
Performance of the MnO-Si02-CaO 
System as a Welding Flux 

Chemical and physical properties of the flux com
ponents are related to slag viscosity, arc stability, weld 
bead shape and wetting 

BY K. P. FERRERA AND D. L. OLSON 

ABSTRACT. The effect of the con
stitution of the MnO-Si02 -CaO ternary 
system on the characteristics of weld
ing fluxes was investigated. Fluxes, 
derived from pure components, were 
tested using the submerged-a rc 
welding process. Viscosity, arc sta
bility, and weld-bead morphology 
were reported and were compared 
with existing accepted concepts for 
welding flux behavior. 

Introduction 

A number of major welding 
processes are dependent upon the 
utility of the flux. A flux may serve a 
number of essential functions which 
i n c l u d e m e t a l r e f i n e m e n t , a t 
mospheric protection, stabilization of 
the arc phenomena, and the im
provement of the morphology of the 
weld bead. Even the resistivity of the 
flux is an essential factor in such a 
process as electroslag welding which 
uses the flux as an ohmic heating 
source to produce the weldment. A 
flux is a granulated fusible mineral 
usually made of oxides and fluorides 
that are physically and/or chemically 
active both in shielding the metal from 
oxidation and in disposing of any ox
ide that forms. 

The production of industrial weld
ing fluxes is based on raw materials of 
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geological origin. These fluxes are 
based on silica, silicates, l imestone, 
clays and many other minerals. The 
chemical constitution of such min
erals is known to have large varia
tions depending upon the location of 
the'mineral sources. 

With large quantities of welding flux 
being used, there is very little chem
ical refinement of the mineral com
ponents that are used in a flux: this 
causes variations in the behavior of 
the same commercial flux. There are 
many constituents that do not serve to 
improve the welding flux, but they are 
present as residuals of the raw ma
terials. These residuals will influence 
the physical and chemical behavior of 
the flux. However, with the ever in
creasing demand for high quality and 
reproducible joints, it is becoming es
sential to have better control of the 
chemical content of these fluxes and 
to understand the influence of each 
chemical additive on the flux be
havior. 

Flux Behavior 

The behavior of a flux is some
times reported as a function of basic
ity, which has been defined (Ref. 1) as 
the wt% of basic components divided 
by the wt% of acidic components. The 
basic f lux components are c o m 
pounds such as CaO, MgO, FeO, and 
MnO, while P205 and S i0 2 (Ref. 2) are 
classified as acidic components. One 
of the major differences between 
basic and acidic fluxes is their ability 
to rid the molten metal of residual sul
fur and phosphorus (Ref. 3). Since the 

basic flux will remove sulfur and 
phosphorus, it is reasonable to con
clude that basic fluxes will provide 
greater weld impact strength and 
ductility (Refs. 4,5). Patapov (Ref. 5) 
has found that basic f luxes may 
promote weld porosity and blistering 
on low alloy steels. Some of the com
ponents of basic fluxes are hydro-
philic and thus produce these defects 
due to their high hydrogen content. 
The advantages of an acidic flux are 
that the slag is easy to manipulate 
during welding, as in overhead and 
vertical welding, and the solidified 
slag is relatively easy to remove 
(Ref. 6). 

Flux can affect arc stability by con
taining materials of various ionization 
potentials that will affect the number 
of electrons or ions present in the arc 
plasma at a given voltage. Materials 
which are added to the flux to pro
duce vapor atoms with low ionization 
potential are classified as arc sta
bilizers. 

Davidenko (Ref. 7) has reported 
that acidic fluxes require a higher arc 
voltage than basic fluxes. The non-
stabilizing behavior of S i0 2 has been 
confirmed by Russanevitz (Ref. 8). 
Russanevitz also reported that the 
alkali and alkaline earth oxides pro
duce vapors that are easily ionized 
and therefore stabilize the arc. MnO, 
FeO, NiO, CuO, and T i0 2 were found 
to p r o d u c e vapors tha t have a 
medium ionizat ion potent ial and 
therefore have little effect on arc sta
bility. Also, Al203 and Cr203 were re
ported to decrease the arc stability. 
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tem (Ref. 14) 

nSiO, 

1200 
I300 

Ml^SiO^ 

WnO 

Fig. 2 — Phase equilibrium diagram for the MnO-Sl02-CaO flux 
system (Ref. 14) 

Hazlett (Ref. 9) has found when using 
pure single component compounds 
that CaO produces a more stable arc 
than either Si02 or MnO. 

Diffusion, reaction rates, and heat 
transfer during the welding process 
are dependent on the viscosity of the 
flux (Ref. 2). A flux with low viscosity 
will increase the reaction rate be
tween the metal and the flux (Ref. 1) 
because the diffusion of elements 
from the metal-slag interface will be 
rapid. A flux with low viscosity will also 
cause the heat transfer to be faster. 

The flux also must provide a pro
tective coating over the molten-weld 
metal and thus separate the molten 
metal from the atmospheric gases 
(Refs. 2,10). If the viscosity of the flux 
is high, the gas atoms cannot diffuse 
rapidly through the flux (Ref. 3) and 
reach the flux-metal interface prior to 
the flux solidifying. A flux must also be 
able to protect the weld metal by dis
solving the gases entrapped between 
the molten flux and metal (Ref. 10). 
The flux must have a low enough 
viscosity to dissolve and transport 
these solutes. The viscosity of the flux 
must also be low because the flux has 
to spread over the total surface of the 
we ld bead to p rov ide adequa te 
protection for the weld. Therefore, the 
viscosity of the flux must be op
timized to accomplish its function of 
protecting the weld metal. It has been 
demonstrated that the viscosity of a 
basic flux is decreased when the CaO, 
MnO, Fe203, CaF2 or A l 20 3 content is 
increased. 

Arc penetration has been found to 
vary with heat input and flux com
position (Refs. 11,12). An equation for 
arc penetration was reported by Jack
son and Shrubsall (Ref. 12) to be: 

P = K(I4 /SE2)1 '3 

where P is the arc penetration. I is the 
current, S is the travel speed, E is the 
input voltage, and K is a constant 
which would be expected to be de
pendent on composit ion of the flux 
and base metal and the welding 
process. Hazlett (Ref. 9) has shown 
that single pure flux components 
used by themselves cause different 
amounts of arc penetration. He 
showed that pure CaC0 3 K2C03 and 
CaF2 produce shallow penetration. 
Medium penetration was obtained by 
using pure MgO, Si02 , Na2C03 , Mn0 2 , 
Al203 , and Na2Si03. Deep penetration 
was reported with the use of MgC0 3 . It 
has been reported by others (Ref. 12) 
that the addition of MnO improves arc 
penetration. 

The width to depth-of-penetration 
ratio is a measurement of the con
fining effect of the flux (Ref. 1). A low 
number for this ratio indicates that the 
energy or heat from the welding arc 
has been confined by the flux to a 
narrow region. Belton et al (Ref. 1) has 
reported that as the amount of S i0 2 

decreases the width to depth-of-
penetration ratio increases. 

Viscosity and interfacial tension in
fluence the smoothness of the weld 
bead surface and the reinforcement 
angle. A low interfacial tension will 
promote a concave bead, while a high 
interfacial tension will produce a con
vex bead (Ref. 3). It was shown by 
Joublanc (Ref. 13) that if the viscosity 
of the flux is too high, there could be 
depressions on the surface, and the 
edges of the weld bead would not be 
parallel. The reason for this is that the 
highly viscous flux impedes uniform 
solidification and does not allow the 
gases to escape. Hazlett (Ref. 9) has 
o b s e r v e d s o m e c o n t r a d i c t o r y 
behavior. 

MnO-SiOj-CaO Flux 

Figures 1 and 2 illustrate the MnO-
S i 0 2 a n d t h e M n O - S i 0 2 - C a O 
equil ibrium phase diagrams (Ref. 15). 
All these phases would be realized if 
there is slow cooling and equil ibr ium 
conditions are approached: these 
conditions do not exist in welding 
operations. With rapid cooling there 
would be quenched-in metastable 
phases. The nature of the different 
phases of a flux should be under
stood to guarantee reproducibil ity. 

Each component makes its own 
contribution to the behavior of the 
flux. S i0 2 is added to a flux to adjust 
viscosity and increase the current 
capacity (Refs. 6,15). MnO is added to 
a flux to increase the arc penetration 
and to decrease the sensitivity of the 
flux to rust. MnO also allows the 
welding travel speed to be increased 
at a constant voltage and wire feed 
speed . MnO does dec rease the 
current capacity of the flux (Refs. 
3,15). CaO is added to increase the 
efficiency of the flux to remove sulfur 
and phosphorus, to improve arc sta
bility, and to increase impact strength 
of the joint (Ref. 4). However, CaO in
creases the sensitivity of the flux to 
m o i s t u r e p i c k u p f r o m t h e a t 
mosphere (Refs. 3,10,15). CaF can be 
added to a flux to decrease inter
facial tension (Ref. 2) and improve the 
impact strength of the weld metal 
(Ref. 4). The use of CaF reduces the 
hyd roph i l i c p r o b l e m that is ex
perienced with CaO. 

Experimental Procedure 

Materials 

The oxides used to make the fluxes 
for this investigation were reagent 
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grade Si0 2 , CaO, and Mn0 2 powder. 
M n 0 2 was used because it d e 
composes to MnO plus 0 2 at 530 C. 
This decomposit ion temperature is 
exceeded when the ox ide c o m 
ponents are melted to make the fused 
flux used for the welding operation. 
ASTM A36 steel plate and AWS 
E70S-3 steel electrodes were used 
because they contain only a small 
amount of alloying elements. 

The experimental fluxes used were 
classified into three groups. Group I 
was the MnO-Si0 2 flux, and these 
composit ions extended through the 
eutectic point. Group II had constant 
basicity and extended into the MnO-
Si02-CaO system. This group is in
dicated by line AB on the MnO-Si0 2 -
CaO phase diagram in Fig. 2. Group 
III consisted of fluxes which have a 
constant melting temperature of 
1300 C. These composit ions followed 
the 1300 C contour line of the MnO-
Si02-CaO phase diagram. 

Procedure 

The dc straight polarity power was 
supplied to the carbon electrode and 
graphite crucible by a 300 A power 
supply* to make an electric arc fur
nace. The voltage and current used 
for melting were determined by ad
justing the arc length between the 
cruc ib le and the e lect rode. The 
voltage was approximately 62 V, and 
the current was approximately 200 A. 
The molten flux was then poured from 
the crucible onto an incline planefor a 
viscosity test. 

The solidified flux was crushed and 
sized. Flux particles less than 12 
mesh and greater than 100 mesh were 
selected for flux use. 

The fluxes were then baked at 650 
C for 2 hours. This baking was done to 
remove any graphite that might be 
mixed with the flux when it was 
scraped out of the crucibles and also 
to guarantee the removal of moisture. 
Then the flux was used to lay a weld 
bead on a plate, using the E70S-3 
electrode. All the welding was per
formed with a constant voltage power 
supply.** A submerged arc f lux 
hopper attached to the traveler sup
plied a continuous flow of flux to the 
weld bead. The welding operation 
was accomplished using a direct-
current reverse-polarity setting. The 
sett ings used dur ing the welding 
operation were: travel speed 0.48 m 
per minute (18.9 ipm), controlled wire 
feed speed which produced approxi
mately 500 A, and a voltage of ap
proximately 30 V. The resulting heat 
input was approximately 1.85 X 106 

joules per m (47,000 joules per in.). 
The variation in heat input was ±0.088 
x 106 joules/m. 

'Hobart Cyber-Tig Model CT-300. 
"Hobart Model RC500. 
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Fig. 3 — The relative fluidity as a function 
of basicity tor the MnO-Si02 and MnO-
Si02-CaO flux systems 

Results and Discussion 

The relative fluidity as a function of 
basicity is illustrated for these sys
tems in Fig. 3. The relative fluidity is 
measured as the distance in inches 
that the flux with a pouring temper
ature of 1350 ± 10 C flowed down the 
inc l ine p lane (9 deg) be fo re it 
solidified. As the basicity increases 
the fluidity was found to increase for 
both the MnO-Si02 and MnO-Si0 2 -
CaO systems. These results are ex
pected, since it is known that an in
crease in the acidic content of a basic 
flux will decrease the fluidity ( in
crease viscosity). The reason that the 
viscosity increases as the amount of 
Si02 increases is that the S i0 2 is a net
work former (Ref. 16). The S i0 2 forms 
strong covalent bonds, and these 
strong covalent bonds close the silica 
network. A closed sil ica network 
makes it more difficult for the atoms 
to move over each other, thus in
creasing the actual viscosity of the 
flux. When basic components such as 
MnO and CaO are added to this net
work, the number of Si-O bonds are 
decreased. The network first breaks 
into two dimensional sheets. With 
further basic component additions 
the sheets break into chains and 
lower the actual viscosity still further 
(Ref. 2). In Fig. 3 the viscosity can be 
seen to be greater for the MnO-Si0 2 -
CaO system than for the MnO-Si0 2 

system for the same basicity. This in
dicates that CaO is not as effective a 
network modifier as is MnO, because 
when some of the MnO is replaced by 
CaO the actual viscosity increases. 
Thus, the CaO does not affect the 
silicate network as much as does the 
MnO. 

Figure 4 illustrates arc instability 
(the maximum fluctuation in voltage) 
versus percent MnO for the MnO-Si0 2 

flux system. This figure indicates a 
decrease in the stability of the arc as 
the MnO content is reduced. Figure 5 
illustrates arc instability versus per
cent CaO for the MnO-Si02-CaO flux 
system. The points plotted are for a 
constant basicity. A decrease in the 
stability of the arc is also found as the 
amount of CaO is decreased. These 

Fig. 4 — Arc stability as a function ot per
cent MnO for the MnO-Si02 flux system 

ARC INSTABILITY vs '/. CoO 

MnO-Si02-CaO SYSTEM 

CONSTANT BASICITY 

Fig. 5 — Arc stability as a function of per
cent CaO for the MnO-Si02-CaO flux 
system 
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Fig. 6 — Arc penetration as a function of 
percent MnO tor the MnO-Si02 flux 
system. The dark circle indicates the com
position of MnO that may contain the 
manganosite phase 
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Fig. 7 — Arc penetration as a function of 
percent CaO for the MnO-Si02-CaO flux 
system. The data is for both a constant 
melting temperature of 1300 C and for a 
constant basicity of 1.5 
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Fig. 8 — Width to depth-of-penetration 
ratio as a function of basicity for the MnO-
Si02 flux system. The dark circle rep
resents the composition that may contain 
the manganosite phase 
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Fig. 9 — Width to depth-of-penetration 
ratio as a function of percent CaO for the 
MnO-Si02-CaO flux system at a constant 
melting temperature of 1300 C and basic
ity of 1.5 

r esu l t s a re in a g r e e m e n t w i t h 
Davidenko (Ref. 7) and Russanevitz 
(Ref. 8). That CaO flux increases sta
bility of the arc is also in agreement 
with Hazlett (Ref. 9), but he found that 
the pure S i0 2 flux had a more stable 
arc than did the pure MnO flux. It can 
be concluded that arc stability is def
initely a function of ionization poten
tial (Ref. 17), for with the introduction 
of elements with decreasing ioniza
tion potential there was experienced 
an increase in the stability of the arc. 
In addit ion, it can be observed that 

Fig. 10 — The interfacial tensions 
associated with the weldment 

CaO increases the stability of the arc 
more than MnO additions. 

Figure 6 illustrates arc penetration 
versus percent MnO for the MnO-Si02 

system. This figure indicates that 
MnO does not affect the penetration 
of the welding arc except at 75% 
MnO. This does not agree with other 
investigators (Ref. 15) who found that 
MnO should be added to cause 
deeper penetration. The increase in 
arc penetration at 75% MnO co
incides with the possible presence of 
manganosite. 

The presence of this manganosite 
phase could have been introduced 
during the preparation of the flux from 
the pure components. The possible 
presence of this high melting tem
perature manganosite phase in the 
resulting lower melting flux during 
welding suggests that the behavior of 
this flux composit ion (25% Si02 -75% 
MnO) may deviate from established 
t rends of var iat ion in flux c o m 
position. Correlation of the data from 
Fig. 6 with the viscosity data (Fig. 3) 
indicates that arc penetration is not 
strongly dependent on viscosity for 
this simple flux system. 

Figure 7 illustrates the arc pene
trat ion versus percent CaO. This 
figure indicates that as the amount of 
CaO increases so does the arc pene
tration. This increase in arc pene
tration is expected, since Hazlett 
(Ref. 9) found that CaO causes in
termediate arc penetration. 

Figure 8 illustrates the width to 
depth-of-penetration ratio (W/D) for 
the MnO-Si0 2 flux system. The width 
to depth-of-penetration ratio is found 
to be only slightly dependent on the 
basicity for this system. The low value 
seen in Fig. 8 for the width to depth-
of-penetration ratio (1.72) is the value 
for the flux that may contain the 
manganosite phase. Comparing Fig. 8 
and viscosity data (Fig. 3) shows no 
strong dependence of the width to 
depth-of-penetration ratio on viscos
ity. The width to depth-of-penetration 
ratio is not found to be a function of 
melting temperature. 

Figure 9 illustrates the width to 
depth-of-penetration ratio versus per
cent CaO for the MnO-Si02-CaO flux 
system. The two curves illustrate that 
there is a dependence of the width to 
depth-of-penetration ratio on the per
cent of CaO present in the flux and 

also on the melting temperature of the 
flux. Fluxes with the same melting 
temperature were observed and the 
width to depth-of-penetration ratio 
was found to go through a minimum 
(25% CaO) with increasing CaO con
tent. For the constant melting tem
perature system there is a slight 
dependence on viscosity. The fluxes 
that have the minimum values for the 
width to depth-of-penetration ratio 
also possess the lowest viscosity. The 
curve for the fluxes of constant basic
ity tends to indicate that there is not 
a strong dependence on viscosity, 
since the viscosities for these fluxes 
are approximately equal, and there is 
such a large change in width to depth-
of-penetration ratio for this group of 
fluxes. These fluxes with the constant 
basicity also experienced the similar 
minimum at approximately 30% CaO. 

The reinforcement angle,0 , (Fig. 
10) was measured by metallography. 
The following equation was applied to 
evaluate the interfacial tensions. 

7S = 7F C0Sa + 7 M COS/? (1) 

where: 
Y s = interfacial tension between the 

molten flux and the solid metal, 
YF = interfacial tension between the 

molten flux and the molten 
steel, 

7 interfacial tension between the 
molten steel and solid steel, 

a = the tangential angle of inci
dence of 7F relative to the sur
face of the plate, 

/? = the tangent ial angle of in 
cidence of 7M relative to the 
surface of the plate, 

8 = the reinforcement angle or the 
complement of angle a. 

There is no s imple corre lat ion 
found between the composit ion of the 
flux and the reinforcement angle, 6 . 
However, a simple relationship has 
been established between cos a and 
the composit ion of the flux. From 
equation (1), which is valid only as 
one approaches equ i l ib r ium con 
ditions, it can be seen that cos a is ex
pected to be a function of the slag-
metal interfacial tension values of 7s 
and 7F. The liquid metal-solid metal 
interfacial tension, 7M, is approxi
mately constant for the same steel 
and heat input and is not a function of 
the flux composit ion. Figure 11, which 
illustrates cos a versus percent MnO, 
indicates that as the amount of MnO 
increases cos a decreases. This 
suggests that 7S/7F decreases with an 
increase in MnO content for the MnO-
Si02 flux system. Since cos a de
creases as the amount of MnO in
creases, this indicates that there is a 
possibility of undercutting at high 
amounts of MnO. There was some 
evidence of undercutting of the weld 
bead produced by the flux that may 
contain some manganosite phase. 
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This weld bead has a very low cos a 
(0.104). 

Figure 12 illustrates cos a versus 
percent CaO for the MnO-Si02 -CaO 
system. This figure indicates that the 
cos a decreases with an increase in 
the CaO content. This again suggests 
that 7S/7F decreases when the CaO 
con ten t inc reases , and that the 
tendency to undercutting increases. 
When considering the above sug
gestions, it must be kept in mind the 
assumption that is being made. This 
assumption is that equi l ibr ium con
ditions are being approached. It is in
teresting to observe, since this is a 
dynamic process, that the weld bead 
angle (cos a) data correlates much 
better with capillary considerations 
than with kinetic functions such as 
melting temperature and viscosity. 

Conclusions 

1. As basicity increases for both 
the MnO-Si02 and MnO-Si02-CaO 
flux system, the viscosity decreases. 
When some of the MnO is replaced by 
CaO, the viscosity increases, but the 
major component that affects viscos
ity is Si02 . 

2. The stabi l i ty of the arc in
creases with an increase in MnO and 
CaO content. The CaO increases the 
stability of the arc more than does 
MnO. Arc stability behavior is found to 
be controlled by the ionization po
tential of the metal ions from the flux. 

3. Arc penetration is independent 
of melting temperature and viscosity 
for the MnO-Si0 2 flux system. Arc 
penetration is dependent on melting 
temperature and composit ion for the 
MnO-Si02-CaO system. 

4. The width to depth-of-penetra
tion ratio shows a type of depen
dence similar to that found for arc 
penetration. 

5. Cos « shows dependence on the 
MnO and CaO content of the flux. 
Weld bead morphology correlates 

better with capillary considerations 
than with kinetic functions such as 
melting temperature and viscosity. 
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AWS A2.3-75 
Metric Practice Guide for the Welding Industry 

AWS A2.3-75, Metric Practice Guide for the Welding Industry defines 
the International System of Units (abbreviated SI). It contains the base 
units, supplementary units, derived SI units, and rules for their use in 
AWS documents and by the welding industry. It also contains factors 
and rules for converting from U.S. customary units to SI units and rec
ommendations to industry for managing the transition. 

The list price of Metric Practice Guide for the Welding Industry is 
$3.50. Discounts: 25% to A and B members; 20% to bookstores, public 
libraries and schools; 15% to C and D members. Add 4% sales tax in 
Florida. Send your orders to American Welding Society, 2501 N.W. 7th 
Street, Miami, Florida 33125. 
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