a genetic algo-
rithm (Ref. 19) and a controlled ran-
dom search (Ref. 20) wherein the near-
optimal settings of the welding
process parameters are determined
through experiments. This method

was used to determine the welding pa-
rameters by which the desired weld
bead geometry is formed in gas metal
arc welding. In the study in Ref. 4, the
authors have used a genetic algorithm
to determine the welding process pa-
rameter values that produced com-
plete joint penetration. In the opti-
mization of the welding process, the
objective function was made using
weld bead height and depth of pene-
tration. Weld bead geometry was de-
termined depending on the root open-
ing, wire feed rate, welding voltage
and welding speed.
     In the study in Ref. 28, the problem
was to choose the near-best values of
three welding parameters (welding
voltage, wire feed rate, and welding
speed) based on four quality criteria
(deposition efficiency, bead width,
depth of penetration, and reinforce-
ment), inside a previous delimited ex-
perimental region. The search for the
near-optimal was carried out step by
step, with the genetic algorithm pre-
dicting the next experiment based on
the previous, and without the knowl-
edge of the modeling equations be-
tween the inputs and outputs of the
GMAW process. However, as noted in
this study, the optimization by genetic
algorithm technique requires a good
setting of its own parameters, such as
population size, number of genera-
tions, etc. Otherwise, there is a risk of
an insufficient sweeping of the search

space.
     The main disadvantage of using the
genetic algorithm to determine the op-
timum parameters in the previously
mentioned studies is the mandatory
need for the experiment. In addition,
as the number of input parameters in-
creases, the number of experiments
exponentially increases and the full
factorial method for the problem be-
comes unrealistic. 
     To exclude the experiment from the
cycle of genetic algorithm in Ref. 29,
Kanti et al. have used a regression
mathematical model to calculate the
depth of penetration. Kumar and
DebRoy (Ref. 3) have shown that the
various combinations of welding vari-
ables necessary to achieve a target gas
metal arc fillet weld geometry can be
quickly computed by a real-number-
based genetic algorithm and a neural
network that has been trained with
the results of a heat transfer and fluid
flow model.
     Analogously numerical simulation
of the welding process allows determi-
nation of an “allowable” range of weld-
ing parameters during long time ex-
periments by means of “trial and er-
ror” method, i.e., they are unidirec-
tional in nature as mentioned by Ku-
mar and DebRoy (Ref. 3). 
     One can determine welding param-
eters using mathematical relationships
between welding parameters and weld
sizes. In other words, the multiple so-
lution of the direct problem allows de-
termination of welding parameters.
The iterative process continues until
the quality criteria (the desired weld
dimensions or other properties) are
better than calculated weld dimen-
sions or other properties. For example,
Vilarinho et al. (Ref. 21) have suggest-
ed a modification of the method for
variable polarity GMAW. The authors
of this study have suggested calculat-
ing welding parameters using the sta-
tistical equations connecting welding
parameters with weld sizes. 
     Visualization of relationships be-
tween welding parameters and weld
properties is a useful tool for finding
optimal solutions and gives the user
an opportunity to find an acceptable
field of welding parameters. In order
to facilitate visualization of the weld
quality, contour plots of the quality
criteria were generated from the equa-
tions (Refs. 16, 17). Allen et al. (Ref.

Fig. 3 — The influence of welding parameters on the variance of the calculated value g: d
= 1.2 mm.
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16), using regression Taguchi 
Methods, have arrived at equations
describing the influence of welding pa-
rameters (welding speed, wire feed
speed to welding speed ratio, and elec-
trode extension) to ratings. Ratings
are the quality criteria. One rating
characterized the amount of penetra-
tion through the lower member of a
lap joint, called melt-through, and a
different rating characterized fusion of
the joint edges. The method was ap-

plied on 409 stainless
steel lap joint welds in
the horizontal posi-
tion using robotic
GMAW.

     Hsu et al. (Ref. 17) also have
worked out contour plots of the quali-
ty criteria for the short-cycle stud
welding process to weld 3⁄8-in. auto-feed
studs on vertically positioned 3⁄8-in.
clean plates. Tensile strength, under-
cut, expulsion, flash ring formation,
and the stable process signals were
used as quality criteria. 
     One can determine welding param-
eters sequentially solving some equa-

tions. This calculation method is used
quite often. It is known in the study in
Ref. 8 in which the calculation of weld-
ing parameters is carried out using not
only the equations connecting welding
parameters with weld sizes but also
the equations connecting welding pa-
rameters between themselves and
with such parameters as open circuit
voltage, wire feed speed, melting rate,
arc length, and some others. This set
of equations is a mathematical model
of the welding process. Murray (Ref. 8)
arrived at such equations for horizon-
tal bead-on-plate GMAW. Gas was a
mixture consisting of 98% Ar+2%O2;

Fig. 4 — The parameter area of the squaregroove weld de
fined by the PCQ “depth of penetration” at a 95% confidence
level. The horizontal axis presents the welding speed
V,сm∙s–1, yaxis presents the welding current I, A; numbers on
the lines are values of the Δh, mm; s = 4 mm, b = 1 mm, d =
1.2 mm, dashed lines present Δh = s – (h – dh), solid lines
present Δh = s – (h + dh).

Fig. 5 — The parameter area of qualitative welding of the square
groove weld defined by the PCQ “bead width” at a 95% confidence
level. The horizontal axis presents the welding speed V, сm∙s–1, y
axis presents the welding current I, A. The numbers on the lines are
values of the ΔE, mm; s = 4 mm, b = 1 mm, d = 1.2 mm, dashed lines
present DE = Est – (E – dE), solid lines present DE = Est – (E +
dE).

Fig. 7 — The parameter area of qualitative welding of the square
groove weld at a 95% confidence level: s = 4 mm, b = 1 mm, d = 1.2
mm, Le = 12 mm, emax = Est – (E – dE), emin = Est – (E + dE), hmax =
s – (h – dh), hmin = s – (h  dh), gmax = gSt – (g – dg), gmin = gSt –
(g + dg).

Fig. 6 — The parameter area of welding of the squaregroove
weld defined by the PCQ “reinforcement” at a 95% confi
dence level. The horizontal axis presents the welding speed V,
сm∙s–1, yaxis presents the welding current I, A; numbers on
the lines are values of the Δg, mm; s = 4 mm, b = 1 mm, d =
1.2 mm, Le = 12 mm. Dashed lines present Dg = gst – (g –
dg), solid lines presents Dg = gst – (g + dg).
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stainless steel type ASTM 304 was
used as the plate material. 
     Babkin and Krivosheya (Ref. 18)
have proposed a system of equations
to calculate the welding parameters of
mild steels in carbon dioxide. A power-
ful tool to solving the inverse problem
is the mathematical model of the weld-
ing process as the system of equations.
One type of system is designed to cal-
culate the parameters for welding
square-groove joints and includes
equations describing an influence of
welding parameters on the size of
welded bath. Another type of system is
designed to calculate the parameters
for welding fillet joints and includes
equations describing an influence of
welding parameters on size of the weld
pool and the melting rate of the weld-
ing wire. Some of these equations were
derived using correlation analysis be-
tween the similarity criteria. Other
equations were derived using the theo-
ry of heat conduction, and some coef-
ficients were refined experimentally.
Equations determining the stability of
the arc and filler metal transfer are in-
cluded in such a system.
     Kim et al. (Ref. 4) have included in
the system only regression equations
reflecting the relationship between
weld sizes and welding parameters.
Thus, in this investigation, melting of
the electrode was ignored.
     Neuro-fuzzy models may be used to
solve a reverse problem. The aim of
the investigation described by Zhang
et al. (Ref. 24) and Liu et al. (Refs. 25,
26) was to transfer a skilled human
welder’s experiences and skills in de-
veloping intelligent welding machines.
The weld pool characteristic parame-
ters, including the width, length, con-
vexity, and previous adjustments
made by the welder, were utilized as
model inputs, and the human welder’s
current adjustment was considered as
the model output. The model is then
implemented as an intelligent con-
troller to feedback control the gas
tungsten arc welding process to main-
tain a consistent, complete joint pene-
tration. So Liu et al. have solved the
reverse problem using a nonlinear
neuro-fuzzy model. However, the solu-
tion produced by the same model is
not optimal in the mathematical
sense, because it reflects the welder’s
experiences and skills but not objec-
tive laws of nature. 

     The next approach uses mathemati-
cal methods of mathematical opti-
mization to define optimal welding pa-
rameters. To use this method, the
quality criteria of the welded joint
must first be assigned. Second, it is
necessary to find the mathematical re-
lationship between the quality criteria
and welding parameters. And last, a
mathematical method of searching the
optimal point must be determined.
Such an approach was developed in
the studies of Babkin and Epifantsev
(Ref. 27). The approach we proposed
was applied to calculate the optimum
welding parameters using the method
of Lagrange multipliers (Ref. 22). This
method is applicable when one criteri-
on is assigned as the characteristic and
an objective function is created; other
criteria are used as constraints. Gu-
naraj (Ref. 6) applied the mathemati-
cal software package MathLab to calcu-
late the optimum parameters in sub-
merged arc welding. As the objective
function used was total volume of
weld bead, the limitations were other
dimensions.
     Thus it is seen that to date several
methods for calculating welding pa-
rameters have been developed, but
some of them are complicated for
everyday use by welders, others are
not evident, the third type uses the ex-
periment and does not provide opti-
mal parameters with mathematical
precision. It is known that the welding
parameters change during the welding
process in a certain range, which caus-
es fluctuations in the properties of the
weld joint, but all of the works dis-
cussed previously do not take into ac-
count the variance of welding parame-
ters and its impact on variance of qual-
ity criteria.
     In this paper, we have used a graphic
method of representing the optimal
range of process parameters, which we
have called the quality maps. The quali-
ty maps are the graphic image of areas
of the welding parameters ensuring the
quality of welded joints. The advantage
of these maps is to visualize the rela-
tionship between the main parameters
of welding and quality criteria.

MultipleCriteria
Optimization Problem 

     The simplest case of welding mild

and low-alloy steels is considered in
this study. Good weldability of these
steels allows us to focus on the geo-
metrical quality of the weld and not to
consider the mechanical properties of
the weld and HAZ. Therefore, the size
of the weld was taken for the quality
criteria. The sources of these desired
values of weld sizes can be investiga-
tion results, design calculation, or na-
tional or international standards.
State standard specifications (State
Standards) are widely used as the reg-
ulatory documents. However, interna-
tional standards, for example ISO
9692−1:2003, do not standardize the
weld sizes, as bead width E and rein-
forcement g. But Russian State Stan-
dards, for example, State Standard
14771 (Ref.31), describing welded
joints of steel and iron-nickel and nick-
el-based alloys, obtained by gas-shield-
ed welding, standardizes bead width E
and reinforcement g. Reinforcement g
was used to estimate excess weld met-
al. In addition, the depth of penetra-
tion was introduced as criteria to de-
termine the continuity of penetration
or melt-through. In terms of optimiza-
tion methods (Ref. 23), such dimen-
sions are called partial optimality cri-
teria or partial criteria of quality
(PCQ). The bead width can be as-
signed based on a condition of favor-
able crystallization of a weld that spec-
ifies the penetration shape factor
(WPSF), defined as the ratio of bead
width and depth of penetration. The
sources of desired values of quality cri-
teria can be the standards. In cases
when standards do not regulate the
joint properties, then some investiga-
tions or design calculations can be
such sources.
     Thus, in this case there is a multi-
ple-criteria optimization problem (Ref.
22). For its solution, we have applied
mathematical and graphical method.
This method is to create a model of
formation of the qualitative weld as a
system of equations relating the par-
ticular criteria of quality and the basic
parameters of the welding process.
Welding current and travel speed were
adopted as the main parameters of the
weld settings.
     The graphical representation of the
dependences the PCQ on process basic
parameters gives an overview of the
high-quality field of weld formation
and, consequently, the process setting

Babkin Supplement Jan 2015.qxp_Layout 1  12/10/15  3:58 PM  Page 41



WELDING RESEARCH

WELDING JOURNAL / JANUARY 2016, VOL. 9542-s

defining this area.
     In this paper, we consider applica-
tion of the proposed PCQ to construc-
tion of the quality areas of welding pa-
rameters ensuring the quality of the
most dangerous in terms of occur-
rence of defects such as melt-through
in square- and double square-groove
welds. This investigation was conduct-
ed with a stringer bead using GMAW
on mild steel in the flat position.

Mathematical Models of
Quality Criteria
     Mathematical descriptions of the
PCQ are the nonlinear equations de-
scribing a relation between the weld
dimensions and process parameters
such as welding current I, arc voltage
drop U, welding speed V, and wire di-
ameter d (Ref. 9). The similarity theo-
ry and regression analysis were used to
produce linear equations linking some
similarity criteria (similarity num-
bers). We have used, first, the Peclet
number 1 = LV/a connecting the lin-
ear dimension of the welding process
L, such as bead width E and depth of
penetration h, welding speed V, and
the thermal diffusivity a. Secondly, we
have used the criteria of welding 23 =
q2V/(T)2aL linking the effective pow-
er of the welding arc q = IU, welding
speed V, the linear dimension of the
process L and the thermal properties
of a welded metal (the thermal con-
ductivity , the thermal diffusivity a,
and the metal melting temperature T).
In this case, character linear dimen-
sion of the process L may be an elec-
trode diameter d or a an electrode ex-
tension distance Le.
     The following equations were ob-
tained by statistical processing of our
experimental data and were published
previously (Ref. 30). Single-pass auto-
matic GMAW was used. The base met-
al was 8-mm-thick mild steel with a
square-groove butt joint. The filler
metal was similar to AWS classifica-
tion ER70S-6 with a 1.2-mm-diameter
electrode and electrode extension of
15–20 mm. The shielding gas used was
100% CO2 with a 15–20 L/min flow
rate. The parameter ranges were as fol-
lows: the joint root opening varied
from 0 to 2.2 mm; direct current elec-
trode positive polarity; welding cur-
rent of 300–500 A; arc voltage and

welding speed were varied in such a
manner that the criterion 23 was
changed in the range of 3691–11,637.
Arc voltage was determined in relation
to welding current using the equation
U = 3.65·I0.37 (Ref. 27). After perform-
ing the arc welding experiments, bead
width and depth of penetration were
measured using the bead cross 
sections.
     The values of the coefficients of the
linear equations relating the loga-
rithms of the similarity criteria were
calculated by the regression method.
Mathcad and Statistica software pack-
ages were used to calculate the values
of these coefficients for different re-
sponses. All the coefficients were test-
ed for their significance at 95% confi-
dence level applying Student’s t-test.
In turn, linear equations between
similarity criteria were transformed
to nonlinear equations by
exponentiation.
     Taking into account root opening b
during GMA welding, the depth of
penetration h is determined by the de-
pendence, 

where

     Similarity criterion 4 is the multi-
plication of the criteria 1 = bV/a and
23. 
     Equation 1 having R = 0.89, R2 =
0.79 is valid for the following condi-
tions: the criterion 4 was varied from
2002 to 116053, and 1(h) – from 2.28
to 9.75, the root opening was changed
from 0 (a case of cladding) up to 2.2
mm. 
     Equation 1 after conversion in view
of the dependence U = 3.65·I0.37 (Ref.
27) takes the form

Equation 2 is similar to the expres-
sions for calculating the size of the
weld pool obtained on the basis of the
theory of heat transfer during welding
(Ref. 32). 

     One can determine the value of
melt-through or incomplete fusion of
welded joints by the following expres-
sion, which is the partial criteria of
quality “depth of penetration”

h = s · k – (h ± dh) (3)

where s is the joint thickness, k = 1 for
square-groove welds and k = 2/3 for
double square-groove welds; h is the
depth of penetration calculated by us-
ing Equation 2; dh is the confidence in-
terval of the estimated value h for a
given confidence probability.
     In fact, the product s · k is the de-
sired depth of penetration.
     Considering a root opening, the
bead width E can be calculated using
the resulting relationship between
similarity criteria

ln(l(e) = –0.48 – 0.329
· ln(b)+0.208 · (23) (4)

The last equation has R = 0.83;
R2 = 0.69 and it can be used inside the
following ranges of changing similarity
criteria 3691 ≤23≤ 11,637; 5≤ e ≤ 10. 
     From Equation 4, we have obtained
the expression for calculating the bead
width 

     Then for the considered welding
joints, the quality of weld formation
may be defined by the partial criterion
of quality “bead width” using the ex-
pression

E = ESt – (E ± dE) (6)

where ESt is the desired value of the
bead width, E is the bead width calcu-
lated using Equation 5, dE is the confi-
dence interval of calculated value E for
a given confidence probability.
     A bead reinforcement g may be cal-
culated by the expression

�1 h( ) = e
�1.473 ��4

0.335 (1)

�1 h( ) =
V �h
a

,�4 =
I �U ��( )2 �V2 �b
T �� �a( )2 �d

.

h= e�1.473 � I1.370 �3.65��
T ��

�

��
�

	


0.670

� b
d

�
��

�
��

0.335
� a

0.330

V0.665 2( )

�1 e( ) =
V �E
a

 and �23 =
I �U ��( )2 �V
T ��( )2 ad

E = e�0.480 �b�0.329 � I1.370 �3.65��
T ��

�

��
�

	


0.416

� a
V

�
��

�
��

0.792
�d�0.208 5( )

Babkin Supplement Jan 2015.qxp_Layout 1  12/10/15  3:58 PM  Page 42



WELDING RESEARCH

JANUARY 2016 / WELDING JOURNAL 43-s

where ap is the melting rate of a weld-
ing wire, [g · A · hr–1],  is the coeffi-
cient of the losses of filler metal due to
spatter, %, mB = FB/Eg is the factor
completeness of reinforcement as the
ratio of the area of the deposited metal
FB to the area of a rectangle with sides
E and g, b is the transverse weld
shrinkage. Computing ap as function
of I, d, and electrode extension dis-
tance Le, and b using the relation-
ships given in Ref. 27, and Ref. 33, re-
spectively; E according to Equation 5,
h according to Equation 2, and taking
mB = 0.66 (Ref. 36), assuming for sim-
plicity   = 0.1, we can define a partial
criterion of quality “the height of rein-
forcement” using the expression

              g = gSt – (g ± dg)                    (8)

where gSt is the desired value of bead
reinforcement, g is the bead reinforce-
ment calculated using Equation 8,
dg is the confidence interval of calcu-
lated value g for a given confidence
probability. 
     Thus for a given weld to determine
the area of weld quality (i.e., the opti-
mum process parameters) satisfying
all the PCQ, it is necessary to perform
an operation of intersection of the sets
obtained for each PCQ

              Gg  GE  Gh= Goptim'             (9)

Gg, GE, Gh are the areas of quality PCQ:
height of reinforcement, bead width,
and depth of penetration, respectively. 
     Considering that in the welding
process, the settings are subject to
random perturbations, random error
calculating bead dimensions L = {g, E,
h}, we have determined by means of
mathematical statistics using Equa-
tions 2, 5, and 7. According to Ref. 35,
we have assumed that the variance cal-
culation result s2(L) from Equations 2,
5, and 7 is a function of process set-
tings, the root opening, and their vari-
ances. For simplicity, we assume the
root opening and d are the exact val-
ues. The “three sigma rule” (Ref. 34)
was used to estimate the standard de-
viation (SD) of each parameter mode.
Considering that for the welding cur-
rent, maximum deviation from the av-

erage is 10 A, we have defined SD =
10/3 = 3.3 A, and then the dispersion
of the welding current s2(I) will be
equal to 11 A2. Similarly, accepting the
maximum deviation of arc voltage
from the mean is 2 V, we have derived
s2(U) = 0.444 V2. For automotive weld-
ing, we also have derived welding
speed variance s2(V) = 10-3 (cm/s)2

adopting 0.1 cm/s as the maximum
deviation from the mean welding
speed. 
     It is known (Ref. 35) that neglect-
ing correlations or assuming inde-
pendent variables of the function
f(x,y,z,…) yields a common formula to
calculate error propagation, the vari-
ance formula 

where s(f) represents the standard de-
viation of the function f, s(x) repre-
sents the standard deviation of x, s(y)
represents the standard deviation of y,
and so forth.
     In our case, given the accepted vari-
ances of welding parameters, the cal-
culated values of the variance s2(h) was
defined using 

     Similarly, the variance s2(E) was cal-
culated. For calculating the variance
s2(g), the following expression was ap-
plied 

     To determine the confidence inter-
vals of calculated value of the PCQ, the
next expression was used (Ref. 34)

where tb = 3 and tb = 1.96 when proba-
bility is equal to 99.73 and 95%, re-
spectively. 

Results and discussion
A. Influence of welding parame-

ters on the variance and the confi-

dence interval of the bead sizes.
Studies of expression for calculating
the depth of penetration (Equation 2)
by means of Equation 11 showed the
variance of calculation result s2(h) is
strongly dependent on welding speed
and welding current — Fig. 1. Thus, at
low weld speeds (0.3 cm s–1) the in-
creasing welding current causes the
rapid growth of the variance s2(h);
however, when V = 0.7 cm s–1, the val-
ue s2(h) is almost constant. 
     The changing of the confidence in-
terval of calculated value h at 95 and
99.73% confidence probability is
shown in Fig. 2A, B as a function of
welding current and welding speed, re-
spectively. It is seen that increasing
welding current from 100 to 300 A at a
constant speed V = 0.5 cm·s–1 causes
an increase in the confidence interval
of the h from ± 0.3 to ± 0.7 mm (at
95% confidence probability), and from
± 0.45 up to ± 1.0 mm at 99.73% con-
fidence probability. 
     With increasing welding speed, the
value of the confidence interval falls.
So in the same current range from 100
to 300 A at V = 0.9 cm ·s–1 the confi-
dence interval h is much smaller and it
grows from ±0.15 to ±0.3 mm and
from ±0.225 to ±0.45 mm, respective-
ly, at 95 and 99.73% confidence proba-
bility. Thus, it was found that the re-
sulting expression (Equation 2) allows
the calculation of the depth of pene-
tration h with sufficient accuracy for
practical use at random deviations of
process settings.
     Analysis of the variance of the cal-
culated reinforcement s2(g) by the ex-
pression in Equation 12 shows there is
a strong dependence of the variance
on welding speed, welding current,
and electrode extension distance Le. 
     The influence of electrode exten-
sion distance Le on the variance for
calculating reinforcement may be ex-
plained by the influence of electrode
extension distance on melting rate of
the welding wire (Ref. 27).The vari-
ance of the calculated value g increases
with increasing I, decreases with in-
creasing V, and decreases with increas-
ing Le, as shown in Fig. 3. 
     To calculate confidence interval dg,
it was assumed that h, E, b, and d are
the exact values and the variance of
stickout distance Le is 0.01 mm at its
maximum deflection of 3 mm. Fur-
ther, the value of confidence interval

g =
�pI 1��( )
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dg is determined by the variance of g.
Maximum dg is achieved at low weld-
ing speed and high current. So, for the
99.73% confidence probability, dg is
± 0.45 mm on the process I = 300 A, V
= 0.3 cm · s–1. This maximum value dg
is included in the allowable range of
the test compound reinforcement. Due
to the fact that the State Standard de-
fines the variation range of g ± 0.5,
one may state the expression (Equa-
tion 8) allows the calculation of g with
such accuracy.
     The study of change in the confi-
dence interval dE showed it is similar
to the changes in dh, i.e., dE increases
with increasing I and sharply decreas-
es with increasing V. Maximum dE is
achieved at low speeds. So, at 99.73%
confidence probability dE is ± 1.25 mm
on the process I = 100 A, V = 0.5
cm·s–1, and dE is increased to 2 mm at
I = 300 A. For joints such as square
groove and double square groove, the
State Standard requires not exceeding
a predetermined bead width. The max-
imum value of dE = ± 2 mm is within
the tolerances of changes for the bead
width of square-groove joints with
backing. Due to these facts, calculation
of bead width can be used to assess the
quality of the listed joints using Equa-
tion 5.
     B. The application of particular
criteria for determining the field of
quality. In accordance with Equation
9, to determine the field of quality sat-
isfying all private criteria, you must
consistently determine the field of
quality Gg, GE, and Gh using the previ-
ously listed equations and then you
must identify their intersection. Fig-
ure 4 shows the region of formation of
the square-groove weld s = 4 mm in
the coordinates of I(A) – V(cm/s), esti-
mated by the PCQ “depth of penetra-
tion” with 95% confidence probability.
In this figure, melt-through is reflect-
ed as negative values Dh, incomplete
fusion is reflected as positive values
Dh. In accordance with the PCQ “depth
of penetration”, the quality square-
groove welds will be formed in the
range process parameters limited by
functions Dh = 0. In Fig. 4, the color
change from cool to warm character-
izes the growth of the penetration
depth from the required value to melt-
through. The change from the green
and blue to purple characterizes the
growth of incomplete fusion. 

     Figure 5 shows the region of forma-
tion of the square-groove weld s = 4
mm, b = 1 mm, Est = 8 mm in the coor-
dinates of I(A) – V(cm·s–1) estimated
by the PCQ “bead width” with 95%
confidence probability. In compliance
with State Standard (Ref. 31) and the
PCQ “bead width,” the quality weld of
this type will be obtained in the
process area where DE ≥ 0 because this
standard requires the weld width to
not exceed 8 mm for a given joint and
s. The equality Est = (E ± dE) is possible
in the process area limited to DE = 0.
In Fig. 5, the color change from cool to
warm and hot characterizes the excess
of bead width over the required value.
The change in the green and blue to
purple characterizes the reduction of E
in comparison to the required one.
     In the case of the square-groove
weld having s = 4 mm, b = 1 mm, g = 2
mm is welded using d = 1.2 mm and
electrode extension distance Le = 12
mm, we obtained the forming region
of the weld with 95% confidence prob-
ability, as shown in Fig. 6. Such quali-
tative joints according to the PCQ “re-
inforcement” and the State Standard
will be obtained when Dg ≥ 0, since the
standard governs g = 1 ... 2 mm. Pre-
cise implementation requirement gSt =
2 mm is provided in the process cov-
ered by curves Dg = 0. In Fig. 6, the
color change from cold to warm and
hot characterizes the excess reinforce-
ment over the required value. The
change in color from green and blue to
purple characterizes the reduction in
reinforcement in comparison to the re-
quired one.
     Figures 4–6 show the high-quality
formation area of the square-groove
weld s = 4 mm is defined by the over-
lap of the PCQ “depth of penetration,”
“bead width,” and “reinforcement.”
The overlap field forms the limited
process area, which is shown in Fig. 7. 
     As can be seen from the preceding
arguments, obtaining the desired size
is possible by performing the following
equations
     Dh = 0, DE = 0, and Dg = 0.
     These equations can be satisfied
both “from top” and “from below”  a
confidence interval. For our welded
joint, let us consider getting the de-
sired penetration depth “from top.”
From Equation 3, we have
     Dh = s – (h – dh) = s – h + dh = 0.
     Whence it follows that s – h = – dh,

hence s < h. This means that the calcu-
lated depth of penetration h exceeds
the desired depth of penetration s at
some value dh. We call this penetra-
tion depth hmax. Conversely, when the
calculated penetration depth is less
than the desired one on the value dh,
let’s call it the minimum penetration
depth hmin. So, we get out from Equa-
tion 3 Dh = s – (h + dh) = s – h – dh = 0
and s > h.
     Similarly, for each size we introduce
the notation emax, emin for the weld
width, and gmax, gmin for the reinforce-
ment. All these notations can be seen
in Fig. 7.
     If we take the requirements of the
State Standard (Ref. 31) E ≤ 8 mm,
then high-quality welds will be formed
in the green-colored process area
shown in Fig. 7. 
     Taking as the main criterion for the
quality of depth of penetration, we ob-
tain a quality field lying between the
upper limit of the confidence interval
Dg and the lower limit of the confi-
dence interval Dh (respectively, yellow
and red lines in Fig. 7). With stringent
requirements E = 8 mm, the region of
high-quality formation is limited by
the lower limit of the confidence inter-
val DE. This region is shaded in Fig. 7.
     At the point of the quality field
marked in Fig. 7 as a circle, a square-
groove weld s = 4 mm, b = 1 mm was
welded using carbon dioxide and solid
wire d = 1.2 mm, Le = 12 mm. Table 1
includes information on experimental
testing of process parameters deter-
mined from Fig. 7. The values of the
welding parameters defined by the
proposed method and the calculated
value of the PCQ are given in the first
row of Table 1, the experimental val-
ues of the corresponding parameters
of the regime and joint dimensions are
given in the second line. It can be seen
that the welding parameters we de-
fined provide the desired partial crite-
ria of quality.

Extending the Proposed
Method to Other Materials
and Welding Conditions
     The proposed method for deter-
mining the process parameters can be
used to solve similar problems for oth-
er welded joints, materials, and meth-
ods of arc welding. The procedure for
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using the proposed method for deter-
mining optimal process parameters in-
cludes steps based on Ref. 22, which
can be described as follows:
     1. Defining the boundaries of an
investigated system. In the described
case, the boundaries of the investigat-
ed system were carbon dioxide,
stringer bead, flat position, solid wire,
square- and double square-groove
welds, low-carbon steel, and joint
sizes. We have only been interested in
geometric quality of a weld, i.e., con-
formity of the weld sizes to desired
ones. If we were to investigate welding
of high-carbon steel or high-strength,
low-alloy steel, the quality of any joint
is additionally determined by HAZ
properties. These properties can be de-
scribed using the mechanical proper-
ties of the HAZ. Thus, a new system of
equations is formed that includes the
systems considered in this article and
enables the determination of optimal
parameters of high-carbon steel weld-
ing. In the case of multipass welding,
it is expedient to consider the three
systems. The first system describes
only the quality of the root pass, the
second the fill passes, and the third
the cover passes. One can cite many
examples of systems since the variety
of such systems is determined by the
variety of methods, materials, and
welded joints used in the industry for
welding various designs.
     2. Determining the criteria of
quality. We called the quality criteria
defining one property of the weld the
PCQ. However, some properties can be
combined in a certain product, which
are called complex criteria of quality.
An example of such quality criteria
may serve as penetration shape factor,
combining the depth of penetration
and bead width, and reinforcement
form factor.
     For realization of the proposed

method for determining the optimum
welding parameters, you must be sure
that the chosen criterion depends on
the welding parameters. Among the
criteria, if necessary, one can assign
the main criterion.
     For example, geometric quality cri-
teria of corner joints may be leg, joint
penetration, actual throat, or effective
throat. For each criterion, you must
determine the optimal numerical value
or desired value. This optimal numeri-
cal value is the target of the optimiza-
tion process. It is understood that the
smaller the difference between the cal-
culated value of the quality criterion
and the desired value, the closer the
welding parameters are to the opti-
mum. The sources of these desired val-
ues can be investigation results, design
calculation, or national or internation-
al standards.
     3. Developing the mathematical
models describing the PCQ. The PCQ
is a mathematical model connecting
the calculated value of the quality cri-
terion with its desired value, taking
into account the dispersion of this cri-
terion. Equations 3, 6, and 8 are exam-
ples of such models. 
     4. Developing the mathematical
models describing the dependency of
the PCQ on welding parameters. This
is the most difficult stage, requiring
large expenditures. Typically, for
greater accuracy of calculation, the ex-
pressions linking the PCQ and welding
parameters are derived by the experi-
ments using the methods of experi-
mental design and regression analysis.
These expressions must be continuous
and sufficiently differentiable. In or-
der to reduce the number of experi-
ments and obtain multiplicative de-
pendences, the criteria of similarity
like Equations 2 and 5 can be used. 
     5. Determining the variance of
welding parameters. These process

characteristics can be obtained by ex-
perimental investigation of the weld-
ing process, or by applying a “three
sigma rule” as shown in this study. 
     6. Evaluation of the quality crite-
ria calculation accuracy. The evalua-
tion can be produced by calculation of
variance and confidence interval of
calculated value of the quality criteri-
on as function of welding parameters.
Such graphics show the possibility of
obtaining expressions to calculate a
quality criterion in the desired range
of changes taking into account the
previously defined variance of welding
parameters. Ranges of change of the
quality criteria can be set according 
to the results of research or any 
standards.
     7. Charting and analysis. Using the
dependences like Equations 3, 6, and 8,
one plots changes of each quality criteri-
on as a function of any two welding pa-
rameters for a given probability. Chart-
ing tools can be a common mathemati-
cal package such as MathCAD and Mat-
Lab. As noted previously, in the field of
optimal welding parameters, all partial
quality criteria are equal to zero. There-
fore, to find a common area for all
graphs where all the partial criteria of
quality are equal to zero one needs to
impose the obtained graphs (see Fig. 7).

Сonclusions 
     It is shown that the obtained crite-
ria expressions connecting settings
and the weld sizes allow calculating
weld sizes during GMAW, taking into
account a variance of process parame-
ters. Calculation accuracy is sufficient
for practical use of the obtained ex-
pressions.
     The described method of determin-
ing the areas of qualitative weld for-
mation is based on private quality cri-
teria, which include the weld sizes

Table 1 — Experimental Testing of Process Parameters Determined from Fig. 7

Type of Joint               b                                                      Welding Parameters                                                                                   Partial Criteria of Quality

                                   mm                  I, A             U, V                  V, m/h                  d, mm         Le, mm                        E, mm                             g, mm                       h, mm

                                   1.0                   129              22                       18                                                                          8.58...9.13                     1.63...1.69                      4.0
C2                                                                                                       18                        1.2                10
                                                          130–            22–                                                                                                 8.73±0.14(£8)                     1.59±0.1(1.5±0.5)                4.0
                                   1.0                   140              23

Note: There are the results of calculation in the first line. The results of experiment are in the second line. The recommendations of the State Standard are given in brackets.
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such as depth of penetration, bead
width, and reinforcement. Criteria ex-
pressions at a given confidence level
for each of the three PCQ are used to
determine the qualitative weld forma-
tion. The intersection of quality areas
for each of the PCQ makes the region a
high-quality location for the formation
of welded joints.
     Experimental verification of the de-
veloped techniques using optimum pa-
rameters showed good agreement be-
tween the calculated PCQ and its ex-
perimental values. 
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