
Nigerian Journal of Technology
Vol. 40, No. 2, 2021, 2021, pp. 241–251.

www.nijotech.com

Print ISSN: 0331-8443
Electronic ISSN: 2467-8821

http://dx.doi.org/10.4314/njt.v40i2.9

Current Trends in Welding Flux Development

A. D. Adeyeye∗
Department of Industrial and Production Engineering, Faculty of Technology, University of Ibadan, Oyo State, NIGERIA.

Abstract
Welding flux makes significant contribution to weld-metal quality, productivity of welding process and rapid de-
ployment of new materials. Deployment of new materials has been hampered because of lengthy trial-and-test ex-
periments and paucity of methodology for modelling and optimisation in the traditional welding flux development.
This paper discussed the contributions made to mitigate the drawbacks of traditional welding flux development in
areas of experimentations, prediction modelling and optimisation. Limitations of current efforts were identified
and suggested for future research, namely (i) current response models are limited to well-behaved flux systems and
do not account for edge and additive effects of flux ingredients (ii) non-incorporation of stakeholder’s preferences
concerning the relative importance of quality attributes (iii) lack of prediction and optimisation tools for determin-
ing optimal coating factor and flux heights for ShieldedMetal Arc Welding and Submerge Arc Welding respectively
and (iv) non-continuous response functions and concave regions of the trade-off surface are not considered.

Keywords: multiple response optimization, welding flux design, feasible criterion space, flux quality
attributes, prediction modelling

1. INTRODUCTION
Interest of researchers have been on the in-

crease in welding flux development since the early
1900s when research publications on welding flux
development became very visible in the open liter-
ature [1]. Many reasons are responsible for this,
namely (i) the need to reduce the cost of weld-
ing flux (ii) the need to enhance the deployment
of new weldable engineering materials (iii) the
importance of achieving the required weld-metal
quality (iv) the desire to achieve enhanced produc-
tivity of the welding process and finally (v) envi-
ronmental and health issues. For instance, de-
pending on the type of welding process, welding
flux accounts for between 10 and 50% of the to-
tal cost of welding [2, 3]. Recycling of fused slag
has been suggested as a means of reducing cost
of welding flux [4]. The desire to reduce cost has
intensified research activities in welding flux de-
velopment using the waste-to-wealth philosophy
[5–9].
The continuous improvement drive in various

industries such as in manufacturing, aviation,
power, construction, nuclear, petrochemical, etc.,
requires that new materials be developed to im-
prove high temperature performance, cryogenic
performance, corrosion resistance and energy ef-
ficiency of machines and operations among others
[10]. In response to this, newmaterials with vary-
ing degrees of properties are being developed at a
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faster rate than the past [11]. Most of these new
materials are designed to be weldable and their
deployment depend on the development of appro-
priate welding fluxes. Adeyeye and Oyawale [10]
observed that welding flux development has not
kept pace with the rate at which new materials
are being developed. This has in a way hampered
the deployment of these new materials. To ad-
dress this lag, researchers have increased efforts
at seeking better approaches that will reduce the
lead-time for welding flux development.
Another reason for increased research interest

in welding flux formulation is because of the nu-
merous and enormous roles welding flux plays in
the productivity and operational effectiveness and
efficiency of the welding process. The role of weld-
ing flux on spatter, deposition rate and efficiency,
arc stability, slag detachment, penetration con-
trol, and weld-bead geometry have been of inter-
est to welding flux designers (WFD) because they
determine the productivity of the welding process
[2, 12–17]. Furthermore, the flux plays major
roles in achieving the quality of weld-deposit [18].
Such roles include (i) Protection of molten metal
(ii) Weld-metal chemical composition (iii) Mechan-
ical properties of weldment (iv) Microstructural
and other metallurgical features (v) Fume gener-
ation and its toxicity [8, 17, 19–24].
The selection of appropriate flux ingredients

such as TiO2. CaO, SiO2, Al2O3, MgO, MnO,
and fluorides like Na2SiF6, Na2TiF6, K2SiF6 and
K2TiF6 among others in their right proportions to
achieve the numerous requirements is not a triv-
ial problem. The control of weld-metal composi-
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tion to achieve desired properties that meet ser-
vice requirements is often through the manipu-
lation of the welding flux. For instance, diffusible
hydrogen content in weld-metal is amajor cause of
hydrogen induced cracking in high strength steels
[25–28]. Four major methods are used to con-
trol and minimise diffusible hydrogen content in
weld-metal, namely: (i) increase in basicity index
[29, 30] (ii) control of oxygen content in weld-metal
[25, 31–33] (iii) reduction of partial pressure of hy-
drogen in the arc atmosphere [25] (iv) reacting hy-
drogen with elements to produce compounds in-
soluble in iron [25, 34]. All the aforementioned
approaches involve the manipulation of the weld-
ing flux chemistry. Similarly, the methods used to
control oxygen transfer to weld-metal such as (i)
reduction of the oxygen potential of the flux (ii) ad-
dition of deoxidants and (iii) increasing the basic-
ity of the flux among others involve the proper de-
sign and formulation of the welding flux in terms
of the proportions of various ingredients among
which are TiO2, CaO, SiO2, Al2O3, MgO, MnO,
FeO and CaF2 [34–36].
In the past, slag generated during welding are

dumped as waste. This is no longer the thing to-
do due to environmental concerns. Slag is a non-
biodegradable by-product of welding and its dis-
posal poses problems such as soil and water pol-
lution. It also takes up a lot of landfill space.
Minerals required for the manufacture of weld-
ing flux such as calcite, cryolite, rutile, fluorspar,
dolomite, quartz, wollastonite, alkaline carbon-
ates and silicates are non-renewable resources
and they are getting depleted fast. A lot of re-
search activities are directed towards the develop-
ment of recycling technology that allows the use
of slag as fresh flux to mitigate the above prob-
lems and also reduce the total cost of welding
[3, 6, 7, 9]. A lot of dust (between 10 and 15% of the
flux) is generated during the handling and trans-
portation of flux [5]. The flux dust was usually
dumped as waste in the past but in recent years
research efforts are directed at developing tech-
nologies of making use of it in new fluxes [8, 37].
Welding operations generate gaseous and aerosol
by-products consisting of metals, metal oxides in
various oxidation states and a number of chemi-
cal species that volatilised from the welding wire,
flux or base metal. The fume generated may be
up to 400mg/m3 in the rising column of heated air
directly above the arc, part of which often get to
the breathing zone of the welder. There are lots
of adverse health effects on the welder if inhaled.
The health concerns have triggered research on
how to reduce fume generation, its toxic content
and the noxious odours [38–40]. Some of the ar-
eas where welding flux playsmajor roles in achiev-
ing good weld quality and enhanced productivity
of the welding process are presented in Table 1.
The selection of appropriate flux ingredients in
their right proportions to achieve the numerous
requirements has been a daunting problem be-
cause welding flux ingredients, welding wire con-
stituents and welding process parameters exhibit
very complex reactions and interactions during

the welding process. It is therefore not surpris-
ing that the interest of researchers in welding flux
formulation has been growing over the years [41–
45].
There have been some advancements in the ap-

proaches used by researchers to address the afore-
mentioned issues. The advances and contribu-
tions started with the work done by Kanjilal et
al. [46] and since then there have been a dra-
matic improvement in the way experiments are
conducted, prediction models are developed and
optimisation is done. In this paper, the status
of welding flux development before 2004 and the
trends from 2004 was discussed to provide suffi-
cient understanding and information on the cur-
rent issues in welding flux development. It will
provide insight, enlightenment and references for
current research in welding flux formulation and
draw attention to areas where future research
should focus.
The paper is organized as follows; the trends in

the way experiments are designed and conducted
is presented in the next section, followed by the de-
scription of the approaches for developing predic-
tion models. Next, the advances in optimisation
are discussed followed by the directions for future
research and the conclusion.
2. DESIGN AND CONDUCT OF EXPERIMENT
2.1. Traditional Approach to Experimenta-

tion
Prior to 2004 when the first work on applica-

tion of design of experiment (DoE) to welding flux
development appeared, most of the experiments
conducted by welding flux researchers and design-
ers were not statistically designed. Adeyeye and
Oyawale [75] observed that welding flux develop-
ment was lagging behind the other areas of arc
welding technology in terms of application of DoE.
Drawing upon the principles of physics, chemistry
and metallurgy tempered with accumulated expe-
rience, WFDs formulate an initial flux which they
used to weld. Depending on the goal of the study,
the operational characteristics and/or weld-metal
quality are measured to ascertain their confor-
mity or otherwise to the expected quality require-
ments. Based on the results, guesses are made to
improve the flux relying on the principles of sci-
ence and accumulated experience. The cycle of
‘formulate, weld, test and guess’ continued until
an acceptable flux was achieved [76–80]. A typi-
cal example was the development of welding flux
for SMAW of HSLA-100 grade steel by Fleming et
al. [76]. A sequential flux formulation methodol-
ogy was used to study the effects of welding flux
type on HSLA-100 steel weld-metal microstruc-
ture and mechanical properties. The flux com-
positions were systematically varied starting with
an initial flux that can be classified as rutile-based
and ending up with a more basic flux. The objec-
tive of the variations was to develop a formula-
tion of a SMAW flux that would exhibit the excel-
lent welding behaviour found typically in a rutile
electrode and balanced with the superior weld-
metal properties deposited by a basic electrode.
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Table 1: Roles of welding flux in weld-metal quality and welding process productivity.

S/N Weld-metal qual-
ity and process
productivity

Quality Attributes Paper

1 Weld-metal chemistry C, Mn, N, Si, S, O2, P, Ni, Mo, Cr, Ti, etc. . . [8, 10, 11, 19–24, 46, 47]
2 Microstructure Grain size, acicular ferrite, lower bainite, marten-

site, ferrite number etc. . .
[8, 10, 22, 23, 48–50]

3 Element transfer Delta C, Mn, Si, S, O2, P, Ni, Mo, Cr, Ti, Cu, etc. . . [17, 19, 23, 51–54]
4 Mechanical properties Yield strength, Ultimate tensile strength, hard-

ness, % elongation, impact toughness, etc. . .
[6, 16, 19, 21, 22, 47, 49, 52,
54–61]

5 Physicochemical and
thermophysical prop-
erties

thermal conductivity, specific heat, thermal diffu-
sivity, wettability, surface tension, etc. . .

[9, 13, 62–67]

6 Process and operating
productivity

Deposition rate, fusion coefficient, spatter, arc sta-
bility, penetration control, etc. . .

[2, 12, 14, 17]

7 Bead morphology Bead width, reinforcement, shape factor, weld
cross-sectional area, bead height, etc. . .

[15, 16, 48]

8 Waste-to-wealth/ En-
vironmental benign

Flux consumption, flux dust, used slag, etc. . . [3, 6, 21, 68–73]

9 Fume (Health issues) Fume generation rate, noxious odour, particle
number, mass distribution, particle surface area,
morphology, toxic content of fume (Cr6+, Mn, Ni,
ozone, Ni, Si, Ti, Si. . . )

[38–42, 42–45, 74]

Nine separate series of electrodes were studied
each with one substitution for a specific ingredi-
ent in the flux. The flux that produced the best
results for a given series was used as the basis
for the formulation of the next series. The cycle
of ‘formulate-weld-test-and-guess’ was continued
involving many iterations until the formulation
with acceptable properties for SMAW of HSLA-
100 steel was achieved.
This approach has many drawbacks [75]. It is

technically and economically inefficient due to the
trial-and-error nature, long lead-time and con-
sumption of considerable number of man-hours,
materials and energy during the extensive ex-
perimental flux formulation, weld production and
testing. The welding flux developed by this ap-
proach has a random character and it is difficult
to guarantee optimal formulation [10]. The fea-
sibility or otherwise of achieving the desired com-
promise formulation cannot be established until a
lot of resources and efforts have been expended on
lengthy formulate-and-test experiments [18]. The
direction and magnitude of interaction effects of
welding flux ingredients are difficult to establish.
Although the decision of the WFD at each stage
is based on principles of science and metallurgy
coupled with accumulated experience, it does not
completely eliminate bias.

2.2. The Current Approach to Experimenta-
tion

These drawbacks persisted in the state-of-the-
art of welding flux design till 2004 when the
work of Kanjilal et al. [46] appeared in the lit-
erature. The paper opened a new chapter in
the state-of-the-art of welding flux development.
They used a type of Design of Experiments (DoE)
method known as mixture experiment to study
the effects of flux ingredients on weld-metal chem-
istry. Design of experiment has been available for

some time and has been used in other areas of
arc welding technology especially in the study of
welding process parameters on weld-metal qual-
ity attributes. Adeyeye and Oyawale [75] pro-
videdmore information on successful applications
of DoE in other areas of arc welding. It appears
WFDs were not aware of suitability and efficacy
of mixture experiment for welding flux design in
the pre-2004 era. The benefits of Statistical De-
sign of Mixture Experiment (SDME) like other
DoE approaches are many, namely; (i) It provides
reliable information and insight from fewer num-
ber of experiments with the attendant reduction
in cost and time (ii) The flux ingredient composi-
tion space is covered optimally by the various al-
gorithms for choosing the experimental settings
(iii) The WFD need not to have a deep knowledge
of statistics because software exist to help him
determine optimal experimental settings and to
perform statistical evaluation of the results (iv) It
eliminates the bias that may result from the trial-
and-test approach (v) It helps the WFD to make
more informed decision at each stage of flux devel-
opment (vi) It allows the WFD to model the rela-
tionship between the flux ingredients and the flux
quality attributes (vii) It helps the WFD to iden-
tify the direction and magnitude of the individual
and interaction effects of flux ingredients.
The use of mixture experiment in welding flux

design has been on the increase since 2004 [24,
46, 47, 50, 53, 62–67, 81–85]. The efficacy and
the successful application of mixture experiment
has spurred WFDs to further explore the toolkit
of DoE to identify the ones suitable for welding
flux development. Kanjilal et al. [47] employed
an approach known as Rotatable Mixture Design
to combine flux ingredients and process param-
eters (welding current, voltage, speed, electrode
polarity) levels. The linearly dependent flux in-
gredients were converted to independent mixture
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related variables through some transformations.
The independent mixture related variables and
the welding process parameters were used to de-
velop the design matrix. Ren et al. [86] used a
type of DoE known as Uniform Design (UD) to
develop welding flux for the multi-arc and high
travel speed submerge arc welding (SAW). The
UD ensures that the experimental points are uni-
formly dispersed in the experimental space. Like
mixture experiment it also reduces time and cost
as well as optimally covering the experimental
region. Hadamard Multivariate Design (HMD)
was used to develop flux for aluminium weld-
ing [55, 87–89]. Nested Random Model (NRM)
was employed by Achebo [90] to develop weld-
ing flux that meet the required weld-metal qual-
ity. Taguchi robust design is another DoE method
that has been found very useful in many indus-
tries including other areas of arc welding but its
applicability in welding flux was only discovered
recently and its use in flux development is gain-
ing popularity [2, 5, 16, 58, 60, 61, 73, 91]. The
use of Response Surface Method (RSM) also has
been explored recently but its use so far is lim-
ited to addition of additives and used slag to new
welding flux [6, 21, 23, 59, 89]. The interest in
the use of DoE in planning experiments ahead of
conducting them will continue to grow in welding
flux formulation because of its advantages. Ta-
ble 2 presents recent approaches and the trends
in the application of DoE.

3. DEVELOPMENT OF PREDICTION MODEL
3.1. Traditional Approach to Development of

Prediction Models
The traditional approach for developing mod-

els for the prediction of weld-metal properties
and welding operational characteristics as a func-
tion of flux ingredients is by employing detailed
scientific methodologies (kinetics, thermodynam-
ics, slag chemistry, solution thermodynamics, arc
plasma physics and chemistry, etc. . . ). These
models are cumbersome and not easy to use. The
models often consider effects of individual flux
ingredients on a single response and not the ef-
fects of simultaneous variation of the ingredients
on many responses. For instance, Terashina [29]
and Surian [30] studied the effect of slag basic-
ity on diffusible hydrogen, Du Plessis and Du Toit
[28] studied the effect of flux-oxidizing ingredients
on diffusible hydrogen and Du Plessis et al. [27]
and Baune et al. [34, 36] investigated the effect
of fluoride and calcite on diffusible hydrogen con-
tent. Eager [92] and North [35] studied the ef-
fects of FeO, MnO, metallic and ferro-metallic ad-
ditions onweld-metal oxygen content individually.
Farias et al. [93] considered the effects of wollas-
tonite and quatz on fusion rate and short-circuit
frequency. In the real-world flux formulation situ-
ations, many competing quality requirements are
simultaneously considered. For these reasons,
models obtained based on physical science prin-
ciples have limited applications in real-world in-
dustrial conditions where it is required that an

optimal flux be developed at minimum costs and
time.
The reactions and interactions of welding flux

ingredients, welding wire constituents and weld-
ing process parameters in the weld pool during
welding to determine the numerous weld-metal
and welding process quality characteristics are
complex. There is no theory that has the rigour or
sophistication to simultaneously handle the large
number of variables that control the welding pro-
cess and weld-metal quality characteristics. The
convectional way to approach such problem is to
apply regression analysis in which experimental
data are best fitted to some functions. Such func-
tions are expressed in terms of input variables.
Other areas of arc welding had been ahead of
welding flux development in terms of application
of experimental data to perform regression analy-
sis. The reason was because factorial design com-
monly used in welding process parameters (weld-
ing voltage, current, speed, nozzle-to-plate dis-
tance, etc. . . ) experiments is not applicable to
welding flux experiments because flux ingredients
are not linearly independent of one another [75].

3.2. Current Approaches to the Development
of Prediction Models

The DoE suitable for welding flux design ap-
pears unknown to WFDs until Kanjilal and co-
workers applied a type of DoE known as mixture
experiments to welding flux and used the exper-
imental data to develop regression equations for
the prediction of weld-metal chemical composi-
tion as a function of flux ingredients (Al2O3, CaO,
MgO, CaF2) [46]. The model fitted to their data
was the Scheffes’s quadratic canonical polynomial
for overall curvature. Apart from the predictive
ability of the regression models, they also provide
information in terms of the magnitude and direc-
tion of individual flux ingredients effects as well
as their binary interaction effects.
The success of their work in predicting the

chemical composition of weld-metal and the in-
sight it provided in understanding the nature
of the relationship between the flux ingredients
and response variables ignited the interest of re-
searchers [13, 50, 53, 55, 75]. Sui et al. [13] fitted
a second-order equation to pure mixture experi-
ment data. The model predicted the flux soften-
ing temperature as a function of the flux ingre-
dients. Kanjilal et al. [47] fitted a second-order
model involvingmixture related variables (flux in-
gredients) and welding process parameters to ex-
perimental data. The pure mixture experiment
has gained more popularity in welding flux de-
sign than the mixture-process design. Many mod-
els have been proposed for weld-metal quality and
welding process productivity such as weld-metal
chemistry, microstructure, mechanical and ther-
mophysical and physicochemical properties (see
Table 3). Scheffe’s models fail in situations where
extreme changes occur in the response behaviour
as one ormore flux ingredient tends to a boundary
of the simplex region. This kind of response be-
haviour is known as edge effect. They are also not
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able to model the combine effects of the additive
nature of some ingredients and the curvilinear
blending effects of the remaining ingredients [94].
Adeyeye and Oyawale [75] suggested somemodels
that could address these limitations. Scheffe’s cu-
bic and special cubic were suggested for ternary
interaction effects. Scheffe’s model with inverse
terms were suggested to cater for edge effects and
Becker’s models for combined additive and curvi-
linear flux blending effects. They also presented
the sequential model build-ups that could be used
to check for ternary interactions, edge and addi-
tive effects. The progress made in the develop-
ment of prediction models, their benefits and the
extent to which they have been explored in flux
development are presented in Table 3.
4. FLUX QUALITY ATTRIBUTES OPTIMISA-

TION
4.1. The Traditional Approach to Flux Qual-

ity Attribute Optimisation
Optimisation involves identifying the propor-

tion of welding flux ingredient that gives the best
values of the required quality characteristics. It
has been noted that the formulate-and-test ap-
proach (discussed in Section 2) to flux develop-
ment is random and does not guarantee optimal
flux formulation [10, 75]. Usually the best flux
from the formulate-and-test experiments is taken
as the optimum. This is misleading because the
choice is not based on the fulfilment of any opti-
mality criteria as far as optimisation principles
are concerned. The traditional formulate-and-
test approach was needed because it was very dif-
ficult to know a priori how the flux ingredients,
welding wire constituents and welding parame-
ters interact to determine the weld-metal qual-
ity, operational efficiency and the productivity of
the welding process. Also, the quality attributes
the flux is expected to achieve are many and con-
flicting. The conflict arises because improvement
on the achievement of one quality attribute often
decreases the performance of the flux on one or
more of the other attributes. Since it is not fea-
sible to achieve a flux that attains the ideal lev-
els of all quality attributes simultaneously, com-
promises and balances are often provided and de-
signed into it. Until recently, lengthy and costly
experiment has been the method of achieving the
balances but such fluxes cannot be guaranteed
to be the best compromise flux. The traditional
method was a heuristic technique.
Ren et al. [86] made effort at obtaining optimal

flux by using aDoEmethod known asUniformDe-
sign (UD). The UD is based on uniform dispersion
of the experimental points in the experimental re-
gion. The believe was that the best flux formula-
tion from the experiment is the optimum since the
experimental points are uniformly scattered and
are more representative of the whole experimen-
tal space. Since it is not practical to explore all
points in the experimental space, there is no guar-
antee that the flux developed by UD is optimum.
The optimum flux formulation may not coincide
with any of the experimental points. Even if it

happens to coincide with an experimental point
per chance, the UD does not provide any scientific
means or optimality criteria for its identification
other than the uniform scattering of experimen-
tal point. The lack of optimising algorithm for
identification of optimum flux had been a major
challenge of welding flux design [10]. Optimisa-
tion modelling solution approach was extremely
difficult because of the complex reactions and in-
teractions the welding flux ingredients, welding
wire constituents and welding parameters exhibit
during the welding process as well as the multiple
and conflicting quality attributes involved. This
appears to have precipitated difficulties of:

(i) constructing objective and constraint func-
tions that adequately express the multiple
flux quality specifications;

(ii) defining a feasible criterion space for system-
atic experimentation;

(iii) resolving conflicts arising from simultane-
ously satisfying the desirablemultiple flux at-
tributes; and

(iv) taking into consideration the preferences of
the user.

4.2. Current Approaches of Welding Flux
Quality Attributes Optimisation

4.2.1. Single quality attribute optimisation
Adeyeye and Oyawale [10] extended the works

of Kanjilal et al. [46, 47, 53, 81] and Sui et al. [13]
beyond mere prediction. They used mathemati-
cal programming approach for flux quality opti-
misation. Building on their work, they proposed
mathematical programming models for determin-
ing the optimum flux composition for the case
where the interest of a WFD is in a single qual-
ity attribute. They illustrated with three cases of
beneficial quality attributes where higher values
imply better performance (larger-the-best (LTB)).
Optimisation models consisting of objective and
constraint functions representing the flux formu-
lation problem were constructed for each of the
cases. The constraint functions defined the exper-
imental region. The LTB cases were (i) maximise
acicular ferrite content of weld-metal (ii) max-
imise Charpy impact toughness (iii) maximise sili-
con transfer. Themodels were solved to determine
the flux formulation that gave maximum values
of the quality attributes. They also illustrated
with a case where oxygen content of weld-metal is
nonbeneficial, that is, lower value indicates bet-
ter performance (smaller-the-best (STB)). All the
values obtained were better than those obtained
by experiments. For instance, the highest acicu-
lar ferrite content from experiment was 36%while
the optimising algorithm identified flux formula-
tion that gave acicular content of 51.2%. The opti-
mising algorithm was able to search for the opti-
mum flux ingredient levels within the experimen-
tal space even when it doesn’t coincide with any of
the experimental points.
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Table 2: Advances in application of DoE.

S/N Year Type of DoE References
1 2004 Mixture experiment [46]
2 2006 Rotatable mixture design (for flux ingredients and process parameters) [47]
3 200 6 Uniform design [86]
4 2008 Hadamard Multivariate Design (HMD) [87]
5 2008 Mixture-Amount Design* [75]
6 2010 Nested Random Model (NRM) [90]
7 2010 Taguchi method [5]
9 2015 Response surface method [6, 21]

* Suggested but not yet implemented in welding flux development

Table 3: Trends in development of prediction modelling.

S/N Model, Year and [Paper] Quality Attribute Usefulness
1 Scheffe’s quadratic polynomial,

2004 [46]+++
TC, SH, CA, SA, ST, WA, C, Si, Mn, P,
WL, UTS, YS, AF, GBF, SPF, PF, UB,
IVF, INF, WBP, %EL, Hardness,

Prediction and binary in-
teractions

2 Second-order model with square
terms, 2006 [13]++

Softening temperature Prediction and binary in-
teractions

3 Second-order model (mixture-
process variables), 2006 [47]++

C, Si, Mn, P, S, Ni, YS, UTS, IT and
VHN

Prediction and binary in-
teractions

4 Scheffe’s linear model for planar
effects, 2007 [95]++

TD, Density Prediction and individual
effects

5 Scheffe’s cubic for third order
asymmetric curvature, 2008
[75]++

Change in enthalpy Prediction and ternary in-
teraction effects

6 Scheffe’s special cubic for third or-
der curvature, 2008 [75]++

AE, SA, TC, TD, SH, Density, Prediction and ternary in-
teraction effects

7 Scheffe’s linear plus inverse
terms, 2008 [75]

Yet to be explored Prediction (edge effects)

8 Scheffe’s quadratic plus inverse
terms, 2008 [75]

Yet to be explored Prediction (edge effects)

9 Scheffe’s cubic plus inverse terms,
2008 [75]

Yet to be explored Prediction (edge effects)

10 Scheffe’s special cubic plus in-
verse terms, 2008 [75]

Yet to be explored Prediction (models edge ef-
fects).

11 Becker’s homogeneous models,
2008 [75]

Yet to be explored Prediction (additive effects)

12 Linear model of mixture and pro-
cess variables, 2008 [75]

Yet to be explored Prediction

+++ Has received much attention, ++ Has received little attention, TD=Thermal diffusivity, TC= Thermal
conductivity, SH=Specific heat, CA=Contact angle, SA=Spread area, ST=Surface tension, WA=Work of
adhesion, WL=Weight loss, IT=Impact toughness, UTS=Ultimate tensile strength, VHN= Vickers hardness,
YS=Yield strength, AF=Acicular ferrite, GBF=Grain boundary ferrite, SPF=Side plate ferrite, PF=Polygonal
ferrite, UB=Upper bainite, IVF=Inclusion volume fraction, AE=Adhesion energy WBP=Weld bead parameter,
INF=Inclusion number fraction, %EL=Percentage elongation.

Table 4: Trends in optimisation methods.

Year [Reference] Optimisation method
2009 [10] Single flux attribute for LTB and STB cases

2010 [96] (multiple attributes with com-
parable importance)

WSS++ (for LTB and STB cases); DF (for LTB, STB & NTB+); NGP
(for Target values); CP (Minimum distance from ideal)

2010 [96] PGP++ (for attributes at different priority levels)

+ Nominal-the-best++ Suggested but not yet implemented
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Apart from showing the flux ingredient levels
that achieved the optimum levels of flux quality
performance, the approach also provided insight
as to maximum and minimum values that are at-
tainable for each of the flux quality attributes un-
der the existing conditions for beneficial and non-
beneficial attributes respectively. This could be
used to establish the feasibility of developing a
flux that can achieve a given performance level.
For example, if there is the need to produce flux
that will deposit weld-metal with acicular ferrite
content above 51.2%, the WFD knows immedi-
ately that it is not feasible under the prevailing
conditions. This is an additional advantage over
the traditional approach where feasibility could
not be established until a lot of time and resources
have been expended on formulate-and-test exper-
iments. The single quality attribute optimisation
addressed two of the issues, namely, (i) construc-
tion of objective function that defines the goal of
the WFD and constraint functions that define the
experimental space (ii) Establishment of feasibil-
ity.

4.2.2. Multiple quality attribute optimisation
Welding flux design situations involving multi-

ple quality attributes are encountered more fre-
quently than the single quality attribute case.
To address the multi-attribute flux formulation
cases, Adeyeye and Oyawale [96] identified two
major classifications, namely (i) cases where the
flux quality attributes are of comparable impor-
tance and (ii) situations where one or more qual-
ity attribute(s) are of overriding importance when
compared to others. The procedure for the devel-
opment of optimisation models and the flux for-
mulation situations where each could be useful
were discussed. Four of the methods were pro-
posed for situations where the attributes are of
comparable importance: (i) Weighted Sum Scalar-
isation (WSS) (ii) Desirability Function (DF) (iii)
Non-pre-emptive Goal Programming (NGP) and
(iv) Compromise Programming (CP). Pre-emptive
Goal Programming (PGP) was suggested for weld-
ing flux design situation where the attributes are
in hierarchical order of importance because some
attributes are of overwhelming importance when
compared to others.
These methods addressed the problems that

had hitherto persisted in welding flux develop-
ment, namely (i) difficulty of handling several
conflicting flux attributes simultaneously (ii) the
problem of identifying the best compromise for
welding flux formulation (iii) lack of quantita-
tive means of carrying out trade-off exploration.
The specific areas where each of the multiple at-
tribute optimisation methods could be useful are
presented in Table 4.
Since the appearance of the work of Adeyeye

and Oyawale [10, 18, 95] on application of opti-
misation methods to welding flux design, inter-
est of researchers in flux optimisation has been
growing and it is expected that the growth will
continue. Despite the growing interest only DF
method has received significant attention byweld-

ing flux researchers [19, 24, 62–67, 82, 85]. This
could be because statistical packages used in de-
signing experiments has built-in solver for DF.
The other approaches require a different package
and some knowledge of optimisation model devel-
opment. The applications of NGP andCPmethods
have received sparing attention while the explo-
ration of WSS and PGPmethods are yet to appear
in the open literature [18, 96]. The reason might
be that WFD are either not familiar with these
methods or the applicability and efficacy are not
clear to them. The idea of determination of feasi-
ble attribute solution space introduced byAdeyeye
and Oyawale [10] for single attribute optimisation
is also yet to be properly addressed for the case of
multi-attribute welding flux design situation.
5. CONCLUSIONSANDFUTUREPROSPECTS
In the following sub-sections, some conclusions

on the threemain topics representing themost ac-
tive areas of advances is presented.
5.1. Experimentation
The belief in the past was that factorial de-

sign and the type of Response Surface Method
(RSM) commonly used in other areas of arc weld-
ing technology are not applicable in welding flux
development because welding flux properties de-
pend on the relative proportions of the ingredi-
ents. The choice of ingredient levels is not inde-
pendent and must sum up to unity or 100% [75].
Mixture designs were developed by researchers to
handle experimental design cases where predic-
tor variables are linearly dependent. However, re-
cent applications have shown that it is possible to
adapt Hadamardmultivariate design, nested ran-
dom model design, response surface and Taguchi
methods for flux development and still ensure
that at each of the experimental points in the
flux ingredient space, the total sum of the pro-
portions of all the ingredients adds up to unity
[5, 6, 21, 55, 87, 90].
The thickness of flux coating (coating factor) for

SMAW and flux height in the case of SAW con-
tribute to the quality of weld-metal and produc-
tivity of the welding process. The coating factor
and flux height are related to amount of flux. It
was for this reason Adeyeye and Oyawale [75] sug-
gested mixture-amount design for flux formula-
tion. Studies that incorporates amount of flux and
flux proportions are scanty in the open literature.
The exploration of mixture-amount design for flux
development hold some promise for the future.
5.2. Predictive Modelling
Majority of models proposed to date are

quadratic and are only able to identify and quan-
tify binary interaction effects. The Scheffe’s mod-
els are generally adequate for modelling well be-
haved flux systems. They however, fail in some
situations. As mentioned in Section 3, instances
where extreme changes occur in the behaviour
of some responses as some ingredients approach
boundary values is a very real occurrence in many
mixture experimentations. This is known as edge
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effect. Another real occurrence in blending ex-
periment is that some ingredients serve as dilu-
ent in the sense that an increase in the propor-
tion of such ingredients reduce the effect of the
remaining ingredients on the response. Scheffe’s
quadratic canonical polynomial for overall curva-
ture used by Kanjilal et al. [46] could not satisfac-
torily fit the experimental data for carbon, phos-
phorus and nitrogen contents of the weld-metal in
the particular case they studied. It could probably
be as a result ignoring either higher order inter-
actions, edge effects or additive effects or a com-
bination of any two or all. Application of Scheffe’s
quadratic model proposed by Kanjilal et al. [46]
has gained much attention in welding flux devel-
opment [19, 22, 56, 62–67, 82, 85]. Scheffe’s cu-
bic and special cubic models suggested for weld-
ing flux development by Adeyeye andOyawale [75]
started getting attention recently and have been
used for prediction and explanation of main, bi-
nary and ternary interaction effects of flux ingre-
dients but those suggested for edge and additive
effects are yet to be explored [62, 63, 66, 67]. They
are therefore recommended for further studies.

5.3. Optimisation
5.3.1. Relative importance of quality attributes
Most of the applications of the optimisation

models to date have assumed equal importance
for all attributes. This is not so in real world
optimisation problems. Cases where attributes
are of equal importance are not as common as
cases where they are of different importance. As
far as we know, only Adeyeye and Oyawale [18]
and Adeyeye and Allu [96] employed quantita-
tive and systematic approach of incorporating the
preferences of WFD in terms of relative impor-
tance he/she attaches to the attributes. The re-
spective methods used were pairwise comparison
and analytical hierarchy process. More research
efforts are needed at identifying and incorporat-
ing WFD’s estimation of the relative importance
of various quality attributes. Furthermore, most
of the work done to date have assumed that the
quality attributes are all at the same level. As
demonstrated by Adeyeye and Oyawale [96], some
attributes could be bundles of other attributes.
For instance, a primary attribute may be bro-
ken down to secondary or sub-attributes while
the sub-attributes may further be broken down
to tertiary/sub-sub-attributes. This is a challenge
that is yet to be addressed. Also, cases where
some attributes are of overriding importance com-
pare to others requires different optimisation ap-
proaches because they are in different priority lev-
els. Although Adeyeye andOyawale [18] have sug-
gested pre-emptive goal programming for such in-
stances, it is yet to be explored by WFDs.

5.3.2. Feasible attribute space
Identification and definition of feasible at-

tribute space was mentioned by Adeyeye and Oy-
awale [10, 18] but not well developed for multi-
attribute case. Because of high cost of welding
wire, welding electrode designers often use the

same wire to achieve different weld deposit by
merely changing the proportions of the flux ingre-
dients. By using different proportions of ingredi-
ents, it is possible to develop an infinite variety
of welding flux. When it is required that a new
flux be developed for the same wire to achieve a
different set of weld-metal properties, the WFD
often embark on lengthy formulate-and-test ex-
perimentation with its attendant drawbacks. The
challenge of lack of means of determining the fea-
sibility of achieving the desire weld-metal proper-
ties has persisted for long in welding flux technol-
ogy. It is unlikely that theWFDwill be able to rise
to this challenge without better tools with which
he can determine the attainable set or the feasi-
ble attribute space. As a result of the absence of
right tools the WFD is not able to know whether
or not it is possible to achieve the desired proper-
ties within the experimental domain until a lot of
resources have been expended on experiments. At
times, a lot of resources are consumed searching
for flux formulation that will achieve desired spec-
ifications in an experimental domain even when
such formulationmay not exist in that experimen-
tal region. On the other hand, the desired for-
mulation may exist within the experimental do-
main but the WFD may not be able to identify it
through the try-and-test experiments because of
its random nature. The WFD often abandons the
experimental domain to establish a new domain
with the erroneous impression that the desired
flux formulation cannot be achieved or does not ex-
ist within the experimental space because he has
not been able to identify it after a series of tedious
experiments. Identification of feasible quality at-
tribute space will help the WFD to make intelli-
gent decision on either to go ahead with the same
flux ingredients or not. Determination of feasible
attribute space should be part of research focus
for the future.

5.3.3. Models and trade-off surface
The regression functions defining the flux qual-

ity attributes are assumed to be continuous and
smooth over the domain of interest. It is also as-
sumed that the best compromise flux is located at
the convex region of the criterion space. Situa-
tions where the response functions are not con-
tinuous and some solutions are located at concave
regions of the trade-off surface should be a focus
of future studies.
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