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Mixture Experiments and their
Applications in Welding Flux Design

The traditional welding flux development has been by cost, material, time and labour
intensive experiments. The extensive and expensive trial and error experimentation is
needed because it is often difficult to know a priori how the flux ingredients interact to
determine the operational characteristics of the flux and the final performance of the
welded structure. The limitation of the traditional approach includes: (1) long lead-time
(2) expensive experiments in terms of materials and energy consumption and labour
requirements (3) the flux developed can not be guaranteed to be optimal and (4) inability
to identify and quantify direct and interaction effects of flux ingredients. These constraints
are due to the paucity of statistical modelling tools in welding flux technology. Since
prediction models are derived from designed experiments, flux researchers need other
methods by which flux experiments may be designed. This paper discusses a statistical
modelling tool known as mixture experiment which has the potential to revolutionize
welding flux development technology. Mixture design is discussed but not fully devel oped.
The procedure of mixture experiment, analytical model forms and the sequence of model
fitting are discussed. Areas of welding flux research where the various mixture designs

may be useful are suggested.
Keywords: mixture experiments, welding flux, prediction model, optimization

Introduction

In spite of the increasing interest in the develepmof
prediction and optimization tools in arc weldinghaology, the
development of welding flux still remains largeln ¢engthy trial
and error experimentation. The experiments arendfesed on the
principles of metallurgy, physics, and chemistrynpered with
experience. The extensive and expensive trial ama experiments
are needed because it is often difficult to knopriari how the flux
components interact to determine the operationatatiteristics of
the flux and the final properties of the weld-metal

The traditional approach of welding flux formulatiois
expensive because of the long lead-time, consumptaf
considerable amount of costly materials, high epe@nsumption
and labour requirement. The long lead-time is dug¢he lengthy
trial and error experiments while the high enemggyuirement is due
to the need for extensive experimental wetdduction and testing.
With the traditional welding flux development apach,
information on the main and interaction effects thie flux
ingredients on the weld-metal properties and ofmrat
characteristics of the welding flux are not readtigntified and
quantified. Many investigators tried to understahd role of each
flux ingredients on the weld-metal properties anplerational
characteristics of the process by varying only ithdividual flux
ingredient in a given flux system (Farias et a2, Du Plessis et
al. 2007). Kanjilal et al., (2004) observed thas thpproach by its
very nature failed to take into account the sirnétaus variation of
the flux ingredients as well as their interactioffees. The
significant interactions effect of flux ingredierttss been reported
previously (Lau et al., 1986 and Kanijilal et al002). Assessment
of flux ingredient interaction has been recogniseadincreasingly
important in welding flux design where it may becessary to
determine the combined synergetic and antagoreffécts of many
flux ingredients (Kanjilal et al., 2004, 2006, 2007

Another limitation of the traditional approach isat the best
among the experimental flux formulations is usethasappropriate
flux for a given metal under the given welding citioths. Such
welding flux has a random character and is notanutaed to be the
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optimum since it is not practical to explore allndmnations of
compositional variation due to time and cost limitas. These
drawbacks are as a result of the paucity of sizdisinodelling tools
in welding flux formulation technology.

The need for the reduction of the number of expeni® has
been the concern of welding flux researchers andufaaturers.
Although modelling tools can not completely elintmaxperiments,
it can drastically reduce the number of experime@isintana et al
(2006) observed that a reduction in the numberxpeemental
welds from 30 to 5 in GMAW leads to about 80% egesgvings.
Obviously the benefits of the reduction in the nembof
experimental welds would be higher by the time #awings on
materials, labour and time are considered.

The challenge confronting the welding flux manutaet is the
need to reduce the costs of labour, energy andrialatand the time
to market in order to improve profitability. It isnlikely that the
welding flux manufacturer will be able to rise toese challenges
without better tools in the form of prediction amgbtimization
models. To arrive at an optimum flux compositiord anitigate the
problems of the traditional approach, an altermatipproach is to
develop mathematical models through effective arnhtegic
planning, design and execution of experiments. \Withavailability
of such models, the formulation of welding flux cha based on
guantitative footing. Such an approach minimizesekpenditure of
time, labour and materials.

Factorial design, which has been widely used ireiodreas of
arc welding technology, is inadequate for weldihg fformulation
because flux properties depend on the relative gtmms of the
flux ingredients (Anderson and Whitcomb, 2002). Ttatistical
experiment design and analytical methods develspedifically for
optimizing mixtures in which the final propertieepend on the
relative proportions of the ingredients are theubof this paper.
Although statistical design of mixture experimeasibeen available
for some time, it seems relatively unknown to mestding flux
researchers. The efficacy of the methodology indimgl flux
research has been demonstrated by Kanjilal et @04(22005a,
2005b, 2006 and 2007). This paper presents a bisefission on
mixture design. The procedure of mixture experimtre analytical
model forms and the sequence of model fitting &eussed but not
fully developed. Areas of welding flux research wehéhe various
mixture designs may be useful are suggested.
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Nomenclature

A = amount of mixture, g or kg

Aminy = lower limit of the amount in the mixture, g or kg

Amaxy = upper limit of the amount in the mixture, g or kg

A = coefficients of multicomponent constraints, dimensionless

C = lower limit of multicomponent constraint, % wt., % vol. or
dimensionless index

D = upper limit of multicomponent constraint, % or
dimensionless index

H = number of ingredients in the multicomponent constraint,
dimensionless

lower limit of flux ingredient, % wt. or % vol.

number of process variable, dimensionless

upper limit of flux ingredient, %

number of ingredientsin the mixture, dimensionless

proportion of ingredient in the mixture, % wt or % vol.

= process variable

Greek Symbols

A = quadratic coefficient of binary interaction between
process variables

B = coefficient of mixture variables in the regression model

I = cubic coefficient of binary interaction between the mixture
ingredients

© = quadratic coefficient of binary interaction between the
mixture and process variables

Subscripts

F = relate to theéfcomponent in multicomponent constraint

Fr = relate to the'f component in the't multicomponent
constraint

| = relate to ' mixture ingredient

relate to the edge effect or tiferixture ingredient

binary interaction of'f and | mixture ingredients

ljk = ternary interaction of'l j" and K" mixture ingredients

Is = relate to the'i mixture ingredient and"process variable
interaction

r = relate to the't multicomponent constraint

s = relate to the'sprocess variable

= relate to the interaction between t@mcess variable

and y" process variable

L
P
u
Q
X
z

Proposal for a New Approach

Survey of welding literature shows there is a meth of
modelling and optimization methods in arc weldireghnology
(Table 1). However welding flux appears to be laggbehind other
areas of arc welding technology due to the pauwfifyrediction and
optimization tools. Factorial design and responsdéase methods
appeared to be among the most widely used of theeliog tools
in arc welding research. Apart from Kanjilal and-ingestigators
other investigators concentrated on developing sodthat
determine the optimal setting of process factorab(@ 1).
Development of models should not be limited to pescfactors
because studies have shown that flux formulatieysph prominent
role in the productivity of the welding process ahd quality of the
welded structure (De Rissone et al, 2001; Pessad, &007; Du
Plessis and Du Toit, 2007 and Du Plessis et algR08lthough
factorial design methods provide an efficient medns the
optimization of welding process, they do not worldior mixtures
of which welding flux formulation is an example (derson and
Whitcomb, 2002). A simple but effective strategpsld involve:

1. Optimizing the flux formulation via mixture dgsi
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2. Optimizing the process with factorial design aesbonse

surface methods.

The latter has received much attention but litties tbeen
reported on the first. Mixture design methodologiesk well for
welding flux development because welding flux confe to the key
assumptions of mixture design (Table 2) but it seewslatively
unknown to most welding flux researchers. Sinceaglication of
mixture design in welding flux research is scanty the open
literature we present a brief description of its¢tmelology.

Inadequacy of Factorial Methods for Welding flux
Formulation

Industrial experimenters typically turn to two-lé¥actorials as
their first attempt at design of experiment (DoEhese designs
consist of all combinations of each factor at ighhand low levels.
When the number of factors is large, only a frattaf the runs
needed to be completed to produce estimates of eféénts and
simple interactions. However, when the responseffgg) depend
on proportions of ingredients such as in food, dhamceramic,
pharmaceutical and welding flux formulations, fatb designs
may not make sense. We illustrate with the exarfipla the paper
of Anderson and Whitcomb (2002). In the lemonadpeérent
(Table 3), the experimenter varied the number gfscaf lemon
versus cups of sugar-water. Run 1 (both factodswatlevels) and
run 4 (both factors at high levels) taste the saltnenakes more
sense to look at taste as a function of the prapomf lemon to
sugar-water, not the amount. As with the case ofoleade, the
properties of welding flux depend on the proporsioof the
ingredients and not the total amount. Factorialgesay not work
for experiments on formulations where only propmré matter and
not the amounts. Mixture design is more suitablsuich cases.

Overview of Mixture Experiments

Mixture Experiments

Experiments where the factors are the ingrediemtsthe
components of a mixture are called mixture expentsieln mixture
experiments, the choice of component levels ismagpendent. The
response is assumed to depend only on the relatoy@ortions of
the components rather than the total amount in rhigture.
Statistical experiment design and analysis methddseloped
specifically for the purpose of optimizing mixtur@s which the
final properties (responses) of the product depemdhe relative
proportions of the components rather than the abs@mount may
be classified into two: (i) Standard Mixture Desgmand (i)
Constrained Mixture Designs or Extreme Verticesifres

Standard Mixture Designs

In the standard mixture designs, the proportions tioé
ingredients can vary between 0 and 1 and must quro wnity.
Suppose we have a mixture experiment wjttomponents, where,
X is the proportion of théth component. Then it must satisfy the
following constraints:

0<x <1 Oi=12..9 1)
q
2% =1 2
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Table 1. Frequently Encountered Prediction and Optimization Tools in Arc Welding Technology

Type of
S/N | Reference Input Factors Prediction/Optimizafiool Response(s) Welding
Gunaraj and Process variables: (welding voltage,
Murugan, wire feed rate, welding speed, nozzle¢-(DoE) Factorial design and Penetration, reinforcement, bead width,
1. (2000a) to-plate distance) response surface dilution, total volume of weld bead SAW
Gunaraj and Process variables: (welding voltage,| (DoE) Factorial design,
Murugan, wire feed rate, welding speed, nozzl¢-response surface and
2. (2000b) to-plate distance) optimization Total volume of bead SAW
Vitek et al.,
3. (2000a & b) Element concentration Artificial neunstworks Ferrite Number
Gunaraj and Process variables: (welding voltage, HAZ Characteristics:Wiodth of grai
Murugan, wire feed rate, welding speed, nozzle-(DoE) Factorial design & growth, grain refinement zone, width
4. (2002) to-plate distance) Response surface of weld interface SAW
Allen et al., Process variables: (welding travel (DoE) Factorial design with
5. (2002) speed, voltage, wire feed rate) optimization Weld cycle time GMAW
Process, manufacturing, and materials
Ramasamy et | variables: (stud polarity, power supply(DoE) Factorial design & Stud
6. al.,, (2002) type, etc...) response surface methods Shear, tensile, torsion, and bend testingwvelding
Vitek et al.,
7. (2003a) Alloy composition of wire, cooling ratel  Artificialeural network Ferrite number
Vitek et al.,
8. (2003b) Alloy composition, Cooling rate Artificialeural network Ferrite number
Correia et al., Process variables: (Welding voltage, Deposition efficiency, bead width,
9. (2004) welding speed, wire feed rate) Genetic algorithm depth of penetration, reinforcement | GMAW
Kanijilal et al.,
10. | (2004) Flux ingredients Mixture design Weld-metiaémical composition SAW
Murugananth et| Carbon, manganese, and nickel
11. | al., (2004) content of wire Avrtificial neural network Charpy-impact toughness@0’C SMAW
Process variables (energy input,
preheat temperature, interpass (DoE) Factorial design with
Sampath, temperature) & Chemical compositigninnovative constraints-based | Weld-metal chemical composition,
12. | (2005) of electrode wire modelling approach weld-metal mechanical properties GMAW
Grain boundary ferrite, side plate ferrite
Kanijilal et al., polygonal ferrite, acicular ferrite, &
13. | (2005) Flux ingredients (DoE) Mixture design ferrite with aligned second phase SAW
Kim et al., Wire feed rate, welding voltage, Weld bead geometry: front bead
14. | (2005) welding speed Controlled random search height, back bead width, penetration GMAW
Process variables: (Welding current,
time, electrode force, electrode size, Resistant
Cho et al., axial misalignment & angular (DoE) Factorial design & spot
15. | (2006) misalignment) response surface methods Current range, weld button size welding
Process variables: (Heat input,
Kannan and dilution, current, welding speed, tip-
Murugan, to-workpiece distance and welding | (DoE) Factorial design &
16. | (2006) gun angle) response surface Ferrite number FCAW
Kanijilal et al Flux ingredients & process variables| Weld-metal chemical composition and
17. | (2006) (polarity, current, voltage & speed) (DoE ) Mixtutesign Mechanical properties SAW
Palani and
Murugan, (DoE) Factorial design & Cladding-
18. | (2006) Process variables response surface methods Clad bead geometries FCAW
Palani and
Murugan, (DoE) Factorial design, Cladding
19. | (2007) Process parameters response surface & simulation Wire feed rate FCAW
Mechanical properties (yield strength,
ultimate tensile strength, %
Kanijilal et al., elongation, charpy-impact toughness,
20. | (2007a) Flux ingredients (DoE) Mixture design Vickers hardness) SAW
Kanijilal et al., Transfer of elements across molten
21. | (2007b) Flux ingredients (DoE ) Mixture design weldpool SAW

The first constraint keeps each mixture componeapgrtion
between 0% and 100% (0 and 1), and the second cionstrakes
sure that at any point in the mixture space, thel teum of the
proportions of all the components adds up to unitye standard
mixture designs for fitting standard models are [Béx-Lattice
designs (Scheffe, 1958; Gorman et al, 1962: Donee¢lal, 2003
and NIST/SEMATECH) and Simplex-Centroidesigns (Scheffe

1963; Castro et al, 2003; Jang et al 2001 and Mared al 2006).
The simplex lattice designs are also referred tfgasn} simplex
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lattice designs. Theg stands for the number of components, and

The simplex-centroid designs hava® -1 number of distinct
points. They contain every non-empty subset ofcfitemponents
where the components are present in equal promsrt{S§cheffe
1958; Scheffe, 1963 and NIST/SEMATECH).
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Table 2. Conformity of Welding Flux to
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the Assumptions of Mixture Design

S/N | Assumptions of Mixture Experiment ConformityWelding Flux Formulation
The input factors can be controlled by the expertere That The proportions of welding flux ingredients canvagied by
1. is, the experimenter can vary the level of inpatdies at will. the researcher
Operational characteristics, weld-metal composjtion
The response(s) depend on the proportions of the mechanical properties, microstructure etc...depenthen
2. components present, but not on the amount of méxtur | proportion of flux components
3. The response(s) are measurable The responsesaserable
As demonstrated by Kanjilal and co-investigatdns, t
The underlying response surface is continuous arabth | response surface may be assumed to be continudus an
4. over the region of interest smooth at least in most cases
The errors are independent and identically disteBwith | The errors are independent and identically disteBwith
5. zero mean and common variance zero mean and common variance
The degenerate situation (% Lj 21 or %Ui < 1 does not
i=1 i=1
occur. In case of either equality, only one treatroembination
6. would be feasible, iel ,...,Lg) or (Uj,...U q ), respectively| rp,o degenerate situation does not occur.
Table 3. Misleading Factorial Design of Lemonade
Ratio
Run | Quantity of Lemon in Mixture (Cupg) Quantitysofgar-Water in Mixture (Cups)) Lemon/ Sugar-Watel Taste
1 1 1 1.0 Good
2 2 1 2.0 Sour
3 1 2 0.5 Weak
4 2 2 1.0 Good

Source: Anderson and Whitcomb (2002)

The standard mixture designs may not find muchiegfidn in
flux designs because flux ingredients rarely vaegwieen 0 and 1.
The most frequently encountered situation in fioomulation is for
the flux ingredients to vary between a lower bowsdally greater
than 0 and an upper bound lesser than 1. The edmsti mixture
design or extreme vertices designs are usefuluch situations.

Extreme Vertices Designs

In addition to the two constraints, there may bdalitiahal
constraints imposed on the proportions of the idigms. The
constraints may be in the form of upper)(&hd lower (I) bounds,

O0<Ly<x<U;<1 i=12,..q, )

Or in the form of linear multicomponent constrajnts
. 4
C,<>ax <D (4)

When mixture components are subject to additionaktraints,
such as a maximum and/or minimum value for eachpoorent,
designs other than the standard mixture desigrfsrred to as
constrained mixture designs or Extreme-Vertic#ssigns, are
appropriate (Mclean and Anderson, 1966; Snee andghdadt,
1974 and Ding et al, 1999). The extreme verticesgteoffers great
potential for welding flux research. Its efficacyash been
demonstrated by the pioneering work of kanjilal ahi co-
investigators (Kanjilal et al, 2004, 2005, 2006 2007).
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Mixture-Amount Designs

Mixture experiment methodology has been extendezhter for
situations where the response factors depend oprtiportions of
ingredient and the amount of the mixture. A comnessample of
the application on mixture-amount designs is themfdation of
fertilizers composed of different proportions ofragen, phosphate
and potassium. The experimenter wishes to invagtigow much
fertilizer to apply, as well as to find the bedatwe proportions of
the main components. For this kind of mixture-ant@xperiments,
several levels of total amount are needed. The amoan vary
between some minimum and maximum value so that:

0= Amin) <A <Ay - ®)
Several models have been proposed for fitting filata mixture
amount experiments (Presscott and Drapper, 2004).

As far as we know, application of mixture-amounsidas to
welding flux development has not appeared in théliplied
literature. This design may be found useful in fldevelopment
situations in which the formulator is interestedtie proportions of
flux ingredients and the coating factor of coatleteode or the flux
height in the case of submerged arc welding.

Mixture-Process Variable Designs

Another extension of mixture experiment which magy \ery
useful in welding flux research is the mixture-pgsg variable
designs. In many industrial processes with mixtuttes end-product
quality depends both on the proportions of the anxtcomponents
and on the levels of the process variables. This bf situations is
often encountered in welding processes, where tladitg of the

ABCM
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welded structure depends on the proportions ofittxecomponents
and on the levels of the process variables suclolage, current,
welding speed, etc.

The process variables can be controlled indepelydentone
another and of the mixture components. For exaniplayelding
production system, the composition of the flux ilves mixture
variables while the settings of the voltage, currevelding speed,
and nozzle-to-plate distance are process varialflesfar as we
know, Kanjilal et al, (2006) is the only work tHzds appeared in the
literature where mixture-process variable desigs a@plied in flux
research. Analytical models develop from mixturegass variables
data will quantify the synergetic and antagonigitects of flux-
process variable and process-process interactidwditional
information on mixture-process variables experiraar#n be found
in the work by Scheffe (1963), Piepel and Corng8i§7), Goldfarb
et al (2003, 2004) and Mage and Naes (2005).

Typical Procedure of Mixture Experiment

The steps a welding flux researcher may follow lanping
mixture experiments typically involve the followingrocedures
(NIST/SEMATECH, Gunaraj and Murugan, 2002 and Alknal,
2002):

« Define the objectives of the experiment

« Select the flux ingredients and where necessary#rsr

factor to be studied e.g. process variables

« Identify any constraints on the flux componentstirer

factors in order to specify the experimental region

« Identify the response variables to be measured

« Propose an appropriate model for modelling thearse

data as functions of the flux ingredients and ofhetors
selected for the experiment

« Select an experimental design that is sufficietitamdy to fit

the proposed model but which allows a test of model
adequacy as well

« Conduct the experiment as per the design matrix

« Measure and record the responses

« Develop the mathematical models

« Calculate the coefficients of the polynomials

* Check the adequacy of the model developed

e Conduct the confirmatory test

* Present the main and interaction effects of thdemift

ingredients on the responses

« Use the model to predict the combination of flugredients

that will give the desired response

« Perform actual experiments with the designed flux

« Analyze the results

The Analytical Model Forms

q
Due to the) x

i=1

different from the general polynomials used in tesponse surface
methodology. The general response surface polyismae
reparameterized to take care of this constrainmeSof the most
commonly used model forms appropriate for fittintxtore data are
listed below. The mixture experiment literature éxtensive;
therefore the list presented below is only illust& and not
exhaustive. More information about these model fcan be found
in the reference given with each model.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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(1) Scheffe's linearcanonical polynomial for planar effect
(Scheffe 1958, 1963):

q
n=22Bx% (6)
i=1
(2) Scheffe’'s quadraticcanonical polynomial for overall
curvature (Scheffe 1958, 1963):
n= 2 Bxt X Bi%X (7
1<i<q 1<idj<q

(3) Scheffe’'s cubic canonical polynomial for thirdrder
asymmetric curvature (Scheffe 1958,1963):

X Bt X
1<i<q 1<idj<q

T4 X
1<ilj<q

n= Bi%xj +

>

1<iDjOk<q

8
BijiXiX % ®)

(4) Scheffe’'s special cubic canonical polynomial third order

curvature (Scheffe 1958, 1963):

X B+ X

1<i<q 1<i0 j<q

)

1<i0jOk<q

n= Bixxj + Bik%Xj%  (9)
Draper and St John (1977) extended Scheffe’s madtisterm

of the form x; L added to reflect the possible extreme changesin th

response that sometimes occur in some mixture gnublas the

value of certain components tend to a boundaryevély - ;).

These terms or their coefficients were referredsahe edge effects.
These models should be used for predictive purpegidsout
attempting to place specific meaning on individeafficient. If the
experimenter suspects that only one or two compsneray be

subjected to edge effects, he could include ormygein Xx; 1 for
those components.

(5) Scheffe’s lineacanonical polynomial plus Inverse Terms for
edge effects (Draper and St. John, 1977):

q q 4
n=2BX+2 B (10)
i=1 i=1
(6) Scheffe’'s quadraticcanonical polynomial plus Inverse
Terms for edge effects (Draper and St. John, 1977):
n= 3 Bx+ X Bypxixp+ TBax (11)
1<i<q 1<iOj<q I<i<q

(7) Scheffe’s cubic canonical polynomial plus IrseiTerms for
edge effects (Draper and St. John, 1977):

X Bixit X ByXixp+
1<i<q 1<iO j<q

2 XX =% )+
1<idj<q

)

1<i0jOk<q

1
(12)

41
BiXi XjXe + X B1X;
i<q
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(8) Scheffe’'s special cubic canonical polynomialglnverse
Terms for edge effects (Draper and St. John, 1977):

X Bxt
1<i<q

>

1<i0 jOk<q

>

1<ilj<q

BijXiXjXi + _Z/J’—ixi_l
I<i<q

n= Bixx; +

(13)

Becker (1968) proposed models for situations wieradditive
or inert component is added to a g-component nextutde
suggested that the interpretation of the coefftsidar components
X1, X2 11 Xg should be invariant under the addition to the nrixtof

an additive component.;. Three models which satisfy the
invariance criterion proposed by Becker (1968) are:

(9) Becker (1968)

n= ,B|X|+ Z :Bu mln(x,,x )+

1si=a (14)
Bia..qmin( Xl,xz....,xq )
(10) Becker (1968)
n= Z ,B|X|+ Z ’BU X X j/(xi+Xj)+....+

tei=d (15)

Bia. g xlxz...xq/( xl +Xp ot Xg)

(11) Becker (1968)

S Axt A0, V2t

1=i=q (16)

i

In many arc welding processes, the welded structality
depends both on the proportions of the flux inggat and on the
levels of the process variables (p = number of ggecvariables).
For such situations the combined mixture and poesiables
models below may be useful (Mage and Naes, 2005).

n

Bra..q(XXo ... Xq

(12) Linear model of mixture and process variabfladge and
Naes, 2005):

n(xz)=

X Bx+ 26z

1<i<q Ks<p

(17)

(13) Quadratic model of mixture and process vaeaplage
and Naes, 2005):

nxz)= > Bix+ X X GXzs+t
1<i<q i<q ks<p (18)
2 2025z,
sy
Model Fitting

We illustrate the model fitting procedure with ttese where the
flux formulator is interested in the response ctux@ and possible
edge effect. The formulator may first fit the Sdh&f linear
canonical polynomial and make a judgment aboutaithequacy of
this model to fit his data. If he deemed the madadequate, he
could fit the Scheffe’s second order polynomiakée if there is an
overall curvature or scheffe’s linear with invetsem to see if there
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is edge effect. Figure 1 shows the alternative eetigi model
build-ups that are available. The flux formulat@ncsequentially
build up a model to any desired complexity by startwith the
Scheffe’s linear model and proceeding on indicgiaths through
figure 1 until an acceptable model is obtained.

Conclusion

A statistical modelling tool known as mixture expeent,
which has the potential to revolutionize weldinguxfl
development technology was discussed. The majoclgsions
are presented as follows:

1. Mixture experiment can be wused in welding flux

development because flux properties depend on the
proportions of ingredients.

Standard mixture designs such as simplex-lattécel
simplex-centroid will have limited applications imelding
flux research because flux ingredients usually \@etween
a lower bound greater than 0 and an upper bousérélsan
1 (100%).

Extreme Vertices Designs are most appropriatenwtie
researcher is interested in the effect of flux éujents
proportions on the responses.

Mixture-amount Designs are suitable for situadiin which
the researcher is interested in the effect of idigre
proportions and other factors such as coating fafito
coated electrodes or flux height in the case ofrerged arc
welding.

Mixture-process Variable Designs are suitable dases
where responses of interest depend on the propertid
ingredients and the levels of process variables.
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