
T-2238

An Investigation into the 

Influences of Alkali Additions 
to the Manganese Silicate 

Welding Flux System

by

Theodore L. Reinhart



ProQuest Number: 10782160

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10782160

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



T-2238

A Thesis submitted to the Faculty and the Board of Trustees of the Colo­

rado School of Mines in partial fulfillment of the requirements for the 

degree of Mister of Science in Metallurgical Engineering.

Signed:

Approved:

Jc A;-
Theodore L. Re 
Student

Date:
Dr. David L. Olson 
Thesis Advisor

Date : £  J U l u ?  / 7
Golden, Colorado

Go Men, Colorado

DrfWilliam B. Copeland 
Head of Department

Date: / t  j  M Q *

Golden, Colorado



Abstract

The effect of alkali additions to the MnO-SiC>2 welding flux sys­
tem on flux properties was studied in this investigation. Fused 
Mn 0 -Si 0 2  fluxes containing varying amounts of sodium, lithium, 
and potassium were made and used to perform bead-on-plate sub­
merged arc welds on 1020 and 4340 steels. The effect of alkalis 
on flux behavior--flux viscosity, arc stability, and flux-weld 
bead interfacial tensions— were observed. Changes in flux behav­
ior were then related to changes in weld bead morphology. These 
three factors were successfully related to penetration in 1020 
steel welds using the equation developed by Schwemmer, but the 
equation did not agree with data from 4340 steel welds. The ef­
fects of alkalis and/or alloying agents from the steel on flux- 
weld interfacial tensions is believed responsible for this dis­
agreement .
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I. INTRODUCTION

The welding industry has seen tremendous advances since its birth 
nearly a century ago. Filler materials have been developed which 
can be used to make welded joints with properties often as good 
as those of the parent metal. Advanced welding processes now ex­
ist which employ lasers, electron beams, and plasma torches. 
Even ultra-high frequency sonic waves are being used to join some 
materials.

Despite these amazing new concepts, the welding industry is con­
stantly being pressed to develop new techniques and improve ex­
isting ones to meet the welding requirements of an increasing ar­
ray of materials and quality specifications. In order to meet 
this challenge, much more knowledge of the mechanisms of welding 
processes is needed. One area where this need is apparent is the 
behavior of welding consumables, especially welding fluxes.

A. Commercial Fluxes

A Welding flux is a granular fusible material made up mostly of 
oxides, flourides, and in the case of covered electrode coatings, 
carbonates. The American Welding Society definition of a flux^ 
is as follows: "... a material used to prevent, dissolve, or fa­
cilitate removal of oxides and other undesirable substances 
..." Of course, a welding flux must perform other functions as 
well; these are discussed in a later section.

Commerical welding fluxes are made up of essentially unrefined 
minerals such as limestome, silicates, kaolin, etc. Because the 
compositions of such minerals vary widely with the location of
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their origin, typical fluxes contain a great variety of com­
pounds. Some of these compounds can be detrimental to weld qual­
ity. For the same reason, one can find considerable composition­
al variations in different shipments of the same grade flux. 
These variations do indeed cause welding problems; more than one 
shipment of welding flux has been returned to the manufacturer 
because its composition made it unuseable. Taole 1 gives some 
typical compositional variations in raw materials used in flux 
manufacture. Since flux manufacturers have oeen known to buy raw 
materials from several suppliers, it is easy to see why flux com­
positions vary so much. Besides this reason, chemical refining 
of such minerals is often expensive and difficult, and to date, 
the marketplace has not demanded it. However, as the demand for 
better weld quality increases, it is quite possible that higher 
grade fluxes with more carefully controlled compositions will be 
developed.

Table 2 gives the compositions of some electrode coatings and
submerged arc welding fluxes. The numbers reflect the raw mate­
rials compositions; a typical flux will often contain over a doz­
en different compounds. Covered electrode coatings contain not 
only impurities but also some intentionally added ingredients,
e.g., "borcote" (gound coconut shells) and sodium silicate, to
act as binders and strengthening agents.

B. Functions of a Weld Flux

A flux must serve many functions in order to produce acceptable 
welds. Most of all it must protect the weld puddle from atmo­
spheric gases and stabilize the arc. Table 3 is a detailed list 
of the many possible functions of a welding flux. In order to 
function properly the flux must have certain properties. It must 
have a lower solidus point than the parent metal so that the met­
al solidifies before the flux. If the flux solidifies first, it
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TABLE 2

TYPICAL COMPOSITION OF VARIOUS COATINGS AND FLUXES

E6010

COVERED ELECTRODES

E6024

Component W t . % Component W t . %

Borcote (ground 26. 0 Rutile 22.0
coconut shells) Cellulose 1.0

Ti02 13-0 Feldspar 8.2
Ilmenite 10 . 0 Silica 2.7
Asbestos 10.0 Clay 3-3
Calcium carbonate 3.0 Fe powder 39. 0
Si02 5-0 Fe-Si 4.4
Talc 3-0 Fe-Mn 5 • 4
Bentonite 2.0 Sodium silicate 7.0
HC Fe-Mn 12.0 Potassium silicate 7.0
Fe-Si 3.0 Moisture content 0 . 4 to 0.6
Na^SiO^ (N Brand) 
Moisture content 
Amount of coating

13. 0 
3 to 6 

10 to 14

Amount of coating 45 to 55

SUEMERGED-ARC FLUXES

Component Flux 1 Flux 2 Flux 3
Wt. % W t . % Wt . %

CaFp 2.6 15.0 6.9
CaO 2.5 7.2 1.2
MnO 43.9 42.0
MgO 1.2 2.4 0.3
FeO 3.4 27-7 1.5
Na20 0.4
AlpOo 5.4 23.0 2.0
Ti02 17.7 4.6 0.1
S i 0 2 22.7 3.1 45.0
Other v 2°5 Fe^O^ PbO

0. 6 or—i—i 0.1
BaO
0.1
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TABLE 3

FUNCTIONS OF A FLUX

1. Stabilize the arc (liberate electrons at relatively low 
temperature to ionize the arc gap before the metal melts)

2. Provide a slag of low melting point (sometimes nearly the
same as base metal so that both melt at the same rate).

3. Provide a slag of low density.

4. Provide a slag of low viscosity (not too viscous, other­
wise slag is trapped in weld metal).

5- Replenish the losses of metallic elements.

6. Add alloying elements to the weld metal (to raise the 
tensile strength, or to reduce aging, or to produce 
nuclei for grain size control).

7. Perform metallurgical refining operations, such as de­
oxidation .

8. Change the apparent resistance of the arc gap, in this 
way controlling deposit efficiency.

9. Retard the rate of cooling and solidification of weld 
metal. (The annealing effect of the slag, particularly 
if it protects the weld from oxidation is said to reduce 
shrinkage stresses.)

10. Facilitate specific welding operations, such as overhead 
ing and fillet welding.weIding

11. P e r m i t '

12. Reduce

13. Produc e

14. Provide
(low CO

15. Provide

16. Dis solv

17. Provide
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may crack and expose molten weld metal to the atmosphere; this 
can also cause pock marks in the weld bead. The density of the 
molten flux must be considerably less than that of the weld metal 
to prevent entrapment of flux particles in the fusion zone. Flux 
viscosity is always an important consideration. The viscosity 
must be low enough to cover the entire weld puddle and allow 
gases to escape from the metal. However, if the flux is too 
fluid, inadequate weld penetration and/or atmospheric contamina­
tion may result. A relatively viscous flux is required for over­
head and vertical welding to contain the weld puddle, but under­
cutting of the bead can occur if it is too viscous. Thus, the 
situation is complex.

Fluxes can also serve other purposes. Sometimes powdered alumi­
num is added to deoxidize the weld metal. Alloying can oe accom­
plished by the addition of ferroalloys to the flux. Calcium flu­
oride is often added to fluxes to give a weld possessing greater 
toughness. The remaining functions in Table 3 are self- 
explanatory .

C. Flux Classification Systems

Although there are a limited number of commercial flux composi­
tions, at present there are no specifications concerning what may 
or may not be used in a flux. The existing classifications are 
based on the mechanical properties (ultimate tensile strength and 
Charpy impact toughness) of the resulting weldment or the method 
of flux manufacture.

Table 4 gives the AWS flux classification system for mild and low 
alloy steels.'* The prefix "F" designates a flux and is followed 
by two digits which represent the tensile strength (in k.s.i.) 
and toughness requirements of the finished weld. Following that 
are four digits which designate the wire to be used.
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Fluxes are manufactured by either fusion or solid-state bonding
processes. Fused fluxes are characterized by good chemical homo­
geneity and non-hygroscopic tendencies. Drawbacks to this type 
of flux are that it is impossible to add metallic alloying or de­
oxidizing agents to them (due to gross density differences) and 
their production requires costly energy-consuming electrical 
furnaces. On the other hand, bonded fluxes will accept additions 
of powdered metals, and their manufacture is less energy- 
intensive. However, chemical homogeneity is sometimes a problem
with tnese fluxes, and a oinder must be added in order to encour­
age particle formation.

Covered electrodes are classified according to specifications 
established by the AWS and the ASTM.^ Table 5 shows some charac­
teristics of mild and low alloy steel electrodes. The electrode 
class number begins with "E." The first two digits following 
stand for the minimum tensile strength requirements of the depos­
ited metal. The third digit indicates the welding position 
(e.g., horizontal) for which the electrode can be used, and the 
last digit tells the performance characteristics (e.g., low- 
hydrogen, high deposition, etc.) of the electrode.

D. Basicity of Fluxes

The basicity of fluxes and slags is a controversial subject. 
Much research has been done in this area, but most of it has been 
empirical in nature. Most of the controversy centers around the 
definition of basicity and how different components in a flux 
contribute to basic (or acid) flux behavior. This is understand­
able because high-temperature flux research is both expensive and 
diff icult.

The most applicable definition of basicity is given by the Lewis 
Theory.^ It defines an acid as an ion which can form covalent



T-2238 9

Class
No.

Work
Position*

Current 
Supply + Penetration

All Position, Deep Penetrating - Good Properties
EXX10 All DC+ Digging Deep
EXXll All AC Digging Deep

(DC+)
All Position, Light Penetrating

EXX13 All AC Soft Medium
(DC-)

EXX14 All AC Soft Medium
(DC-)

Production Welding
EXX12
EXX24

All
HF-F

DC-
AC
AC

(DC-)

Mild
Mild

Medium
Light

Deep Groove Heavy Section

EXX20 HF-F DC- Mild Medium
AC Deep

EXX27 HF-F DC- Mild Medium
AC

EXX30 F DC- Mild Medium
AC

Low Hydrogen - Difficult to Weld

EXX15 ALL DC+ Mild Medium
EXX16 All AC Mild Medium

DC+
EXX18 HF-F AC Mild Medium

DC-
EXX28 HF-F DC- Mild Medium

(AC)

HF = Horizontal fillet position 
F = Flat

Current supply in parentheses indicates that, for production
welding, some sacrifice in advantages must make using the 
designated supply.

DC+ = Direct current, reverse polarity 
DC- = Direct current, straight polarity 
AC = Alternating current

Table 5. Characteristics of covered electrodes.



bonds with unshared electron pairs and a base as an ion which can 
donate an unshared electron pair for bonding.^ In other words, a 
flux component's basicity is a measure of its ability to surren­
der an electron pair to form covalent bonds with a neighbor spe­
cies. Of course, its ability to do this depends on the nature of 
the neighbor species— so basicity is a relative term. There are 
some amphoteric oxides which can act either as acid or base de­
pending on the acidity/basicity of its environment. This is es­
pecially true of some of the transition metal oxides. Table 6 
shows a listing of the chemical behavior of some fluxes.

For practical purposes, flux basicity is usually defined as a ra­
tio of the concentration of basic components to acid components; 
although tnese relationships are empirical they have been used to 
represent the chemical behavior of fluxes with some success. 
There are many such basicity formulae in existence. In fact, a 
search of literature on the subject may leave one with the im­
pression that there are nearly as many basicity equations as 
there are investigators. Several such equations are given here 
as examples.

One of the most recently developed indices was put forth Dy 
Eagar^ in 1978. His equation:

[CaO+MgO+BaO+SrO+Na20+K20+Li20] + 1/2 (MnO+FeO)
Si02 + 1/2(Al2O3+TiO2+Zro2)

*7Zaks and Zhorova reported using an equation of this form:
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Where B.I. stands for basicity index, is the weight percent of 
the ifĉ  component in the flux and a^ is a coefficient expressing 
the different affinities of each component for silica.

Flux basicity is important because more basic compositions are
able to refine tramp elements such as sulfur, phosphorous, and
oxygen from the weld metal. In fact, attempts are being made to
weld steels with more basic fluxes to obtain better weld metal

6 8 9 1 Dtoughness. Several investigators ' ' '  have reported finding
that basic fluxes reduced the oxygen content of the weld metal. 
However, Eagar reported that the oxygen level hit a minimum and 
leveled off despite further increases in flux basicity. This
trend is shown in Figure 1.^ He further states that more oasic 
compositions may even contribute to increased oxygen levels in 
weld metal. The reason given for this is that highly basic 
fluxes are quite fluid and could flow away from the weld puddle 
too easily, thus, allowing oxygen from the atmosphere to enter
the arc plasma.

QIto et a l . also reported that weld metal oxygen content de­
creased with increasing flux basicity. Their results (see Fig­
ure 2) differ from those of Eagar in that the oxygen content of 
the weld metal drops continuously as flux basicity increases. 
However, Ito et a l . used a somewhat different basicity index than
Eagar. Also, Eagar did not report the welding parameters for his

9 10data (which came from other sources ' ); nor did he know the
base metal compositions. Thus, it is difficult to compare these

Q(and other researcher's) results. However, both men ' agree 
that basicity is only one factor affecting the refining ability 
of a welding flux.

8 11 1 7 18Many welding researchers ' ' ' have reported that additions
of CaF 2  to most fluxes (regardless of basicity) reduce weld metal

ooxygen levels. Figure 2 shows the results of Ito et a l . Addi­
tions of only 7% CaF 2 to even highly acidic fluxes resulted in
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Fig. 1. Weld metal oxygen content as a function of
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BASICITY INDEX

Fig. 2. Weld metal oxygen content as a function of flux
g

basicity and CaF2 flux content .
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drastically reduced weld metal oxygen levels in welds made on
omild steel. It was speculated that CaF 2 generates gas in the 

arc region and lowers the partial pressure of impurity gases in 
the arc plasma, thereby lowering their concentrations in the weld 
metal. Figure 3 shows that CaF 2 is also effective in removing

Qnitrogen and hydrogen from weld metal.

Despite the considerable progress made so far, more work is 
needed to determine tne factors and mechanics which control the 
refining ability of fluxes.

E. The Manganese Silicate Flux System

This system is commonly used as a submerged arc welding flux. It 
enjoys the advantages of a low melting eutectic (1245°C at 38 wt. 
% SiC^) and the fact that its constituents are readily avail­
able. The Mn0-Si02 phase diagram is shown in Figure 4, and 
Table 7 lists its prominent features.^ This type of flux is 
considered acidic because of the amount of silica present. Welds 
made with manganese silicate fluxes generally have higher oxygen 
contents, and hence, lower impact properties, than welds made

6 Qwith more basic fluxes. ' They also tend to contribute mangan-
fi 8  IPese and silicon to the weld metal. ' '  Nonetheless, such

fluxes are used for welding steels, especially in joining compo­
nents where low temperature toughness is not needed.

F. The Design of Welding Flux Research at CSM

Early welding flux research provided much valuable information 
concerning the effects of flux components on weldment and arc 
properties. However, many of the early investigations were made 
with little or no thought of a long range goal. To avoid the 
pitfalls of such a lack of direction, a long-range goal has been
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set and a systematic plan to reach that goal has been devel­
oped. The aim of welding flux behavior which can be used to de­
sign welding flux systems with specific applications in mind. 
Presently, welding flux development is a long, drawn-out empiri­
cal process. A model based on the behavior of flux components 
would at least provide more direction for their development. It 
is felt that a thorough knowledge of the role of each component 
in a flux must be obtained before such a model can be devel­
oped. Table 8 shows an overview of the plan for CSM flux re­
search. So far, most of the investigations have involved the 
physical effects of flux properties on welds, but mechanical and 
chemical investigations are also underway.

The manganese silicate flux system was chosen as a starting point 
for several reasons: it is commonly used for welding steels; it
possesses a low-melting eutectic; also, its binary phase diagram 
and a number of its ternary diagrams, e.g., MnO-SiO^-CaO, are 
well documented.

Flux research at CSM began with the MnO-SiC^-CaO systems.
1 sFerrera and Olson investigated the physical properties of these

fluxes and their effects on arc stability and weld bead morphol- 
1 ftogy. Alizo investigated the mechanical properties of steel

1  7weldments made with these same flux systems. Janzen conducted
1 Hstudies involving the Mn0-Si02~Ca0/CaF2 systems. Schwemmer 

studied the MnO-SiC^-FeO system. The most recently completed 
study is the work of Carmona. ̂  He investigated the effects of 
alkaline earth and transition metal oxide additions to the MnO- 
Si 0 2  system.

Beginning with Schwemmer1s work, data has been reported in terms 
of atom percent metal ion (ionic percent) to form a more funda­
mental basis for the comparison of different flux systems. More 
details of these projects are given in Table 9.
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FLUX SYSTEM PHYSICAL MECHANICAL CHEMICAL

Mn0-Si02 X
" - CaO X X
" - CaF2 X
" - CaO/CaF2 X

" " - FeO X
" - MgO X
" - SrO X
" - BaO X
" - Ti02 X
" - v 20 3 X

" " - cr20 3 X
" - CaO X
" - ZnO X

" " - A120 3 X
" - Li20 X
" - Na20 X
" - k 2o X

Table 8. An overview of physical, chemical and mechanical 
investigations.
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G. Objective of This Investigation

The objective of this investigation is the observation of the ef­
fects of alkali additions on the physical behavior (changes in 
flux viscosity, arc stability, and capillarity effects) of MnO- 
Si02 base fluxes. These behavioral changes are then related to 
changes in weld bead morphology.

Compounds containing alkali elements are frequently found in 
welding fluxes as impurities and occasionally as additives. So­
dium and potassium silicates are often added to covered electrode 
coatings to act as binders. For these reasons it is desirable to 
know what effects the alkali elements have on the Mn 0 -Si 0 2  flux 
system.

II. EXPERIMENTAL MATERIALS

A. Flux Preparation

All fluxes were made from reagent grade chemicals to eliminate 
unwanted compositional variables. Calculated amounts of SiC^f 
Mn © 2  r and alkali hydroxides were mixed together to give the de­
sired compositions. The silica content of all fluxes was kept 
constant at 38 w t .%, and hydroxides were added at the expense of 
calculated amounts of MnC^. Hydroxides were used rather than al­
kali oxides because the latter are more difficult to handle, and 
MnC>2 was used because MnO is unstable at room temperatures. The 
hydroxides lose their water of hydration at low temperatures, and 
MnC>2 decomposes into MnO and oxygen at 847°C. Thus, the hydrox­
ides and Mn 0 2  both decompose during melting to form the desired 
components.
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B. Materials Used in Welding

The experimental fluxes were used to make single pass, bead-on- 
plate submerged arc welds on 1020 and 4340 steels. All plates 
were 1/2" x 3" x 8" in size. AWS type E70S-3 mild steel filler 
wire was used for welding 1020 steel, and Linde 71 alloy steel 
wire was used for 4340 steel. Tables 10 and 11 give the base 
metal and filler wire compositions for 1020 and 4340 steels, re­
spectively .

III. FLUX VISCOSITY

A. Background

The viscosity of fluxes has long been viewed as one of the more
critical requirements for producing good welds. For this reason,
components for fluxes have been chosen from systems possessing
fairly low-melting eutectics (usually around 1300°C according to 

p  nJackson ) . Proper flux viscosity for a given welding applica­
tion is a compromise dictated by a number of requirements. For 
example, weld metal refining is expedited by a very fluid flux, 
as greater fluidity promotes flux-metal refining. Also, a more 
fluid flux allows gases in the weld puddle to escape more easi­
ly. On the other hand, a more viscous flux tends to contain the 
weld puddle and thus encourages deeper penetration. A more vis­
cous flux is obviously needed for overhead and vertical 
welding. However, if the flux viscosity is too great, undercut­
ting of the weld bead can occur. This results in decreased weld- 
ment fatigue and toughness properties and is undersirable. The 
point of this discussion is to illustrate the complexity of the 
problem of flux viscosity.
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TABLE 10

COMPOSITION OF BASE METAL AND 

WELDING WIRE FOR 1020 WELDS (WT%)

1020 E 7 0 S-3
ELEMENTS BASE METAL FILLER WIFI

%C 0.18 - 0.23 0.06 - 0.15

oMn 0 . 3 - 0 . 6  0.025

%? Max 0.0^0 0.035

%S Max 0.050 0.09 - 0.1^

%Fe Balance Balance



T-2238 25

TABLE 11

WELDING WIRE FOR 4 340 WELDS (WT%)

4340 LINDE 71
ELEMENTS BASE METAL FILLER WIRE

0.38 -  0.43 0.31

%Mn 0.6 - 0.8 0.55

%? 0.040 0.01

%S 0.040 0.01

%S± 0.2 -  0.35 0.65

#Ni 1 . 6 5 - 2 . 0

%Cr 0.7 - 0.9 1-25

/0M0 0 . 2 - 0 . 3 0.5

%V —  0.25

%Fe Balance Balance
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The viscosity of a fluid is a measure of its resistance to 
flow. It results from intermolecular bonds and the necessity of 
momentum transfer from one particle to the next; both of these 
factors contribute to a fluid's resistance to shear stress 
brought on by f l o w . ^

Viscosity can be expressed by Newton's law which states that the 
shear stresses produced by flow are proportional to the velocity

? 9gradient between two shearing layers of fluid. In equation
form this is:

dvt - n dy

where n is the coefficient of viscosity, t is the shear stress of 
flow, and dv/dy is the velocity gradient between moving layers of 
fluid. Fluids obeying this relationship are known as Newtonian 
fluids.

The effect of flux viscosity on weld penetration has been well
IS 17— 19documented oy CSM investigators. ' All of them reported

that an increase in flux viscosity caused increased weld penetra­
tion. For example, Figure 5 shows penetration as a function of
flux viscosity (at 1723°K) for welds made on 1020 and 4340 steels

1 ftusing MnO-SiC^-FeO fluxes (from Schwemmer ).

B. The Effect of Temperature on Flux Viscosity

The viscosity of any fluid depends on its temperature and compo­
sition. Both of these factors affect the strength of the inter-

O 9molecular bonds which resist flow. Richardson reported that 
the viscosity-temperature relation for silicate melts is exponen­
tial; the equation given for this relation is

x] - nQ exP [(En)p/R T ]
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Fig. 5. Weld penetration vs. flux viscosity at 1723°K, 1020
X 8and 4340 steels, MnO-SiC^-FeO flux system
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where (En )p is an activation energy term. As the temperature is 
increased, the bonds between silicate units are weakened, and 
flux viscosity is decreased.

C. Compositional Effects

Flux composition is the second factor controlling viscosity. A 
considerable amount of work on this subject has been published. 
Interest in this area stems not only from the welding industry 
but also from the steel and glass making industries.

The effects of composition on flux viscosity can be better under­
stood if one knows something about the structure of the flux. 
The structures of crystalline molten, and amorphous (glassy) sil­
icates are well-known from x-ray diffraction s t u d i e s . T h e s e  
studies showed that the SiO^ tetrahedron is the building block 
for both glassy and molten silica; further studies showed this 
tetrahedron to be intact even in NaO/SiC^ glasses. r26 Electri­
cal conductance tests on silica melts give very low values, indi-

2 ̂eating that the structural bonding is covalent. J Also, tne fact
that molten silica is very viscous (about 10^2 poise at 140Q°C2^)
indicates the tetrahedra are essentially unchanged even after 

2 ̂melting. Figure 6 shows schematic diagrams of crystalline and
molten silica structures. The difference between the two is the 
lack of long-range ordering in the molten state, i.e., a number 
of the SiO^ tetrahedra corners are unshared.

When a molten oxide is introduced into the silica network, some 
of the oxygen bridges between the tetrahedra are broken. This is
termed network modification. Such a reaction for addition of a

2 2divalent oxide, e.g., MnO can be represented by an equation :

(iSi-O-Sii) + MO = 2( iSi-O” ) + M2 +
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C R Y S T A LL IN E  SILICA M O L T E N  SILICA

Fig. 6. Schematic drawings of crystalline and molten silica
structures.
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When bonds between tetrahedra are broken, unshared negatively 
charged corners are produced, and the metal cations are attracted 
by these corners. Note that each cation can be associated with 
more than one negatively charged corner. The disruption of bonds 
between the tetrahedra and their replacement with the much weaker 
attraction of the metal cations results in a viscosity de­
crease. A schematic of this situation is shown in Figure 7.

The above reaction equation must be altered for the case of alka- 
li (monovalent) oxide additions:

(tSi-O-Si) + M 20 = 2(:Si-0“ ) + 2M+

Again, Si-O-Si oonds between tetrahedra are broken and the cati­
ons are attracted to the unshared corners. However, because of 
the cations' monovalence, the network modification scheme must be 
somewhat different than that for divalent metal ions. Because of 
the alkali ions' lesser charges, each is probably associated with 
fewer (and perhaps only one) negatively charged tetrahedron cor­
ner. This would provide even less attractive force between the 
tetrahedra than the divalent metal ions. Following this rea­
soning, it would seem that the alkali ions must be stronger net­
work modifiers than those with greater valences. In fact, vis­
cosity measurements on alumino-silicate slags suggest that alumi­
num ions (with valence of +3) can actually become part of the

2 2silicate network. Thus, on a mole-per-mole basis, additions of 
alkali ions should bring about a greater viscosity decrease in 
molten silica than ions with greater valence numbers.

Figure 8 shows viscosity-composition curves for three binary sil­
icates. The temperature for each curve is different, but the im­
portant thing to note is that the silicate viscosity decreases 
continuously with increasing oxide additions.
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Fig. 7. Schematic drawings showing modification of the
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VISCOSITY VS. COMPOSITION FOR TWO 
ALKALI SIUCATES
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0
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Fig. 8. viscosity-composition curves for two binary
• 23 silicates
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So far, the discussion of compositional effects has been limited 
to silica and binary silicates. However, in order to consider 
more complicated systems, it is necessary to first consider sim­
pler ones.

The flux compositions studied in this investigation were ternary 
systems. They all contained only 38 wt. % silica, so the struc­
ture was already heavily modified before the ternary additions

2  7were made. In fact, B o c k n s  et al. have inferred from thermal 
expansivity tests on silicates that additions of up to 12 mole % 
metal oxide cause the network to break down in a random manner. 
At higher concentrations the network degenerates more or less

9 _into large anions surrounded by metal cations and 0 ions. Fig­
ure 9 shows drawings of the types of anions which are thought to 
exist in such silicate melts. Little is known about the distri­
butions of anions in these melts because existing chemical analy­
sis techniques tend to break down and/or polymerize the ani- 

2 3ons. However, analyses of phosphate glasses (phosphate and
silicate compounds possess similar network structures) have con-

2 3firmed the existence of definite anion size distributions. The 
shapes of these distributions are temperature and composition de­
pendent. Generally, as the temperature and/or metal oxide con­
tent of the network increase, the sizes and charges of the sili-

2  3cate anions decrease.

D. Experimental Procedures

All fluxes were melted in a graphite-lined induction furnace. 
Futhermore, each composition was melted in its own graphite cru­
cible to avoid cross-contamination. The molten bath temperature 
was raised to at least 1500°C, and a Brookfield torque viscometer 
was used to measure the flux viscosity as the bath cooled to 
1450°C. Temperatures were measured with a two-color pyrometer.
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Sil icon Oxygen £  Sil icon Oxyger
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0  Sil icon Oxygen
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S i , 0 ‘ ; ION

Fig. 9. Schematic drawings of anions thought to exist in
23silicate melts
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Figure 10 shows photographs of the melting equipment, the pyrom­
eter and the viscometer.

The viscosities of other manganese silicate fluxes have been re­
ported to be nearly constant in the 1400-1500°C range, 5/20 so j_t 
is felt that representative viscosity measurements were obtained 
even though the readings were taken over a range of temperatures.

After these measurements were taken, the molten fluxes were 
poured onto a metal chill to obtain a solid glassy structure. 
This solid was then ground and screened (only particles between 
14-100 mesh were used in welding). The granular fluxes were then 
baked in air at 700°C for several hours to remove moisture and 
graphite which may have been picked up during melting. Figure 11 
is an illustrative flow chart showing all the flux preparation 
steps.

The fluxes were also chemically analyzed to determined post-melt 
compositions. Fine particles (<100 mesh) from the grinding stage 
were used to insure that a representative sample was taken from 
each flux. The samples were boiled in nitric acid to leach out
the alkali elements, and appropriate dilutions were made to oo-

2 8tain proper concentrations for atomic absorption analysis.

E. Experimental Results

1. Chemical Analysis

The initial and post-melt compositions of all fluxes are given in 
Table 12. The fluxes were analyzed only for alkali content, as 
it was felt that very little silicon or manganese were lost dur­
ing melting. The results show that considerable alkali vapor 
losses occurred. Fluxes containing lithium suffered the greatest
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F*ig. 10. Hiotograph showing flux melting equipment.
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Measurements 

14 30 °C

Quench 
(Glassy Material)

Melting
(Induction Furnace)

Weight and Mixing of 
Analytical Reagents

Grinding and 
Sizing

Fig. 11. Flow chart showing steps in the flux preparation
p r o c e s s .
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u
Alkali 
Addit ion

Original 
Alkali 
Content 
Ionic %

Post-Melt 
Alkali 
Content 
Ionic %

Percent
Loss Remarks

1 _ — — _ Eutectic
2 Sodium 1 0.7 30
2a ii 1 0.9 10

ii 1 0.9 10 Repeat
3 ii 3 1. 3 53.3
3 ii 5 3.6 8
3a ii 5 3. 35 11
5 ii

...... 7..... . 5-8 . 17.1
2a tt _ 7 ... 6.35 9.3
r0 tt 9 8.05 10. 6
6a tt 9 8 .15 9.3
6fc tt 9 8.2 8.9 i

ii 9 8.1 10 Repeat
7 Potassium .. 1. .. 0.2 80
8 ii . .. 3 1.8 30 . _
8a ii 3 2.0 33-3
8b it 3 2.3 23.3
ii tt 3 2.3 23.3 Repeat
9 tt 5 . 3 . 2 16

10 tt 7 5*9.. 15.7
11 ii 9 7.5 16.7
12 Li thium 1 0.3 70
13 it 3 1.1 63-3
13a it 3 1.1 63-3...
13 tt 5 1.6 68
15 ii 7 3-15 55
15a tt 7 2.2 _ 52.9 1

1
15b ii 7 .. - - U ... .........

1

16 tt 9 3.0 55.6
16a tt 9 . 7.9. _ . 1 2 . 2
16b ii 9 7-3. . 18.9

tt ii 9 7.3 ...1.8 -iL Repeat

TABLE 12 - CHEMICAL ANALYSES OF FLUXES.
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losses. It is impossible to tell whether this reflects varia­
tions in melting practice or a high vapor pressure for lithium 
relative to the other alkalis.

Thirty-four analyses were made, and six of these were duplicate 
tests made to check precision. Comparision of the duplicates 
shows the precision of the tests to be quite good.

2. Viscosity Results

Figures 12, 13, and 14 show the effects of lithium, sodium, and
potassium on flux viscosity. In each case the viscosity de­
creases to a minimum at a relatively low alkali content and then 
increases. The curve for sodium-bearing fluxes (Figure 13) is 
displaced to the right relative to the other curves, i.e., its 
minimum occurs at a higher alkali content than that for either 
lithium- or potassium-bearing fluxes. The reasons for this is 
not presently known.

These figures all confirm the contention that the alkali elements 
are stronger network modifiers than manganese (which has a va­
lence of +2 in the melt). But the reasons for viscosity in­
creases at greater alkali levels are not certain.

Welding flux research at CSM has reached a point at which it is 
possible to make some general observations' concerning composi­
tional effects on the viscosity of MnO-SiC^ fluxes. Figure 15 
shows flux viscosity as a function of added metal valence for 1 
ionic % concentrations. With the exception of strontium, it is 
apparent that the alkali metals are the strongest network modi­
fiers. That this plot does not show a continuous, smooth trend 
is not surprising. It does not take into account such factors as 
ionic radius and electro-negativity.
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Fig. 12. MnO-SiC >2 flux viscosity at 1723°K vs. lithium

content.
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VISCOSITY VS. SODIUM CONTENT 
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Fig. 13. MnO-SiO, flux viscosity at 1723°K vs. sodium content.
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Fig. 14. MnO-Si02 flux viscosity at 1723°K vs. potassium

content.



FL
UX

 
VI

SC
O

SI
TY

 
( 

PO
IS

E)

T-2238 43

i -----------------r~ —— i--------------- 1------------------ r

VISCOSITY VS. METAL ION VALENCE 
10 MnO- S i02- METAL OXIDE FLUXES 
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Fig. 15. Flux viscosity at 1723°K vs. valence of the added

metal ion for 1 ionic % additions.
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The valence of a metal cation reflects to some extent its attrac­
tion for the negatively charged, unshared silicate tetrahedra 
corners. This attraction appears to increase as the valence goes 
from +1 to +2 and is reflected by increased flux viscosity. But 
this scheme breaks down at higher valence numbers. Additions of 
only 1 ionic % aluminum increased flux viscosity tremendously, 
but the same additions of chromium and titanium had little ef­
fect. The effect of aluminum additions is not surprising since
this element is known to act as a network former in some slags

23and minerals.

Figures 16 and 17 show the same plot as Figure 15 at 3 and 5 ion­
ic % addition levels. The trends for 1 and 3% are quite similar, 
but the scene changes at the 5% level. Viscosities of fluxes 
containing alkalis have begun to increase, and the viscosities of 
other fluxes have also changed. At this time, it is not certain 
why the viscosities of many of the fluxes increase after a cer­
tain metal ion addition level, but it is possible that compli­
cated ionic interactions take place which begin to rebuild the 
network system.

IV. ARC STABILITY

A. Characteristics of the Welding Arc

The physics of welding arcs is quite complex. This is especially 
so in the case of submerged arc welding, since the arc cannot be 
directly observed.

29A good general definition of welding arc was stated by Jackson.

"A welding arc consists of a sustained electrical dis­
charge through a high temperature conducting plasma,
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Fig. 16. Flux viscosity at 1723°K vs. valence of the added
metal ion for 3 ionic % additions.
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Fig. 17. Flux viscosity at 1723°K vs. valence of the added
metal ion for 5 ionic % additions.
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producing sufficient thermal energy so as to be useful 
for the joining of metals by fusion."

Welding arcs are high-current, low-voltage electrical dis­
charges. They may be separated into several types according to 
the welding process: consumable electrode arcs such as those in
gas-metal arc welding (GMAW), shielded-metal arc ("stick") 
welding, and submerged arc welding (SAW); or non-consumable elec­
trode arcs such as are found in gas-tungsten arc welding 
(GTAW). Arcs also vary with regard to polarity and current 
type: some are run with straight polarity (the electrode is made
the cathode) . Both AC and DC current are used in welding —  in 
multiple-wire submerged arc welding both are often used simulta­
neously. Polarity setting and current type are dictated by the

o 0welding process and the desired results. Direct current and
reverse polarity were used to make the welds for tnis investiga­
tion .

The arc itself (often called the plasma) contains ions from the 
flux, the atmosphere, the electrode and the base metal, and elec­
trons from tiiese ions as well as from the cathode. There are 
also flux and metal droplets and vapors to be found as well as 
highly excited gas atoms and molecules. The electrons, which 
flow from cathode to anode, are responsible for current conduc­
tion. They are much more mobile than larger ions and are thus 
much better charge conductors.

The arc can be divided into several zones: the cathode region
where electrons enter the arc; the plasma region; and the anode
region, where electrons leave the arc. There are voltage drops
associated with each of these zones. Figure 18 shows a schematic
of the zones of an arc and their associated voltage drops. The

—  9anode and cathode regions of the arc are about 1 0  ram in length,
o 1and the plasma region may vary between 1-3 mm in length. Con­

centrations of charge carriers are greater in the anode and cath­
ode regions. The thermal and voltage gradients are also greater
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Fig. 18. Typical zones of a welding arc with the associated
voltage distributions.
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in these zones. These gradients dictate the energy given off in 
any one region of the a r c , ^  Thus, most of the heat of the arc 
is generated in these two zones. The relative energy levels of 
these two zones vary with the welding process. In submerged arc

"3 nwelding more heat is generated at the cathode. For this rea­
son, deeper penetration can be achieved using reverse polarity
(cathode workpiece) with this process. Interestingly enough, in

1 0the GTAW process, more heat is generated at the anode.

The areas where the arc column contacts the workpiece and the 
electrode are known as the cathode and anode spots (for reverse 
polarity), respectively. These areas affect the shape of the 
arc. The cathode spot is especially important because it deter­
mines the current density, and thus, the heat input, at the work 
surface. A small cathode spot will give a greater current densi­
ty and heat input to the work which will result in deeper weld 
penetration. This means that any factor, e.g., impurity element 
concentrations, which increases the cathode spot size will result 
in a loss of penetration. Such an effect has been observed by 
several investigators.^ ^  Bennett and M i l l s , ^  in a study of 
the weldability of high-manganese stainless steels, linked a de­
crease in weld penetration to very slight increases (on tne order 
of parts per million) in the aluminum content of the base alloy.

B. Arc Stability

The term arc stability (or instability) has been used in several 
ways. Spraragen and C l a u s s e n ^  defined it as a ratio of a given 
arc length to the maximum distance over which an arc can be sup­
ported. This definition may be useful in processes where the arc 
can be directly observed, but its applicability to the submerged 
arc process is limited. A more pertinent measure of this stabil­
ity has been used in all CSM flux research. Arc stability, for 
our purposes, is the average voltage fluctuation of the arc from
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the set machine voltage. This fluctuation is greater in less 
stable arcs.

Proper arc stability is important to weld quality. A decrease in 
stability lowers the average heat input to the work which in turn 
results in decresed and often irregular weld penetration. This

1 C 1 7  __ 1 Qeffect has been observed by CSM investigators. ' Figure 19
shows the effect of arc stability on penetration in welds made on 
4340 steel using MnO-SiC>2 -CaF 2 flux.

This stability also affects the ease of arc ignition and mainte­
nance during moderate changes in gap length.

C. Factors Influencing Arc Stability

The stability of any welding arc is strongly affected by the com­
ponents found in the plasma. Some work on the effects of differ­
ent compounds on arc stability has been d o n e ^ ' 17-19 , 35 , 36 ^ut 
until recently most of it was done using single component

o c o afluxes ' so that the results are not always applicable to pre-
O C O CLsent work. The early workers ' reported that compounds of 

easily ionized elements, e.g., alkali and alkaline earth oxides, 
provided better arc stability than did compounds ionized with 
greater difficulty, e.g., SiC^/ AJ^O^, etc. They also found that 
compounds with ionization energies similar to that of the base 
metal such as FeO and MnO has little effect on the arc. Table 13 
gives the ionization potentials for some elements commonly asso­
ciated with steels.

From the early results it appears as though the ionization poten­
tials of species around the arc control its stability. More re­
cent investigators have found similar results for more complex

i sternary fluxes. Ferrera and Olson J found that calcium (ioniza­
tion potential 6 . 1 1  volts) oxide additions to manganese silicate
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10.0
PENETRATION VS. ARC INSTABILITY 

S I0 2 -  M nO - CaF2 FLUX 
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Fig. 19. Penetration vs. arc stability, Mn 0 -Si 0 2 ~CaF 2  flux,
4340 steel"*"7 .
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TABLE 13

34FIRST IONIZATION POTENTIALS FOR SOME COMMON ELEMENTS3 

Element Ionization Potential, eV

Iron 7.87

Carbon 11.265

Manganese 7.432

Silicon 8.149

Chromium 6. 74

Nickel 7.633

Molydenium 7.10

Vanadium 6. 74

Phosphorus 10.487

Sulphur 10.375
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flaxes had a strong stabilizing effect on the welding arc. This
1 ftis shown in Figure 20 for 1020 steel. Schwemmer observed a 

similar but much milder stabilizing effect from FeO additions to 
Mn 0 -Si 0 2  fluxes when welding 1020 steel. But he obtained very 
surprising results when such fluxes were used to weld 4340 
steel. Additions of up to 10% FeO disrupted arc stability; fur­
ther additions then stabilized the arc. Figure 21 shows these 
results. The arc stability function for 4340 steel is presumably 
complicated by the presence of the alloying agents C r , Mo, and 
Ni.

The aoove examples support the findings of early workers, i.e.,
that ionization, potential determines a flux component's effect

1 9on arc stability. But recent work by Carmona has shown that 
the situation is not that simple. Figure 22 shows arc stability 
as a function of the ionization potential of alkaline earth and 
transition element additions to MnO-SiC^ fluxes. Not only does 
the arc become more stable as the ionization potentials of addi­
tions increase, but even zinc, which has a potential of 9.39 
volts (greater than that of the base metal iron) stabilizes the 
arc. Also, barium and strontium additions to the flux made the 
arc less stable, even though their ionization potentials are less 
than that of iron.

In his studies on the effects of CaO and CaF 2  additions to MnO- 
Si 0 2  fluxes, J a n z e n ^  found that welding arcs on 4340 steel were 
more stable than those on 1020 steel. Figure 23 shows arc sta­
bility for these steels as a function of flux calcium content. 
The difference between the two is due to the alloying agents in 
the 4340 steel. The reason for this behavior is not certain, it 
is quite possible that the alloying agents lower the thermionic 
work function of the base metal and make electrical conduction 
through the arc less difficult, thereby stabilizing it.
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ARC INSTABILITY VS IONIC % C o ~
A Si02-M nO -C oF2 FLUX 
O S i02-MnO-CoO FLUX 

1020 STEEL
& 0
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♦  4-

20
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Fig. 20. Arc stability vs. calcium content of MnO-SiC^-CaO
15and MnO-SiC>2 -CaF 2  fluxes, 1020 steel
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ARC IN S T A B IL ITY  
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SiOo- MnO-FeO
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Fig. 21. Arc stability vs. wt. % FeO in MnO-Si02~FeO fluxes,
181020 and 4340 steels
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Fig. 22. Arc stability as a function of ionization potential

of the alkaline earth and transition metal ionic
19additions to a Mn0-Si02 welding flux system
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D. Experimental Procedures

1. Submerged Arc Welding

This process is one in which an arc is struck between the work­
piece and a continuously-fed filler wire. Its distinctive fea­
ture is the fact that the arc is covered with a layer of protec­
tive granular flux. Wire fed down through the flux is melted by 
heat from the arc. Flux granules surrounding the arc are also 
melted, and this forms a molten flux layer which covers the weld 
puddle and protects it from the atmosphere. Figure 24 is a 
schematic cutaway of the submerged arc process.

Submerged arc welding is an automatic process; all the operator 
does is adjust the machine controls. A constant voltage power 
supply is employed, and current is controlled by the wire feed 
rate. The wire feeder and flux hopper ride on a stationary 
track. These arrangements make it possible to maintain constant 
arc length, flux depth, horizontal travel speed, electrode melt­
ing rate, voltage current, etc. Weld reproducibility is thus 
much improved since most operator-related variables are elimi­
nated. This makes the submerged arc process a good research 
tool. Figure 25 shows a photograph of the welding equipment used 
in this investigation.

All welds were made using reverse polarity direct current set at 
30 volts. The wire speed was adjusted to maintain the current at 
500 amps, and the horizontal travel speed was 18.9 inches per 
minute. These parameters are also listed in Table 14.
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Fig. 24. Schematic cutaway drawing of the submerged arc
welding process.
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Voltage 30 Volts

Current 500 Amps

Travel Speed 0.48 m/min 
(18.9 in/min)

Wire Speed Variable to Maintain 
500 Amp s

Heat Input 18.7x10^ Joules/m 
(4.76x10^ Joules/in)

TABLE 14 - Welding parameters used in this 
investigation.
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2. Arc Stability Measurements

A Tektronix oscilloscope was used to maintain the arc voltage 
during welding. The instrument was set in the single sweep mode 
and a camera attached to the CRT screen recorded the voltage 
fluctuations used to measure arc stability. Figure 26 shows pho­
tographs of two such voltage traces. The vertical axis in the 
photos is voltage and the horizontal is time (seconds). The mean 
voltage fluctuaction was obtained by measuring the area of the 
voltage trace, converting this measurement from units of area to
volt-seconds, and then dividing this number by the oscilloscope 

7 8sweep time. This mean fluctuation is used as a measure of arc 
stability. Two such oscillographs were taken during each weld 
and averaged together to get a more representative measure.

E. The Effects of Alkali Additions on Arc Stability

Figures 27 and 28 show the effect of alkali additions to the flux 
on the stability of welding arcs on 1020 and 4340 steels, respec­
tively. Note that the stabilizing effect is more pronounced for 
1020 steel. This indicates that the effects of the alloying 
agents in 4340 steel play such a dominant role in stabilizing the 
arc that the alkali ions have less effect. A close scrutiny of
Figures 27 and 28 also reveal that arc on 4340 steel are more

17stable— in agreement with the results of Janzen for the MnO- 
Si 0 2 ~Ca 0 /CaF 2 flux systems (see Figure 23).

Figures 29 and 30 show how the alkali ionization potentials af­
fect arc stability for welds on 1020 and 4340 steels, respective­
ly. The results for 1020 steel are not all consistent. For 1 
and 3 ionic % additions the arc grows less stable with increasing 
ionization potential; greater additions increase stability. The 
reason for this trend reversal is not apparent, but Figure 27 may 
provide an answer. It shows that arc from welds made with low



Fig. 26. Two arc voltage oscillographs 
used to measure arc stability.
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ARC INSTABILITY VS. FLUX ALKALI 
CONTENT
MnO-SI02- ALKALI OXIDE FLUXES 
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Fig. 27. Arc stability vs. MnO-SiO, flux alkali content,
1020 steel.
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ARC INSTABILITY VS. FLUX ALKALI 
CONTENT
MnO- SI02- ALKALI OXIDE FLUXES 
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Fig. 28. Arc stability vs. Mn0-Si02 flux alkali content,
4340 steel.
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Fig. 29. Arc stability vs. alkali ionization potential,
1020 steel.
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ARC INSTABILITY VS. ALKALI IONIZATION 
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Fig. 30. Arc stability vs. alkali ionization potential,
4340 steel.



T-2238 68

alkali fluxes are relatively unstable. Data scatter tends to be 
greater for less stable welding arcs (compare Figures 27 and 28), 
so it can be argued that low arc stability may be masking the ef­
fect of ionization potential. In the case of 4340 steel, the arc
stability increases slightly with increasing alkali ionization

1 9potential. This result agrees with the results of Carmona.

V. THE EFFECTS OF CAPILLARITY ON WELD BEAD MORPHOLOGY

A. Background

Three phases exist in a submerged arc weld while it is in pro­
gress: solid parent metal, molten weld metal, and molten flux.
There is a surface tension associated with each interface, and 
these tensions can have a powerful effect on the shape of the 
weld bead.

The morphology of a weld bead refers to its physical shape. Cer­
tain dimensions are usually measured to describe the shape of a 
bead. Figure 31a is a schematic cross-section of a bead-on-plate 
weld showing the important dimensions —  the bead width, the depth 
of penetration, and the interfacial angles a and 3. The depth of 
penetration is measured from the plate surface to the lowest 
point in the fusion zone. The width-to-depth ratio (W/D) is a 
popular means of describing the overall shape of a weld bead. A 
low ratio indicates a narrow bead with deep penetration, and a 
high ratio indicates a relatively wide, shallow bead. The two 
angles a and 8 are useful if one is interested in determining the 
relative strengths of the interfacial tensions.

There are many factors which can affect weld bead morphology. 
Some are related to the welding machine parameters and other to 
the flux. Still other factors can be brought in if one considers
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Fig. 31a. Schematic drawing of cross-section of a bead-on-plate

weld.
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Solid Metal

Fig. 31b. Schematic drawing of the interfacial tension
balance at the toe of a weld bead.
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the thickness and geometry of tne workpiece and the type of alloy 
being welded, but these will not be discussed here.

Welding machine parameters— especially current, voltage and trav­
el speed— are among the most important factors which influence 
bead morphology. Welding current is controlled by wire feed rate 
in the submerged arc process. Current thus controls the elec­
trode melting rate, the depth of penetration, and the amount of

"5 7parent metal melted. Welding voltage, on the other hand, has
less effect on the deposition rate, but it affects the heat dis­
tribution at the workpiece and thus affects bead shape and pene­
tration. Excessive voltage results in a wider, flatter weld bead 
with shallow penetration. Weld travel speed affects heat input 
and the quantity of metal deposited per unit length of weld; pen­
etration decreases with increasing travel speed.

An equation relating weld penetration to these three machine pa-
O  Qrameters has been developed by Jackson and Shrubsall.

Penetration = K( I^/SE^ )

where K is a constant related to the flux and base metal composi­
tion and the welding process, I is current, S is travel speed, 
and E is the welding voltage. This equation agrees with the gen­
eral observations made in this section concerning the effect of 
machine parameters on weld penetration.

Flux composition also affects weld bead morphology since it con­
trols viscosity, arc stability and capillarity. The effects of 
viscosity and arc stability on penetration have already been dis­
cussed; the effects of interfacial tensions will be discussed 
shortly.
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B. The Role of Interfacial Tensions

Several authorities, notably W a s s i n k ^  and H a z l e t t , ^  have pro­
posed that welding can be treated as a wetting phenomenon which 
is controlled by interfacial tensions. H a z l e t t ^  proposed the 
use of an equilibrium force balance at the triple point phase 
boundary (at the weld toe) to explain how surface tensions affect 
bead morphology. Figure 31b shows a shematic of such a force 
balance. The three controlling tensions are the flux-liquid met­
al interfacial tension the flux solid metal tension Yp^/ and
the solid metal-liquid metal (fusion line) tension YpM* Thus, we 
have a situation involving three variables and two equations, the 
horizontal and vertical force balances. If we assume the fusion 
line tension term to be constant, then the relative strengths
of the other two terms ypp and yFM can be calculated. The hori­
zontal and vertical balances, respectively, for the schematic 
weld in Figure 31 are:

horizontal , „ ,„ ,»
n- 4. • Yom = Yen- cos ot + y cos 3 . . . (Eq. 1)direction: 'FM 1FL 'LM ^

vertical . . ,_ ^ ., • . • Ynr sin a = Yru s m  8 . . . (Eq. 2)direction: 1 FL 'LM ^

Solving Eq. 2 for YpL/ substituting this expression into Eq . 1, 
and dividing through by Yp^/ gives

yFM sin 8 cos a , „ ,_ v̂v—  --- sin fi- + cos 6 . . . (bq. 3)
ylm sin 8

From Eq. 2 we can also see that

Ilk = £iS_§ . . . (Eq. 4)
y l m  s l n  °
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Eqs. 3 and 4 are useful in that the relative values for yFM an(3 
YpL can be calculated from measurements of the angles a and 0  

taken from cross-sectional weld bead specimens. The measurement 
of absolute surface tensions for molten slags and fluxes on solid 
and liquid metals is extremely difficult work, and for our pur­
poses the relative values are sufficient.

The assumption that yLM is constant is a valid one if the filler 
and base metal compositions do not change and if variations in 
flux composition have no effect on y ^ .

As was mentioned, welding can be treated as a wetting process. 
If molten weld metal wets the solid plate, the bead will spread 
out over it. Wetting will occur if is relatively large (re­
fer to Figure 31). From Eq. 1 we can see that wetting will occur 
if

yfm > yfl cos a + ylm cos 8

Since much of the heat of the weld pool is transfereed to the 
solid plate, the contact area between the two has an effect on 
penetration. Heat will be more widely distributed if this con­
tact area is increased by wetting, and this will decrease pene­
tration. Thus, weld penetration should decrease as the value of 
yFM increases.

On the other hand, if yFL is relatively strong, wetting will oc­
cur to a lesser degree because of the tendency for the flux- 
liquid metal interface to minimize its area. As a result, the 
solid plate-weld pool contact area will be smaller and the con­
centration of heat in a smaller volume of metal will give greater 
penetration. So, weld penetration should increase with in­
creasing values of ypL if all other factors are held constant.
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C. Compositional Effects on Interfacial Tensions

Interfacial tensions are the result of imbalances of molecular 
forces at a boundary between two phases. These imbalances create 
excess energy at such an interface. This energy is called the

o 9specific surface energy and can be expressed by the equation

a = y + £ u . r .
1 l

where y is the surface tension, u^ is the chemical potential of 
the species, and rj_ is the excess surface quantity of the iti:i
species. Surface tension is defined as the amount of work neces­
sary to create a unit of surface area. The second term in the 
above expression is the contribution of solutes toward reducing 
the surface energy a.

The compositional dependence of an interfacial tension between 
two phases can be expressed by differentiating the above equation 
to obtain

9 9This can be integrated and rearranged to give

Ay = RT / I\ d £n a;

This last expression indicates that changes in surface tensions
can be related to changes in the activities of different compo­
nents in a system.

Work done on the surface tensions of molten metals has shown that
very small compositional variations can cause large changes in
the surface tension of i r o n . ^  Figure 32 shows the affects of
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SURFACE TENSION VS. ATOM % SOLUTE 
IN LIQUID IRON AT 1550° C
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Fig. 32. Surface tensions for solutions of C, P, O, and S
in liquid iron at 1550°C.
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some solutes on the surface tension of iron at 1 5 5 0 ° C . ^  Note 
that oxygen and sulfur have a stronger effect than carbon phos­
phorous. The former tow elements are said to segregate to sur­
faces and interfaces. For this reason it takes but a few hun­
dredths of one percent of such elements to bring about drastic 
changes in surface tension. The latter two elements are not as
prone to surface activity and thus have less effect. Similar ob-

21servations have been made for solutes m  other liquid metals.

The surface tensions of slags and fluxes exhibit behavior similar 
to those of liquid metals, i.e., some species in solution tend to 
be more surface active than others. Figure 33 shows surface ten­
sions of some liquid binary silicates as a function of silica 
c o n t e n t , ^  It has been reported that sulfur and some fluoride
compounds lower the surface tensions of some silicates, especial-

2 2ly those containing alkaline earths.

Relatively little is known about surface tensions at slag-metal 
interfaces, largely due to the very difficult nature of such ex­
perimental work. Some data has been published for silicate slags 
on liquid iron-carbon solutions, and the interfacial tension val­
ues were found to lie below those for molten metal and above

2 2those for the slag measured separately.

D. Procedures for Measuring Interfacial Tensions

Weld specimens were cross-sectioned in at least two locations to 
obtain representative bead morphology measurements. All speci­
mens were polished to 0.05-micron alumina fineness and etched in 
2% nital. Low magnification (approx. 2x) photographs were taken 
of each weld bead to measure widths and depths of penetration. 
It was necessary to take higher magnification (35x) photomicro­
graphs of the weld bead toe regions in order to obtain accurate
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SURFACE TENSION VS. COMPOSITION 
FOR SOME BINARY SILICATE SLAGS 
AT 1570° C (FROM KOZAKEVITCH )

6 0 0

MnO- SiO.

4 0 0

200

0
20 4 0 6 0 800

MOLE %  SILICA

Fig. 33. Surface tensions of two binary silicates as a
. . 41function of silica content
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measurements of the angles a and 0. Values for the relative in­
terfacial tensions yFL and yFM were then calculated from these 
measurements using Eqs. 3 and 4 found in Section B of this chap­
ter. Figure 34 shows a photograph used to measure the weld bead 
contact angles a and 0.

E. Experimental Results

Figures 35-37 are plots of penetration for 1020 steel welds as a
function of the relative values of yFM and yFL - All three plots
show that penetration increases with increasing yFL and decreases

1 ftwith increasing yFM m  agreement with the work of Schwemmer.
It is interesing to note that the dependence of penetration on 
these interfacial tensions becomes sharper as the atomic number 
of the alkali addition increases. The reason for this trend is 
not known.

Figures 38-40 show the same plots for 4340 steel. In this case, 
only penetration in welds made with sodium-bearing fluxes shows 
the predicted behavior (see Figure 39). In Figure 38, penetra­
tion decreases with increasing yFL/ exactly the opposite of the 
expected behavior. The results for welds made using potassium-
bearing fluxes are similarly contrary.

The effect of flux composition on yFL and yFM for 1020 steel
welds is shown in Figures 41-43. The value of yFM is not changed
much except in the case of sodium-bearing fluxes which cause it 
to decrease considerably. The value of yFL increases slightly as 
the alkali content of lithium and sodium-bearing fluxes in­
creases, but for potassium-bearing fluxes yFL appears to decrease 
to a minimum at about 3% potassium and then increase.

Figures 44-46 show the effects of flux composition on interfacial 
tensions for 4340 steel. The value of yFM appears to decrease
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Fig. 34. Photomicrograph of a weld bead toe region used to measure 
the angles a and $.
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PENETRATION VS. RELATIVE VALUES 
OF INTERFACIAL TENSIONS 
M n O - S i02 -  Ll20  FLUXES 
1020 STEEL

10

4

0 0.2  0 .4  0 .6  0 .8  1.0 1.2 1.4

RELATIVE INTERFACIAL TENSIONS

Fig. 35. Penetration vs. relative yfl and yf m , lithium
additions to flux, 1020 steel.
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PENETRATION VS. RELATIVE VALUES 
OF INTERFACIAL TENSIONS 

M n O -S i02-N a 20 FLUXES ° 5
1020 STEEL w  A :

fm
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0 0 2  0 .4  0 .6  0 .8  1.0 1.2 1.4

RELATIVE INTERFACIAL TENSIONS

Fig. 36. Penetration vs. relative y f l and YFM' sodium
additions to flux, 1020 steel.
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PENETRATION VS. RELATIVE VALUES 
OF INTERFACIAL TENSIONS
MnO -  Si02- KgO FLUXES
1020 STEEL A r\

fm
12
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0
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RELATIVE INTERFACIAL TENSIONS

Fig. 37. Penetration vs. relative ypL and YF M / potassium
additions to flux, 1020 steel.
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PENETRATION VS. RELATIVE VALUES 
OF INTERFACIAL TENSIONS 
MnO- S i02-L i2 0  FLUXES 
4 3 4 0  STEEL

fm
12 A r
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0 0 2  0 .4  0.6 0 .8  1.0 12 1.4

RELATIVE INTERFACIAL TENSIONS

Fiq. 38.  Penetration vs. relative y_T and Y„.., lithium  ̂ FL FM
additions to flux, 4340 steel.
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PENETRATION VS. RELATIVE VALUES 
OF INTER FACIAL TENSIONS
M nO -Si02 - N o 2 0  FLUXES 
4 3 4 0  STEEL
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Fig. 39. Penetration vs. relative YpL and Yp M , sodium

additions to flux, 4340 steel.
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PENETRATION VS. RELATIVE VALUES 
OF INTERFACIAL TENSIONS 
M n 0-S i02- K 20 FLUXES 
4 3 4 0  STEEL

fm
12 A rx
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0  0 .2  0 .4  0.6 0 .8  1.0 1.2 1.4

RELATIVE INTERFACiAL TENSIONS

Fig. 40. Penetration vs. relative y f l and ^fm' Potassium
additions to flux, 4340 steel.
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RELATIVE VALUES OF INTERFACIAL TEN ­
SIONS VS. FLUX ALKALI CONTENT 

. MnO- Si0o- LioO FLUXES n y1.4 fm

.0

0.8

0.6

0.4

0.2
1020 STEEL

0
102 80 64

IONIC % LITHIUM

Fig. 41. Relative an<l YF{, vs • lithium content of flux,
1020 steel.
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RELATIVE VALUES OF INTERFACIAL 
TENSIONS VS. FLUX ALKALI CONTENT 
MnO-SIOo-NooO FLUXES ^ „

fm

0.8

0.6

0.4

0.2
1020 STEEL

1082 640

IONIC %  SODIUM

Fig. 42. Relative y f l  and y vs. sodium content of flux,

1020 steel.
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RELATIVE VALUES OF INTERFACIAL 
' TENSIONS VS. FLUX ALKALI CONTENT 
. MnO-SiOg-KgO FLUXES1.4 fm
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it \

0.4

0.2
1020 STEEL

0
100 2 84 6

IONIC %  POTASSIUM

Fig. 43. Relative y and y pM vs. potassium content of flux,

1020 steel.
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RELATIVE VALUES OF INTERFACIAL 
’ TENSIONS VS, FLUX ALKALI CONTENT

M nO -S iO o-Li.,0  FLUXES

fm

:o

0.6 -

0.2 -

4 3 4 0  STEEL

100 6 82 4
IONIC % LITHIUM

Fiq. 44. Relative y r,T and y_„ vs. lithium content of flux, ^ FL FM
4340 steel.
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RELATIVE VALUES OF INTERFACIAL 
TENSIONS VS. FLUX ALKALI CONTENT 
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Fig. 45. Relative y-. and yFM vs. sodium content of flux,
4340 steel.
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RELATIVE VALUES OF INTERFACIAL 
°TENSIONS VS. FLUX ALKALI CONTENT

MnO-SiOo-KcO FLUXES1.4
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Fig. 46. Relative Y and Yfm v s - potassium content of flux,
4340 steel.



T-2238 91

with increasing alkali flux levels, but the relatively wide scat­
ter of data makes it difficult to be certain. The value of yFL 
is unaffected by flux composition.

VI. THE EFFECT OF FLUX BEHAVIOR ON WELD PENETRATION: RESULTS

A. The Effect of Flux Viscosity

Flux viscosity has a marked effect on penetration. For a given 
set of welding parameters, more viscous fluxes will give greater 
penetration, all other factors being equal.

Figure 47 shows this to be true for welds made on 1020 steel. In 
general, fluxes containing sodium gave the deepest penetration 
and potassium-bearing fluxes the least.

Penetration also increased with flux viscosity in welds made on 
4340 steel with fluxes containing lithium and sodium but not with 
those containing potassium (see Figure 48). Penetration de­
creased with increasing viscosity of potassium-bearing fluxes. 
The reason behind this behavior is not known.

B. The Effect of Arc Stability

Figures 49 and 50 show that penetration in both 1020 and 4340 
steel welds decreases as the arc becomes less stable. Note that 
penetration in 4340 steel is more sensitive to changes in arc 
stability than in 1020 steel. Schwemmer observed the opposite 
to be true for welds made with MnO-SiC^-FeO fluxes.
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PENETRATION VS. FLUX VISCOSITY 
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Fig. 47- Penetration vs. flux viscosity}1020 steel.
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PENETRATION VS. FLUX VISCOSITY 
MnO'SiOo-ALKALI OXIDE FLUXES 
AT 1723 K 4 3 4 0  STEEL
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Fig. 48. Penetration vs. flux viscosity, 4340 steel.
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PENETRATION VS. ARC INSTABILITY 
MnO-Si02-ALKALI OXIDE FLUXES
1020 STEEL o L12
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Fig. 49. Penetration vs. arc stability, 1020 steel.
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PENETRATION VS. ARC INSTABILITY 
M n 0 -S i0 2-ALKALI OXIDE FLUXES
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Fig. 50. Penetration vs. arc stability, 4340 steel.
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C. The Relation of Flux Properties

It has been demonstrated that the effect of fluxes— viscosity, 
arc stability, and capillarity— all affect weld penetration. Be­
cause these three factors work simultaneously, it is often diffi­
cult to observe the effect of one single factor. The other two 
factors often mask the effect of variations in the third fac­
tor. For this reason, H a z l e t t ^  could not relate weld penetra­
tion to interfacial tensions.

18Schwemmer noted in his investigations that penetration was a 
linear function of the three factors mentioned above. From these 
observations he developed a single linear equation correlating 
the three factors to penetration:

Penetration = k [(y ^l - yf m ) • n • (V-AV)] + C

where YpL and y f m are the flux-liquid metal and flux-solid metal 
interfacial tensions, n is the flux viscosity, and (V-AV) is the 
difference between the welding voltage and the measured arc sta­
bility. The slope k is a constant related to machine parameters
and the intercept C corresponds to penetration when {y - Yp« )

1 ftis zero. He found that this equation successfully described
data from welds made on 1020 and 4340 steels with both MnO-SiC^- 
FeO and Mn0-Si02“Ca0/CaF2 fluxes. Figure 51 is a plot of pene­
tration as a function of [(YpL “ Yp^) • n • (30-AV) for welds
made on 1020 steel using the above two flux systems. Carmona

1  9also applied this equation to his data with some success.

Figures 52 and 53 show penetration as a function of [ (YpL “ 
Yf m ) * 71 * (30-AV) ] for 1020 and 4340 steels. The Schwemmer
equation gives a reasonably linear relationship for data from 
1020 steel; the slope of the best-fit line is about +0.074 and 
its intercept is about +9.5. Figure 53 shows that the equation 
does not work for data from 4340 steel welds.
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PENETRATION VS

FOR Si02- MnO-FeO 

AND SiO*- MnO-CoO-CoF,

FLUXES ON 1020 STEEL10.0

SiO -M n O -F tO

9.0-

8.0 -

A S i0o- MnO-CaO - CaF,
7.0-«

6.0
50-100 0

[(}FL-  J F M ) 7 ^ ( 3 Q - A V ) ]

Fig. 51. Penetration vs. [("Yp,L ” YFM) * n * (30-AV)],
1020 steel, Si02-Mn0-Fe0 and Si02-Mn0-Ca0/CaF2

fluxes.
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Fig. 52. Penetration vs. [ (Yf l  " YF M ) * n • (30-AV)],
1020 steel, alkali additions to Mn0-Si02 fluxes.
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PENETRATION VS. g y - y  H -O O -A V j

MnO* Si02-ALKALI OXIDE FLUXES 
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Fig. 53. Penetration vs. [ (y„r - Y„„) • n • (30-AV),rL r M
4340 steel, alkali additions to MnO-SiC > 2 fluxes.
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VII. DISCUSSION OF RESULTS

A. Flux Viscosity

The reason behind the initial decrease in flux viscosity at low 
alkali contents is fairly certain. Since the addition of alkalis 
in the place of manganese ions causes a viscosity decrease, it 
must be that the alkalis are more effective silicate network mod­
ifiers than manganese. In fact, Figures 15 and 16 show that the 
alkalis are generally more effective network modifiers than metal 
ions with greater valences. But the mechanism by which alkali 
additions beyond 3 ionic % cause flux viscosity increases is not 
clear at present. It is possible that above the 3% level the al­
kalis cause interactions between ions in the melt which strength­
en the attractive forces between silicate anions. Unfortunately, 
little is known about the structures of silicates containing
large quantities of metal oxides, so that the nature of such ion-

21
i c  interactions cannot be reported.

Penetration in 1020 steel welds increased with increasing flux 
viscosity, but the opposite was ooserved for welds made on 4340 
steel with fluxes containing potassium (refer back to Fig­
ure 48). It is possible that other factors— especially variation 
in surface tensions— interfere to the point that the effect of 
viscosity alone cannot be observed.

B. Arc Stability

Arcs on 4340 steel became slightly more stable when alkalis were 
added to fluxes. The fact that the increase in stability was 
small indicates that the alloying agents in the steel play a dom­
inant role in determing arc stability. Whether they do so by
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virtue of their effect on the work function of the metal or by 
other means is not known.

Arc stability data for 1020 steel welds made with potassium- 
bearing fluxes was too scattered to observe a trend (refer back 
to Figure 27).

The plots of arc stability as a function of ionization potential 
from both this investigation (Figures 29 and 30) and the work of

1 QCarmonaX5 (Figure 22) show that ionization potential is definite­
ly not the controlling factor. Some other property or combina­
tion of properties (in which ionization potential may be in­
cluded) must be controlling arc stability.

C. Interfacial Tensions

The effects of interfacial tensions on penetration in 1020 steel
18 19welds agree with the results of Schwemmer and Carmona. As

the magnitude of increases, the weld bead is more strongly
confined and penetration increases. As Yp^ increases, the ten­
dency for the bead to wet the plate grows stronger and penetra­
tion decreases.

The effects of interfacial tensions on 4340 steel weld penetra­
tion do not follow the same trend, with the exception of welds 
made with sodium-bearing fluxes. It is quite possible that 
changes in flux composition affect the fusion line interfacial 
tension Yl m * This would invalidate the assumption of constant 
Yl m  used in the derivation of the expressions for the relative 
values of Yp^ anc  ̂ ^FM* ^  none of the surface tensions remains 
relatively constant then it is impossible to calculate relative 
values for the other two tensions.
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The behavior of these interfacial tensions is the primary reason 
that the equation developed by Schwemmer did not fit the data for 
4340 steel welds.

VIII. CONCLUSIONS

From the results of this investigation and from reviews of the
results of other CSM welding flux investigators, the following
conclusions were made:

1. At low metal ion addition levels (under 3 ionic %) , the
alkali elements are more effective network modifiers than
the alkaline earth and transition elements. But beyond
the 3 ionic % level this situation changes because the
alkali elements then cause flux viscosity to increase. 
The mechanism behind this viscosity increase is not 
clear.

2. Alkali elements act as arc stabilizers when added to man­
ganese silicate welding fluxes. The stabilizing effect
is more pronounced in arcs on 1020 steel, which indicates 
that the 4340 steel alloying agents play a dominant role 
in stabilizing the arc. It was also confirmed that the 
ionization potential of flux components is not the key 
factor in determining arc stability.

3. Mn0-Si02 flux alkali content had little effect on the 
flux-weld pool interfacial tension, but the flux-solid
metal tension value decreased with increasing sodium con­
tent for both 1020 and 4340 steel.

4. Flux viscosity, arc stability, and interfacial tensions
all work together to determine weld penetration, and be­
cause of this, it is often difficult to observe the ef­
fects of any single factor. But the equation developed
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18by Schwemmer relating these factors to penetration de­
scribes the data for 1020 steel reasonably well. The 
failure of the equation to do the same for 4340 steel is 
attributed to the effect of alloying agents and alkalis 
on the fusion line interfacial tension component.
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