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The correlation between weld metal properties and flux basicity 
is higher using the optical basicity index than using the IIW index 
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ABSTRACT. A comparative study of flux 
basicity given by the International Insti
tute of Welding (IIW) and the optical 
basicity (OB) indices was carried out in 
this investigation. Flux cored electrode 
formulations of the T-1 and T-5 types 
were chosen for this study. Experiments 
were conducted to collect data on the 
oxygen and sulfur contents and the 
impact strength values of the weld metal. 
Statistical correlations between weld 
metal oxygen, sulfur and toughness val
ues and basicity indices were conducted. 
It was found that a decrease in weld 
metal oxygen and sulfur with increasing 
basicity correlates better with the OB 
index than with the IIW index. For the T-1 
type of flux formulations, the IIW index 
gave a zero or negligibly small value with 
a low regression coefficient. The OB 
index gave a nonzero value with a 
regression coefficient of 0.70 and higher. 
The CaF2 is omitted in the OB index 
calculations, whereas it is included in the 
IIW index as a basic compound. High 
regression coefficients using the OB index 
for the T-5 type of flux formulations 
support the theory that CaF2 is a neutral 
welding flux compound. A similar finding 
was observed with weld metal impact 
toughness values. Other major draw
backs of the IIW index expression are 
overcome by using the OB index expres
sion. It was concluded that the OB index 
gives a better description of the basicity 
of a flux or slag oxide system than that 
given by the IIW index. 

Introduction 

Basicity has been used in studies 
involving slag-metal reactions. It is a func
tion of the strength of an oxide system, 
related to the ease with which the com
ponent oxides dissociate into a cation and 
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an oxygen anion. Oxides which dissociate 
easily are termed "basic," while those 
which dissociate only to a small degree 
are termed "acidic" (Ref. 1). Applying 
polymer- and structure-based theories to 
molten oxide systems, Caskell (Ref. 2) has 
classified basic oxides as network modi
fiers which cause a breakdown of the 
silicate network, and acidic oxides as 
network formers which form a three-
dimensional network of anion com
plexes. Those oxides that do not have a 
distinctive basic or acidic nature are 
termed "amphoteric" oxides. 

A basicity index is a quantitative mea
sure of the basicity of the flux or slag 
oxide system, and it is used as a parame
ter with which the chemical behavior of 
fluxes and slags can be correlated. Vari
ous definitions of basicity indices of oxide 
systems put forward by researchers may 
be grouped under the following three 
theories: 1) theory of undissociated 
oxides, 2) ionic theory and 3) theory of 
Lewis base. 

Theory of Undissociated Oxides 

Oxides according to this theory are 
expressed as fixed stoichiometric, molec
ular basic and acidic oxides (Ref. 3). The 
earliest form of a basicity index was 
expressed as a basic-to-acidic oxide ratio 
as follows: 

basicity 
index 

sum of 
basic oxides 

sum of 
acidic oxides 

(I) 
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The first known basicity index, howev
er, is based on the distribution of oxygen 
between metal and slag as proposed by 
Mrajek in 1869 (Ref. 4) as 

Mrajek's 
index 

% 0 (from 
metal oxide) 

% 0 (from 
SiQ2) 

(2) 

Although this empirical expression is not 
truly valid from our present knowledge 
of the existence of ionic oxide complexes 
in molten flux/slag systems, it, neverthe
less, identifies the importance of the dis
tribution of oxygen between metal and 
slag as a function of the basicity of the 
slag. 

One of the first equations applied in 
industrial practice was the "Vee" ratio as 
shown below 

Vee ratio =-
CaO 

~Si02 
(3) 

which was correlated with sulfur and 
phosphorus removal in steel-making pro
cesses. Several researchers have pro
posed modifications of Equation 3 to 
include other oxides in the basicity index 
expression (Refs. 5-7). 

In 1969, exactly 100 years after Mra
jek's basicity expression was published, 
Tuliani and his coworkers (Ref. 8) pro
posed a basicity index expression given 
by: 

CaO+MgO+BaO+ 
SrO+Na 2 0+ 
K 2 0 + L i 20+ 

_ CaF2+0.5 • (MnO+FeO) (4) 

SiO2+0.5 
• (A l 20 3+ 

T i0 2 +Zr0 2 ) 

In the above equation, alkali and alkaline-
earth oxides are considered basic oxides. 
They proposed that although CaF2 is 
known to be a neutral compound in slags 
(Ref. 9) it probably decreases the activity 
of Si02 in the flux through the reaction 

Si02 + 2CaF2 = SiF4 + 2CaO (5) 

therefore, "it seems justifiable to consid
er CaF2 as a basic compound." Eagar 
(Ref. 10) has shown that the reaction of 

B 
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CaF2 with a water molecule 

CaF2 + H 2 0 = CaO + 2HF (6) 

is a more important source of fluorine 
loss than the reaction given by Equa
tion 5. 

The basicity index given by Equation 4 
has been used by the IIW and the weld
ing industry, and referred to in this paper 
as the IIW index. 

Ionic Theory 

Since the proposal of the ionic theory 
of slag-metal interactions in steel-making 
systems by Herasymenko and Speight 
(Ref. 11) followed by Flood and Forland 
(Ref. 12), the ionic theory of oxide melts 
has gained acceptance by researchers. 
According to the ionic theory, a basic 
oxide, MeO, dissociates into a metal 
cation and releases oxygen anions as 

MeO = Me z + + O z _ (7) 

An acidic oxide, such as Si02, consumes 
an oxygen anion as 

Si02 + 2 0 2 _ = Si04
4" (8) 

to form a silicate anion. The above reac
tion equation may be depicted in a gen
eral form as (Refs. 2, 13) 

0 ° + O 2 - = 2 0 " (9) 

where 0 ° is the polymerized network of 
silicate oxyanion, O - is the depolymer-
ized silicate anion, and O 2 the avail
able oxygen anion. Lux (Ref. 14), Flood 
and Forland (Ref. 12) defined a basic 
oxide system as one with a high oxygen 
anion concentration. Frohberg and 
Kapoor (Ref. 15) utilized the above con
cepts to derive a basicity index analogous 
to the pH scale used in aqueous solutions, 
and is given by 

pO = - log(ao2-) (10) 

where ao2_ is the activity of the oxygen 
anions, and pO is the potential of oxy
gen. Although the above expression is 
simple to use, two of its major drawbacks 
are that: 1) it was derived by applying the 
theory of ideal silicate mixing; and 2) it is 
not possible to determine the oxygen 
anion activity ao 2 - (Refs. 16, 17). 

Optical Basicity 

A fundamental drawback of the above 
expressions for a basicity index has been 
the neglect of the role played by cations. 
This problem was encountered by Wag
ner (Ref. 16) in determining the basicity of 
oxides with transition metal ions that 
undergo valence changes with changing 
oxygen anion concentration. 

From research on glass systems, two 
chemists, Duffy and Ingram (Ref. 18), 
were the first to provide answers to the 
questions posed above. They define cat
ions as polarizing, such as Si, Ti, ions, etc. 
and as nonpolarizing, such as Na, K and 

Ca ions. A polarizing cation draws the 
negative charge away from oxygen 
anion, resulting in the formation of a 
covalent bond. The extent of covalent 
bond formation is dependent on the 
affinity of the polarizing cation for the 
negative charge; this affinity is estimated 
by Pauling's electronegativity. The 
degree to which the oxygen anion do
nates its negative charge to the cation 
defines the "state" of the oxygen ion. A 
quantitative measure of the electron 
donor power of the oxygen anion is 
defined as the Lewis basicity of the oxide 
system (Refs. 19, 20). 

Optical Basicity Index 

Analogous to the litmus test for aque
ous solutions in which a color change 
indicates the pH of the medium, a probe 
ion is added to an oxide melt or glass. The 
electron donor power of the oxygen ion 
to the probe ion is observed as a " red" 
shift in the UV bands of the probe ion. 
This is due to the expansion of the 
s-orbital, called the nephelauxetic effect 
in structural chemistry, resulting from 
electron donation from the oxygen anion 
(Ref. 18). This spectral shift, measured by 
Duffy and Ingram, gave an expression for 
a basicity scale. Since this expression was 
measured by a spectroscopic technique, 
they coined such a basicity expression as 
"optical" basicity (Refs. 18, 21). This is 
given by 

electron donor power 
of oxygen in 

optical _ oxide system t-\-\\ 
basicity v ' 

electron donor power 

free oxide anions 

that is (Ref. 22), 

Table 1—Optical Basicity Index Values of 
Some Oxide Systems 

all 

optical basicity = ZJ 

cations 

ZA • RA 

2 CA 

(12) 

where ZA is the coordination number of 
the cation A. RA is the ratio of the moles 
of cation A to the total moles of oxygen 
atoms, and GA is the basicity moderating 
parameter, which is a function of Paul
ing's electronegativity. The optical basici
ty expression given by Equation 12 is 
referred to as optical basicity index or OB 
index throughout this paper. 

Welding Flux Basicity 

The basicity index of a welding flux is 
determined by using the NW index given 
by Equation 4, which is derived from the 
theory of undissociated, molecular 
oxides. Despite the drawback of the 
nonexistence of undissociated oxides in 
oxide melts, the welding industry adapt
ed Equation 4 as a measure of flux 
basicity. But the alternative of using the 
basicity index derived from the ionic 
theory, pO, could not be applied sue-

Oxide System 

K20 
Na20 
CaO 
MgO 
FeO 
FeO-Fe203-Si02 

CaO-Ti02Si02 

AI203-Ti02Si02 

Al203 

Ti02 

Si02 

(a) See appendix. 

OB Index 

1.36 
1.15 
1.00 
0.78 
0.51 
0.76 

0.61<a> 
0.55 
0.59 
0.55 
0.48 

IIW Index 

Infinity 
Infinity 
Infinity 
Infinity 
Infinity 
Cannot be 

determined 
0.55(a» 
0.0 
0.0 
0.0 
0.0 

cessfully due to the uncertainty in the 
estimation of oxygen ion activity. 

The aim of this investigation was to 
conduct a comparative study of the 
drawbacks of the IIW basicity expression 
given by Equation 4 with the OB index 
given by Equation 12. Table 1 is a listing of 
the basicity values of some oxides and 
oxide systems using the IIW and the OB 
indices. It is apparent that single oxide 
components do not have a finite basicity 
value using the IIW expression but have a 
finite value using the OB index expres
sion. It will be shown that major draw
backs of the IIW expression are over
come by using the OB index expression. 

Experimental Procedure 

The flux cored electrode formulations 
chosen were T-1 and T-5 types classified 
under AWS A5.20. Formulations chosen 
were such that a wide range of basicities 
could be determined without adversely 
affecting the weldability characteristics. 
Samples of flux cored electrodes of %sr\n. 
(2.4-mm) diameter were manufactured 
with the chosen formulations. 

Welding was carried out using an auto
matic setup consisting of a Hobart Mega-
Mig 450 RVS power source, Hobart 
Mega-Con 114-X remote feed controller 
and a Hobart Motoman 5-axis robot in 
conjunction with a Yasnac RX control 
system. Tensile plates were welded in 
accordance with the requirements of 
AWS Specification A5.20. Carbon dioxide 
shielding gas was used. All welds were 
made in the flat position with a fixed 
electrode extension of 0.75 in. (19 mm) 
and a travel speed of 12 ipm (305 m m / 
min). DCEP polarity was used at three 
different settings of 375 A/26 V, 420 
A/29 V, and 480 A/31 V. All plates were 
stored at room temperature for 48 h to 
allow diffusible hydrogen to escape 
before machining. 

One tensile specimen and one set of 
five Charpy V-notch impact specimens 
were machined from each plate per AWS 
specifications. The tensile specimens 
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Fig. 1 — Correlation of weld-metal oxygen content with the IIW index for the T-1 type of flux cored 
electrodes welded at 420 A and 29 V 
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Fig. 2 — Correlation of weld-metal oxygen content with the OB index for the T-1 type of flux cored 
electrodes welded at 420 A and 29 V 
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Fig. 3 - Correlation of weld-metal sulfur content with the IIW index for the T-1 type of flux cored 
electrodes welded at 420 A and 29 V 

Table 2—Comparison of the IIW and the 
OB Indices 

Drawbacks of 
IIW Index 

Oxides classified as 
basic or acidic 

Basic oxide 
reactivities are 
same 

Basicity of acidic 
type of flux is 
negligibly small 

CaF2 is taken to be 
a basic 
compound 

Simple oxide 
formulas are 
used in basicity 
expression 

Advantages of 
OB Index 

No such classification 

Reactivity is a function 
of cation electron 
affinity 

Basicity is a nonzero 
value 

CaF2 is omitted in 
basicity calculations 

Variable valency 
effects are 
accommodated 

w e r e tested at r o o m tempera tu re on a 
Satec machine. The Charpy V-no tch 
specimens w e r e tested fo r impact tough
ness at - 2 0 ° F ( - 2 9 ° C ) . One-hal f of the 
b roken tensile specimen was pol ished o n 
a mechanical polishing whee l and ana
lyzed for its chemical compos i t ion o n a 
Baird mass spect rograph. One-hal f o f 
each b roken impact specimen was 
machined to obta in an al l -weld-metal 
specimen for oxygen analysis in a Leco 
oxygen-n i t rogen analyzer. 

From the f ive impact toughness values 
f r o m each plate, the highest and lowest 
values w e r e discarded, and the average 
of the remaining three was used as rep
resentative of that plate, per A W S speci
fications. A similar p rocedure was adopt-" 
ed to calculate an average value for w e l d 
metal oxygen contents. 

Results a n d Discussion 

Several of the major drawbacks of the 
IIW index are o v e r c o m e by using the OB 
index, as shown in Table 2. In o rder t o 
under take a comparat ive study of the 
relative merits of the t w o basicity indices, 
statistical analysis was carried out 
b e t w e e n the basicity values obta ined by 
using the OB and the IIW indices and 
each o f the fo l low ing variables: 1) w e l d 
metal oxygen, 2) w e l d metal sulfur, and 3) 
we ld metal impact toughness. 

Bas ic i ty -Oxygen C o r r e l a t i o n 

It has been repo r ted that the w e l d 
metal oxygen contents in acidic slags are 
a result o f the decompos i t ion of oxides, 
such as S i 0 2 (Ref. 10), wh i ch is given as 

S i 0 2 (liq) = [Si] + 2 [ 0 ] (13) 

A flux formula t ion w i t h a high S i 0 2 c o n 
tent w o u l d , as a result, deposit a high 
oxygen concent ra t ion into the w e l d met 
al. 

In basic flux systems, oxygen level is 
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controlled by FeO content of the flux 
through the reaction (Refs. 10, 23, 24). 

Fe (metal) + [O] = FeO (slag) (14) 

North, et al. (Ref. 24) maintains that any 
correlation between basicity and weld 
metal oxygen is incorrect, but Wagner 
(Ref. 16) supports the use of correlations 
in the study of basicity, and others (Refs. 
25, 26) have studied the relationships 
between basicity and weld metal oxygen 
contents. 

With this in view, weld metal oxygen 
contents were correlated with the basici
ty values obtained by using the IIW and 
the OB index expressions. Figures 1 and 2 
are the plots for the IIW and OB indices 
against weld metal oxygen at 420 A and 
29 V. For the T-1 type of flux formula
tions, the basicity values using the IIW 
index expression gave a zero or a negligi
bly small value as can be seen from Fig. 1. 
This is a result of using a base/acid ratio in 
estimating the basicity index for a flux that 
is predominantly acidic in nature. In the 
correlation between the IIW index and 
the weld metal oxygen contents, the 
variability was large, and the regression 
coefficient was 0.34. It was therefore not 
possible to derive a meaningful regres
sion relationship. On the other hand, by 
applying the OB index expression to 
these flux formulations, a high linear 
regression coefficient of 0.82 was 
obtained, with a much lower variability. 

The above trend was observed at 
other settings of 375 A/26 V, and 480 
A/31 V. The oxygen values did not vary 
appreciably at the three parameter set
tings, indicating that the oxygen transfer 
is not a strong function of heat input used 
in this study. 

Basicity-Sulfur Correlations 

Desulfurization reaction is given 

S (metal) + O2' (slag) = S 2 " (slag) ( 1 5 ) 

+ O (metal) 
wherein the extent of sulfur removal 
from the metal phase is dependent on 
the concentration of the oxygen anions. 
From iron- and steel-making processes, it 
is a well-known fact that a "basic" con
tent in the slag is a prerequisite to obtain 
a "clean", low-sulfur metal (Ref. 3). 
Therefore a basic slag is one which has a 
high oxygen anion activity (Refs. 12, 14, 
15). As mentioned earlier, the estimation 
of the oxygen ion activity is not possible. 
An alternative method of defining the 
basicity of the slag becomes necessary. 
Wagner (Ref. 16) had defined basicity in 
terms of sulphide, carbonate and other 
capacities in correlation studies involving 
slag-metal reactions. 

In the present investigation, the IIW 
index and the OB index expressions were 
used to study the relationships between 
the weld metal sulfur contents and the 
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Fig. 4 - Correlation of weld-metal sulfur content with the OB index for the T-1 type of flux cored 
electrodes welded at 420 A and 29 V 
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Fig. 5 — Correlation of weld-metal sulfur content with the IIW index for the T-5 type of flux cored 
electrodes welded at 420 A and 29 V 
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Fig. 6 — Correlation of weld-metal sulfur content with the OB index for the T-5 type of flux cored 
electrodes welded at 420 A and 29 V 
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basicity values as shown in Figs. 3-6. With 
an increase in basicity, the weld metal 
sulfur decreases for both T-1 and T-5 
types of flux formulations, except for Fig. 
3 where the sulfur increases with IIW 
basicity value for the T-1 type of flux 
formulations. The reason for this discrep
ancy is due to the small basicity values 
obtained for the acidic type of formula
tions as mentioned earlier. 

The variability in the plot of IIW index 
against the weld-metal sulfur contents for 
T-5 types of flux formulations is large. 
One of the reasons for such a poor 
correlation can be found in the IIW index 
expression where the basic oxides and 
Si02 have a coefficient of 1, that is, their 
reactivities are assumed to be the same. 
But it is known that the desulfurizing 
power of various oxides is in the order of 
(Ref. 27) 

K 20 > Na 2 0 > BaO > SrO > 
CaO > MgO 

which is the same order in magnitude as 
the free energy of solution and the basic 
characteristic of these oxides (Ref. 2). 

In the correlations between the OB 
index and the weld-metal sulfur, as 
shown in Figs. 4 and 6, the weld-metal 
sulfur content decreases with increasing 
basicity with a smaller variability. Equation 
15 shows that the transfer of sulfur from 
the metal phase to the slag phase 
involves transfer of electrons from the 
oxygen anions in the slag to the sulfur 
anions. It is therefore understandable that 
the OB index is the correct form of the 
basicity index to be used, since it is a 
measure of the electron donor power of 
the oxygen anions. Additional support for 
such correlations is gained from Gaskell's 
work on the distribution of phosphorus 
between slag and metal using the OB 
index expression (Ref. 28). Sommerville 
and his coworkers (Refs. 29, 30) have 
established a high correlation between 
the sulphide capacity of steel-making 
slags and their OB index values. 

Basicity-Toughness Correlation 

Tuliani, ef al. (Ref. 8), studied the rela
tionship between the flux basicity and the 
Charpy transition temperature for a 
series of flux formulations. They found 
that the transition temperature for 40 
ft-lb was lowered from 140°F (60°C) at a 
basicity value of 0.5, as per their pro
posed basicity expression (being referred 
to here as the IIW index), to about —40°F 
(-40°C) at a basicity value 2.5. 

In the present investigation, the Char
py impact toughness of the flux cored 
electrodes was correlated with the basic
ity values using the IIW and the OB 
indices, as shown in Figs. 7 and 8, for the 
T-5 type of flux formulations. As the 
basicity increases, the impact toughness 
increases. The regression coefficient for 
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Fig. 7 — Correlation of weld-metal impact strength with the IIW index for the T-5 type of flux cored 
electrodes welded at 420 A and 29 V 
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Fig. 8 — Correlation of weld-metal impact strength with the OB index for the T-5 type of flux cored 
electrodes welded at 420 A and 29 V 

the correlation between IIW index and 
impact toughness was 0.71, and for the 
correlation between OB index and 
impact toughness it was 0.87. The vari
ability for the plot with IIW index was 
much higher than for the plot with OB 
index. 

The inclusion of CaF2 as a basic com
pound in the IIW expression is incorrect 
because it has been shown that CaF2 is a 
neutral compound (Refs. 9, 10, 27), and 
its addition in flux formulations is mainly 
to lower the viscosity of the flux (Ref. 31). 
Tsunawaki, ef al. (Ref. 32), in his analysis 
of glasses, found that for glasses basic in 
nature, the addition of CaF2 does not 
alter the concentration of silica tetrahedra 
with 1 to 4 nonbridging oxygens ( O -

oxygen anion shown in Equation 9 
above). The plot obtained by them is 
reproduced in Fig. 9. With the composi
tions given in their publication, the IIW 

and OB index values were calculated by 
the authors as shown in Fig. 9. The IIW 
basicity value increased with CaF2, but 
the fractions of silica tetrahedra were the 
same as at a glass composition with 0% 
CaF2. Since CaF2 is omitted in the expres
sion for OB index, its basicity value was a 
constant at 0.663. The OB index not only 
gives a better description of the flux 
basicity, but also that of the slag/glass 
structure than the IIW index. 

Summary and Conclusions 

The significant points of this compara
tive study of the merits of the IIW and the 
OB indices are as follows: 

1) The IIW index values for the T-1 
type of flux in flux cored electrode for
mulations were considerably smaller in 
comparison with other flux formulations 
of higher basicity values. 
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2) The OB index of fers a f inite, nonze
ro basicity value to the T-1 t ype of flux 
formulat ions, since there is n o basic/ 
acidic oxide ratio. 

3) The I IW basicity expression incor
rectly assumes that all basic oxides have 
the same desulfurizing p o w e r . 

4) The electronegat iv i ty of the cat ion 
of an oxide, its oxidat ion number and the 
ratio of moles o f the cat ion to total 
oxygen atoms in the ox ide system, all 
de termine the react ivi ty o f the ox ide. 

5) W i t h increasing basicity, the w e l d -
metal oxygen and sulfur contents 
decrease fo r T-1 and T-5 types of f o r m u 
lations. The regression correlat ion be
t w e e n basicity and weld-meta l oxygen 
and sulfur contents is much higher by 
using OB index than by using the IIW 
index. 

6) W i t h increasing basicity, the impact 
toughness o f the w e l d metal increases 
w i th a much lower variabil ity in the cor
relations w i t h the O B index than w i t h IIW 
index for the T-5 t ype o f formulat ions. 

7) The OB index, w h e r e CaF2 is con 
sidered neutral and omi t ted f r o m calcula
t ions, exhibits bet ter correlat ion than the 
IIW index in the present study, as wel l as 
the data f r o m publ ished w o r k . 

8) The O B index can be used to deter
mine the basicity of a we ld ing filler metal 
fo rmula t ion since it of fers bet ter correla
t ion and descr ipt ion of the f lux basicity 
than the IIW index. 
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Appendix 

Calculation of OB and IIW Indices 

System: CaO-Ti02-Si02 

OB index is given by 

all 

OB index = 2J 
RA 

2 • CA 
cations 

G A = 1.36(X-0.26), where X is Paul
ing's electronegativity'3' 
ZCa = +2, ZTi = +4, Z5i = +4 
Rca = Ys, Rn = X, Ra = Y$ 
XCa = 1.0, XT| = 1.6, XSi = 1.8 
G C a = 1.0, C T i = 1.8, GSi = 2.1 

2 • % 4 
OB index = + X 

2 - 1 . 0 2 • 1.6 + 

4 • % 
= 0.61 

2 • 2.1 
CaO-Ti02-Si02 = 28wt-%CaO-
40.7wt-%TiO2-30.6wt-%SiO2 

28 
IIW index = 

30.6 + (0.5 • 40.7) 
= 0.55 

(a)Gordy, W., and Thomas, W. J. O. 1956. 
Electronegativities of the elements, j. of Chem. 
Phys. 24 (2):439-444. 
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