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ABSTRACT

Physical properties of weld metal such as chemical compo-
sition, hardness, strength, toughness, and microstructure
obtaiﬁed using A-36 and 1018 base metals were investigated
as a function of flux composition and heat input. For this
purpose, three experimental fluxes were manufactured using
pure components based on the Sioz-MhO-CaO ternary oxide
system. Also a commercial flux was used throughout this
thesis in order to compare results. The results from base
and weld metal metallography and chemical analysis were cor-
related with their physical properties. With respect to
the experimental fluxes, the effect of slag metal reactions
on the chemical composition and mechanical properties of
weld metal was analyzed. In particular for this thesis,
application of slag-metal reaction éonsiderations permitted
one to establish that the final Si and Mn content of the

weld metal can be predicted.
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CHAPTER 1

INTRODUCTION

Since its introduction in the 1930's, the use of the Sub-
merged-Arc welding process has steadily increased for
welding medium and heavy sections, and for surfacing ap-

plications.

One of the most important aspects of Submerged-Arc welding
is the flux, as it provides atmospheric protection, alloying,

weld metal refinement, and contributes to arc stability.

In order to economically produce Submerged-Arc welding
fluxes on a commercial scale, the components should be
readily available. Therefore, the sources for these com-
ponents are mainly raw materials of geological origin, such

as silicates, limestones, clays, and other mineral compounds.

As an effective chemical refinement of these components
would be very costly, many constituents that do not serve
to improve the welding flux are present as residuals.
During the slag-metal reactions of the welding process,

these residuals are trapped in the weld metal, deteriorating
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its mechanical properties.

One way of avoiding these undesired residuals is to use pure
components in the manufacture process of these fluxes. Here
again, the higher cost of these pure components is important.
However, with the increasing demand for high quality and
reproduceable joints, it is becoming essential to have bet-
ter control of the chemical content of these fluxes. There-
fore, this thesis is concerned with a comparative study bet-
ween a commercial flux and several experimental fused fluxes.
These experimental fluxes were produced from pure compounds

based on the SiOZ-MnO-CaO ternary oxide system.

The comparative study between the commercial and experimental
fluxes involves the performance of the fluxes, and their ef-
fect on the composition of the weld metal. In particular,
for the experimental fluxes, the effect of slag-metal re-
actions on the chemical composition and mechanical properties

of the weld metal will be analyzed.

It is interesting to mention that during the literature
survey performed for this thesis, it was noted that two
major patterns of investigation distinguish the studies con-

cerning this field. It was found that in the United States
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the main concern has been aimed towards the study of the ef-
fect of chemical composition of weld metal on its mechanical
properties. In contrast, in the Soviet Union and some
European countries, more attention has been dedicated to the
study of Submerged-Arc slag-metal reactions and its effect

on weld metal composition.

It is clear that both patterns of investigation complement
each other. With this in mind, an effort is made on this
thesis to present a more complete study covering both pat-

terns of investigation.
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CHAPTER 1II

LITERATURE SURVEY

IT- A INTRODUCTION

For convenience this chapter will be divided in three
parts. The first part will discuss the characteristics of
Submerged-Arc welding fluxes. The second part reviews the
characteristics of slag-metal reactions and how they affect
the weld metal composition. The last part presents a dis-
cussion on the effect of alloying elements and heat input on

the mechanical properties of weld metal.

IT- B CHARACTERISTICS OF SUBMERGED-ARC WELDING FLUXES AND

SLAGS.

1) Composition.

It is a known fact that the properties of slags
formed from Submerged-Arc welding fluxes affect properties
of the weld metal, e.g. shape, soundness, and mechanical
properties which must be controlled. For this reason the
compositions of these fluxes have become more complex. The

formulations are based on manganese-silicates, aluminum-
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silicates, calcium oxides and magnesium oxides. Aé an
example, Table I shows a list of a typical analysis of a

manganese-silicate flux (Jackson 1971).

2) Basicity and Acidity.

Slags formed in Submerged-Arc welding can be
classified, as in steel making, by their chemical performance
i.e. basic or acid. The common slag-forming oxides may be
listed according to their relative basicity as follows:

(Sims 1963).

Increasing Basicity.
>

, Increasing Acidity
<

B,0O Sio

203 P205, A1203, T102,.Fe0, Mg0O, MnO, Cal

2’
In principle, any oxide in this series reacts as a base to

any more acid oxide to its left and vice versa.

Basicity of a flux may be defined as the ratio of the molar
frac%ions of the basic components of the slag to the acid
ones. There are numerous expressions for this basicity
ratio. The simplest basicity ratio which neglects the ef-

fect of other components is CaO/SiOZ. Other ratios are more
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Table I

Typical composition of Manganese-Silicate

fluxes for Submerged-Arc welding

o

Substance

Sio
CaF
Cal

Bal

A1203
FeO
Tio
X,0
Na,0

PO

Amount

L2.0%

k5.0
6.9
1.2
0.3
0.1
2.0
1.5
0.1
0.4
0.4
0.1

after Jackson (1971)

Q@:-J wA B

" [COLDER,

e e RS |
@O&Qﬂﬁ%@ﬁ&ﬁm
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complicated in an effort to arrive to a more exact
measurement of basicity. For example, Bodsworth (1963) uses

the following ratio for steel making:

‘Basicity = (Ca0) + (Mg0) + (MnO) (1)
(Si027+ 111203)+(P205)

where ( ) indicate molar fraction of component.

In terms of its metallurgical functions the basicity of a
slag 1is related to its ability to remove sulfur and phosphorus,

which will be discussed in a subsequent section.

3) Melting Point.

The melting temperature of the flux must be lower
than that of the molten metal so that gases generated during
the slag-metal reactions are not trapped between the flux
and the metal. Also, the flux mﬁst remain molten until
after the weld metal has solidified so that the fluxing
action will be complete. Therefore, since the melting point
of steel is approximately 1535°C (2800°F), the upper limit
for the melting range of Submerged-Arc muiti—component

fluxes is about 1350°C (2460°F). 1In.the particular case of

limited component Submerged-Arc fluxes such as those manu-
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factured from a ternary oxide system, there should exist
large areas in the ternary phase diagram that are liquid at
temperatures below about 1480°C (2700°F) to ensure suitable

thermal properties (Butler and Jackson 1967).
L) viscosity.

Viscosity which can be defined as the physical
property that characterizes the flow resistance of simple
fluids is a very important factor in slags and welding

fluxes. Viscosity can be expressed by the relation:
- ="(av/ay) (2)

that is, the force per unit area (%) is proportional to the
velocity decrease {du) in the distance (dy); the constant of

proportionality ft is called the viscosity of the fluid.

The viscosity is a function of both temperature and compo-

sition as it is shown in the following equation:
_ (A
lOg'L = (T’) + B (3)

where A and B are constants whose values depend on the flux
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composition and T is the temperature. As equation 3 shows,

as the temperature increases, the viscosity decreases (Sims

1963).

If a slag has a high Viscqsity'at the welding temperature,
it will be sticky and will flow slowiy.not serving as a
protective cover for the molten metal. Also it will impair
the transport properties involved in the removal of gases

and contaminants through the flux.

On the other hand, a flux with low viscosity will increase
the reaction rate between the metal and the flux (Spraragen
and Clausen 1939) and will cause the heat transfer to be

faster because the atomistic movement is faster.

From the above statements it can be concluded that a flux
must be viscous enough so as not to run in front of the weld
bead and cause undercutting {Spraragen and Clausen 1939), but

also fluid enough to dissolve gases and other oxides.

5) Density.

In welding, the density of the slag has to be
lowér than that of the molten metal for obvious reasons.

If the slag density is higher, the slag will deposit at the
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bottom of the weld metal. Therefore, the lower the density
of the slag, the faster it will rise to the surface (Linnert

1965).

6) Coefficient of Thermal Expansion.

It has been established that one of the main
factors which determines the removal of slag from a surface
after welding is the coefficient of thermal expansion. This

is particularly important in removal of slags from grooves.

In their study concerning the effect of the coefficient of
thermal expansion on slag removal, Vornovitskii et al (1973),
have graphically illustrated the forces acting between slags
and metals, as shown in Figure 1. Figure la shows that for
welding on a flat surface the slag is retained by the sum

of the forces (P1 + PZ)' These forces are produced by the
resistance exerted by the oxide film formed between the slag
and the metal, on the contraction of the cooling weld metal.
Figure 1b shows that for a 90° angle groove, the slag is
re#ained by the sum of the forces (Pi + P; + PB)' Com~-
paring Figure la to Figure 1b, for welding in a groove a new

force component P, appears and the relationship between P1

3

and P2 changes. In this case impairment of the removal of

slag is connected with the appearance'of component P3, which
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Figure 1 - Forces acting betweeﬁ slag and metal.
a) On a flat surface.
b) On a 90° angle groove.
Vornovitskii et al (1973)
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is in turn dependent on the difference between the coef-
ficient of thermal expansion of the slag, o, and that of
the metal, X Consequently, if O%‘< o< the groove walls
will produce a wedging effect on the slag making its removal
more difficult. Therefore, a slag removal improvement would
be achieved 1if or.s>0<m.
Vornovitskii et al (1973) have reported that o is dependent
on the composition of the slag; within the range studied,
the components can be arranged in the following order.

Ca0, SiO,, MnO, Al.0., MgO, FeO, CaF, (4)

273
Lower o Higher 8

2’

In other words, this order is determined by the degree of
the influence, which each of these constituents has on the

magnitude of o<, .

7) Flux Particle Size.

The particle size of the flux affects the amount of
current that can be used in Submerged-Arc welding. In general
the current required to maintain a stable arc, which is
necessary for production of sound welds; is higher the finer

the particle size. However, too high a current for a given
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flux particle size will result in arc instability ahd un-
even weld surfaces because higher currents will increase

the violent nature of the arc, causing these small particles
to be blown away (Jackson 1963). It is also obvious that a
flux with a small particle size will be more compact which
will provide conditions for a more efficient heat transfer,

consequently increasing the consumption rate of the flux.

IT- C EFFECT OF SUBMERGED-ARC WELDING FLUXES CHARACTERISTICS

ON THE WELDING PROCESS.

1) Weld Metal Protection.

The slag produced from a welding flux has the im-
portant function of covering the molten metal and protect-
ing the molten metal from the gases which are commonly

present in the atmosphere.

The effect of gases such as hydrogen, oxygen and nitrogen
on weld metal mechanical properties such as strength and
notch toughness is of major significance (ASM Welding Hand-
book). Welds made under conditions where high Hydrogen
concentrations result can suffer from two forms of damage,
porosity and hydrogen cracking. Because of the decreasing

solubility, the hydrogen in the molten metal is rejected as
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the metal solidifies. This results in the formation of fine
porosity. The presence of this fine porosity acts as

nucleation sites for microcracks (Colangelo and Heiser 1974).

The major source of hydrogen is from moisture pickup by the
welding fluxes. Additional sources ére in the surrounding

atmosphere, and base metal.

Oxygen and nitrogen also have a limited solubility in steel.
During freezing, the oxygen dissolved in molten steel may
react with carbon and form bubbles of carbon monoxide, which
may be trapped in the solid steel. In the same way, nitrogen
rejected on solidification may be trapped in the solid steel.
Also nitrides of Fe and other elements may be formed as
precipitates in the weldment. The presence of these pre-
cipitates increases the hardness and decreases the ductility

of the joint (ASM Welding Handbook 1971).

In protecting the weld metal, a flux must be able to dis-
solve the gases entrapped between the molten flux and metal.
This again stresses the importance of a suitable flux
viscosity as it will influence the transport properties
involved in the removal of gases and contaminants through

the flux.
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2) Weld Metal Refinement.

A primary function of a flux .is that of refining,
i.e., serving as a receiver for the unwanted solid con-
stituents of the molten weld metal. To do this the compo-
sition of a flux must be adequate to secure an optimum
removal of the undesirable elements or compounds without
removing other alloying elements required in the weld metal

(Bodsworth 1963).

There are three main methods by which a flux may remove
oxides present in the weld metal: a) mixing with the oxide
to form a more complex oxide with a lower melting range and
decreased viscosity; b) dissolving the oxide in the molten
flux; c¢) reducing the oxides i.e. to electrochemically dis-
sociate the oxide into oxygen and metal which becomes a

component of the metal deposit (Butler and Jackson 1967).

The most important reducing agents are Mn, Al, Si and C.
These reducing agents chemically combined with the oxygen

from the oxide being reduced.

A welding flux must also serve as an important aid in
removing sulfur and phosphorus components that may be pre-

sent in the weld metal., Logically, for a flux to be ef-
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fective in removing these elements it is clear thaf the flux
itself must be free or contain a low concentration of these
elements. The lime-silica fluxes are particularly effective
in removing sulfur and phosphorus compounds. The method by
which phosphorus is removed by the flux is that it is
oxidized to produce P205. After this qxide has formed, it
riées into the slag and forms a calcium phosphate compound.
The sulfur can be removed by two methods, if Mn and Ca are
present. The sulfur will combine with the Mn to form MnS
and then be dissolved into the slag in this form. Once the
MnS is in the slag, it reacts with the Ca0 and forms CaS.
The other method by which sulfur can be removed is that
sulfur is absorbed directly by the flux and then combined

with the Ca0 to form CaS (Sims 1971).

From the above statements it can be.concluded that for these
lime-silica fluxes the basicity, which depends on the
CaO/SiO2 ratio, is an important factor affecting the distri-
bution of sulfur and phosphorus between the slag and the

weld metal.

Studies using non-alloyed calcium-silicate fluxes have shown
that as the lime-silica ratio increases, the phosphorus
content of the weld metal decreases (Kubli and Sharav 1961),

which confirms that removal of phosphorus is also a function



T-1794 17.

of basicity.

Refinement of the weld metal also involves the transfer of
alloying elements from the flux to the molten metal. This
process of alloying through the flux will be discussed in

detail in the section concerned with slag-metal reactions.

3) Arc Stability.

In order to obtain a sound uniform weld it is
essential to maintain a stable arc. Also, a uniform distri-
bution of alloying elements will only be achieved through a

stable arc.

The electric arc may be defined as an electrical discharge
over a gaseous path between the poles. The principal
gaseous path of current conduction, the plasma, is made up
of atoms of the various gases and vaporized solids available
to the arc. Some of these atoms are ionized, i.e. they have
lost an electron and therefore have a positive charge. The
positively charged atoms aid in carrying current across the
arc (Linnert 1965). A low value for the ionization potential
of an atom means that only a low voltage is necessary to
remove an electron from the atom to generate an ion; the

flux can affect the arc stability (Newell 1937), by con-
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taining materials of various ionization potentials that will
affect the amount of ions present in the arc plasma at a

given voltage.

L) Arc Penetration.

Studies in this field have found that arc pene-
tration is a function of current, voltage, travel speed,
and flux composition (Jackson and Shrubsall 1953). Arc pene
tration has generally beeﬁ defined as the ratio between the
width of the weld bead to the depth of penetration of the
weld bead. Belton et al (1963) have used this width to
depth-of-penetration ratio as a measure of the confining ef-
fect of the slag; a low ratio indicates a more confined
bead. It was also reported that the width to depth-of-pene-

tration increased with increased basicity of the flux.

II- D PHYSICAL PROPERTIES AND WELDING CHARACTERISTICS OF

SiOz—MhO—CaO FLUXES.

1) Melting Points.

As was stated previously in order for a ternary
oxide system to function as a satisfactory welding flux, it

should have melting points below about 1480°C (2700°F) for

. eTiA0n of MINES

SOLNEY, COLCRADO 8040
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a wide range of compositions. The SiOz-MnO—CaO ternary
system, shown in Figure 2, which is used in this thesis re-

search, satisfies this requirement.

2) Viscosity.

The viscosity of the SiOZ-MhO-CaO ternary system
was studied by Ferrera and Olson (1975). They reported re-
sults that establishes the dependence of viscosity on the
basicity of the flux. In particular, as basicity increased,
the relative fluidity increased, and thus the relative
viscosity decreased. The explanation for this behavior is
that with an increase on the concentration of basic oxides
Ca0 and MnO in the flux, the concentration of oxygen which
enters the tetrahedfal SiO2 structure and disrupt the strong
three dimensional network, also increases. The viscosity of
the melt decreases rapidly as the three-dimensional network

is disrupted (Bodsworth 1963).

Ferrera and Olson (1975) also observed that Ca0 is not as an

effective network modifier as MnO,.

3) Arc Stability.

In the case of arc welding, both the ease of arc
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initiation and the subsequent stability of the arc are
critically related to the minimum ionization potential of
the elements in the arc atmosphere. Therefore, the lower
the ionization potentials of these elements,’fhe more stable
the arc will be. ’Compafing the ionization potentials of the
components of the SiOZ-MnO-CaO ternary, Si has the highest,
8.12 e.v., followed by Mn with 7.41 e.v., and Ca0 has the
lowest with 6.09 e.v..(Wélding Handbook 1968).

Oécillographs of the voltage drop across the arc obtained
for various compositions of the SiOZ-MnO—CaO ternary systenmn,
confirms that Ca0 provides the best arc stability followed

by MnO and SiO, (Ferrera and Olson 1975).

L) Width to Depth-of-Penetration Ratio.

When all other parameters are kept constant, the
width to depth-of-penetration increases with increased
basicity of the flux. For the Si0,-Mn0-Ca0 system Ferrera
and Olson (1975), observed that the width to depth-of-pene-
tration of the weld bead decreases with MnO content, and

goes through a minimum as the Ca0 content increases.
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5) Moisture Pickup.

Moisture in fluxes is important in that it is
clearly linked with the amount of hydrogen retained in the
weld metal. Potapov and Lyubavskii (1970) have found that
other things being equal, the hydrogen content of the weld

metal is proportional to the flux basicity.

This observation is very important in the particular case

of fluxes developed from the SiOZ-MnO—CaO system, where high
percentages 6f the strongly basic, and hydrophilic Ca0 com-
ponent is used. Bennett (1970) reports that moisture uptake
into these fluxes is believed to be related to fhe formation
of Ca (OH)Z' It was also reported that the full moisture
pickup occurred in a few hours, with very little change in

several days thereafter.

In order to reduce the moisture to satisfactory limits, a
baking process similar to the one used for baking basic

electrodes can be employed.

Other characteristics of the SiOz-MnO-CaO fluxes, such as
density, and particle size distribution, will be discussed
in the chapter concerning materials and experimental pro-

cedure,.
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II- E SLAG METAL REACTIONS IN ARC WELDING.

1) Reaction Temperatures.

Investigations of the slag-metal reactions that
occur during arc weld%ng are complex if it is considered
that} a) the equilibrium reaction temperatures are attained
only for a few seconds; b) the masses of slag and metal in-
volved are greatly different than in steel-making; c) a

violent stirring takes place in the weld pool.

Early studies of slag-metal reactions occuring during weld-
ing were concerned with welding with covered electrodes.

In one of these investigations, Babcok (1941) obtained
equilibrium constants for the silicon iron oxide and manga-
nese iron oxide from chemical analysis of rod, coating, and
weld metal. Using Chipman's equilibrium diagrams and extra-
polating for the higher Si equilibrium constants obtained,
a temperature of 1900°C (3450°F) was indicated in order to
attain equilibrium. Clausen (1949), using the same extra-
polation procedure obtained equilibrium temperatures in the
range of 1600 to 2000°C from the studies of manganese and

silicon reactions during welding with covered electrodes.

In a more recent study concerned particularly with Submerged-
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Arc welding, Christensen and Gjermundsen as cited by Belton
et al (1963), measured the temperature in the weld pool by

means of tungsten/tungsten—rhenium thermocouples.

This research concluded that the temperatures in the main
body of the pool ranged from the liquidus point to about
2300°cC.

In their study of slag metal reactions during Submerged-
Arc welding using a CaO-SiOZ—FeO flux, Belton et al (1963)
discussed the difficulty involved in these slag reaction
experiments due to the complex time-temperature cycle ex-
perienced by the metal and slag. Never the less they con-
cluded that based on the uniform distribution of silicon on
the weld metal, at least a pseudo equilibrium is achieved
for certain flux compositions. They also reported reaction
temperatures of 2000°c¢.

2) Effects of the Activity of SiO, and MnO on the

2

Transfer efficiency of Si and Mn to the Weld Metal

As a result of slag-metal reactions produced dur-
ing welding with high silicon-manganese fluxes, the reduction
of silicon and manganese takes place depending on the concen-

tration conditions of these oxides in the flux. In other
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words, the thermodynamic activities of the componerits of

molten slag characterize its reacting power.

Bender et al (1972) in their study concerning the effects
of the activities of SiO2 and MnO of different fluxes on
the transfer of silicon and manganese to the weld during
Submerged-Arc welding, have reported a direct relationship
between the amounts of silicon and manganese transfering
from fluxes and the corresponding SiO, and Mn0 activities.
Increasing the activity of these components intensifies the

silicon and manganese reduction process. (Figure 3)

The reduction process of thermally unstable oxides (MnO and

SiOZ) can be expressed by the following reaction:
(Mexoy) + yF%g = y(Fe0) + xMe (5)

and the equilibrium constant will be represented by the

following equation:

KMe = [QMPJX req ¥ (6)

cmwexoy
A simplification of this last equation has been proposed by
Potapov (1974) if it is considered that during slag-metal

reactions the sources of Fe are constant (base metal and



T-1794 26.

. ]
7

03
Si /‘7
wt% 02

01

1

0—"0i a2 03 04 08
510, in the flux

Figure 3a - Effect of the activity of SiO2 on the transfer
of silicon from the flux into the weld.
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Figure 3b - Effect of the activity of MnO on the transfer of
ranganese from the flux to the weld.
Bender et al (1972)
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welding electrode). Therefore, QFeO can be considered as

approximately constant (C), and equation 6 reduces to:

Ky, = fAud (o) (7)

Me QVe 0,

This equation indicates that the reduction of silicon and
manganese from the oxides can be suppressed by reducing the
activity of the oxides in the flux slag or by increasing the
initial concentration of these elements in the deposited
metal., The first technique is usually applied because it is

less complex and more economical.

It has also been well established that the activity of MnO
and 3102 depends on the concentration of SiO2 and on the
basicity of the flux. Potapov (1974) has verified the ef-
fect of the flux basicity on the activity of these oxides by

using the following approximate relationship:

Basicity = é?g) (8)
; 2’f

where (RO) is the sum of the molar fractions of the basic

oxides and (SiO is the molar fraction of SiO2 in the

2)f
flux. As shown in Figure 4, Potapov (1974) related the

different basicities to the activity of MnO and Si0, and
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Figure 4a - Dependence of the manganese content of the
deposited metal on the flux basicity for the

constant level of MnO in the flux:
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Figure 4b - Dependence of the silicon content of the deposited
metal on the flux basicity for the constant 8102
level in the flux: 1) 10.0-10.7% SiO2
2) 35.2-35.8% Sio0,
Potapov(1974)
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consequently to the.transfer of Mn and Si to the weld metal.
Based on mathematical processing of experimental data,
Potapov and Lyubavskii (1972) have expressed the dependence
of the activity of MnO and SiO2 on basicity by the following

relation:
, - 2/3
Q8102 = Eloz)f - %)
34.3 B

amno = -4.1 x 10”2 + 4.1 x 1072 (Mn0) . + 7.7 x 10738 (10)

where<ZSiOz,<1MnO are the activities of MnO and SiO., in the

2

Slag Melts; (SiO (Mno)f are the molar fractions of silica

2)f'
and manganese oxide in the flux; B is the basicity of the

flux as determined by equation (8).

3) Weld Metal Oxygen Content.

In general the oxygen content in the weld metal

is a consequence of the reduction of SiO, and MnO as covered

2
in the last section. As these reactions take place, the
weld metal is contaminated with oxide inclusions and its
total oxygen content increases. Therefore, the oxygen con-
tamination of the weld metal is also dependent on the ac-

tivity of the flux for the cases of welding with Mn-rich

silicate fluxes.
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Based on their experiments Potapov and Lyubavskii presented
a relationship that can be used to calculate the chemical
activity of Mn-silicate fluxes. This relationship is as
follows:

A, = 22RO, + RO + £R,0 (11)

f 3
<M

where Af is the chemical activity of the Mn-silicate flux,
2R02, €RO and SRZO3 are the molar fractions of the oxides

(sio,, MnO, FeO, Fe203), and $M is the sum of the molar

2!
fractions of all flux constituents. Later, Potapov (1974)
introduced a similar relationship to calculate the chemical
activity of the flux, but in this case the basicity of the

flux is taken intd account as follows:

= 1.3 (Si0,) + 0.36 B® (Mn0) (12)
100 B

Ap

where Af is the chemical activity of the Mn-silicate flux,
(Sioz) and (MnO) are the contents (wt.%) of silica and
manganese oxide in the flux, and B is the basicity of the
flux as determined by equation (8). Potapov (1974) also
reported, based on experimental data, a graphic verification

of the dependence of bxygen content on. the activity of the
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flux which is shown in Figure 5.

4) Weld Metal Hydrogen Content.

Theoretical calculations, which have been confirmed
by experiments (Potapov and Lyubavskii 1970), show that hy-
drogen reaches its peak concentration in pure iron at 2200-
2500°C. This temperature coincides with the electrode metal
droplet temperature range. Therefore, most of the hydrogen
absorption should take place as the electfode metal droplets

are forming, expanding, and traveling across the arc gap.

The interaction between hydrogen and metal during arc weld-
ing takes place under the combined effect of chemical and
electrical phenoména. In Submerged—Arc'welding, ionic re-
actions are possible as follows (Potapov and Lyubavskii

1970) :

- 2. 2=
2(0H) + Fe==(Fe) + (0) + 2[H] (13)
at the anode, and:
+
H +e=[H (14)

at the cathode.

When welding on straight polarity, reaction (13) takes place
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Figure 5 - Variation in the oxygen concentration of the
deposited metal in relation to the chemical
activity of the flux. Potapov (1974)
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mainly between the slag and the molten pool metal, whereas
reaction (14) takes place in the electrode metal droplets.
Consequently, higher hydrogen concentrations are reached in
the droplets of molten metal in this case than when the
polarity is reversed because of the greater amount of
"molten metal produced by straight polarity. On the other
hand, if other things are equal, the hydrogen content of the
weld metal increases as the basicity of the flux increases
as a consequence of the susceptibility to hydration of basic

fluxes.

5) Effect of Welding Parameters.

It is important to note that the rates of Mn and
Si reductions previously mentioned are not entirely de-
termined by the chemical composition of the flux as the
current and voltage settings, the type of polarity, the
welding speed, and welding wire composition will produce

specific effects.

As stated by Potapov and Lyubavskii 1971, the welding.
parameters will affect: a) the relationship between the
amounts of the parent and deposited metal; b) the relative
mass of slag melted and the conditions for mass transfer

in the slag, and 3) the kinetic conditions at the droplet
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stage in the reaction zone. 1In their interesting research
Potapov and Lyubavskii 1971; have included graphs that con-
firm the dependence of Mn and Si reduction from their oxides
on welding speed, arc voltage, and welding current. As

shown in Figure 6, as the travel speed of the welding process
is increased, the concentrations in wt% of Mn and Si decrease
in the deposited metal., Also, as the voltage of the welding
process increases the wt% concentration of Mn and Si in the
weld metal increases, as shown in Figure 7. Finally, Figure
8 shows that as the current of the welding process increases,
the wt% concentration of Mn and Si in the weld deposit de-

creases.

6) Non—Metallic Inclusions.

It has been well established (Potapov and Babin
1974; Potapov and Lyubavskii 1972) that oxygen in the weld
metal exists mainly in the form of non-metallic inclusions.
The presence of these oxide inclusions in the weld has a
detrimental effect on its mechanical properties, particu-
larly toughness. As before, both the rate of reduction of
Si and Mn from their oxides and the welding parameters will
influence the amount and distribution of these non-metallic

inclusions.,
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In relation to the non-metallic inclusions, it has been
observed that the viscosity of the flux and welding pa-
rameters, such as travel speed, affect the amount and distri
bution of non-metallic inclusions during welding. For
example, Podgaetskii, Langer, Malevskii and Manzhelei (1958)
reported that z more viscous flux-slag will yield a greater
number of inclusions than for the case of less viscous
types. Also, it has been found (Malevskii and Podgaetskii
1961) that welding speed is an important factor affecting
the amount and distribution of non-metallic inclusions. In
particular, at lower speeds there are fewer inclusions and
localized mainly at the grain boundaries. For higher speeds
the amount increases but they are more favorable localized

within the body of the grains.

IT- ¥ EFFECTS OF ALLOYING ELEMENTS AND WELDING PARAMETERS

ON _THE MECHANICAL PROPERTIES OF WELD METAL.

1) Base Metal Effects.

Depending on the amount of dilution, the base
mefal will contribute to the production of the weld metal,
therefore affecting the overall chemical composition of the

weld deposit (Stout 1971).
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The geometry of the groove joint will affect the dilution
percentages which is defined as the percent of base metal in

the total weld deposit.

The base metal may also affect the H.A.Z. of the joint. For
example; the strain stored in a cold rolled steel will af-
fect both the recryst;llization and strain aging characte-
ristics of the material in the H.A.Z. In the region of the
H.A.Z. which does not recrystallize (i.e. in the temperature
rénge of 500 to 800°F), strain induced precipitation re-

actions are possible which can decrease the toughness of

these areas (Linnert 1966).

2) Effect of Alloying Elements on Tensile and Tough-

ness Properties of Weld Metal.

a) Carbon. It is well known that carbon is the
most effective strengthening element which is commonly used.
Its effect on the strength of weld metal has been extensively
investigated (Wayman and Stout 1957,1958; Moll and Stout
1967; Heuschkel 1973). All these studies agree on the fact
that, as carbon content is increased, the strength of the
weld metal increases. Apparently the strengthening mechanism
is related to the very fine distribution of carbide particles

in the rapidly-cooled microstructure (Linnert 1968). On the
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other hand, weldability factors such as prevention of hot
and cold cracking imposes a limit of .15 - .20% carbon

content in the weld metal (Linnert 1968).

Concerning the toughnesé of the weld metal, the effect of
carbon has also been well established; increasing the carbon
content raises the tr;nsition temperature range and lowers
the impact values for all temperatures. This effect has
been reported both in unwelded mild steel plate (Barr and
Honeyman 1947; Welding Research Council 1957; Hartbower
1957), and on the weld metal (Ouden, Verhagen and Tichelaar
1975). 1In both cases the detrimental effect of carbon is

related to the presence of carbides which can act as

nucleation sites for microcracks.

b) Manganese. Manganese contributes significantly
to the strength and hardness of a steel in much the same way,
but to a lesser extent, as does carbon. Its effectiveness
depends largely upon, and is directly proportional to the
carbon content of steel. In weld metal, Benz, as cited by
Wayman and Stout (1957), also found that this proportionality
holds in the form of carbon equivalent, %C + %Mn/6. The
increase in strength primarily reflects the solid solution

hardening effect of manganese.
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Studies conducted by Barr and Honeyman (1947) have shown
that the effect of manganese on toughness of mild steel is
also related to carbon content. In their investigation
Barr and Honeyman (1947) express this relationship by means
of a Mn/C ratio. As the ratio increases, the transition
temperatufe range is lowered, for steels both in the
normalized and annealed conditions. A similar ratio is sug-
gested by Moll and Stout (1967) in their discussion over the
beneficial effect on weld metal toughness as manganese is
increased to about 2.2%. Sakaki (1959) also reports an
increase in the impact energy values along with lower tran-
sition temperatures as manganese is increased from 0.3 to
1.16% in welded low carbon steels. Dorschu and Stout (1961)
also obtained data that reflects the beneficial effect on
weld metal toughness as manganese is increased up to 1.5%;
they suggested that the increase in toughness is related to
the fine weld microstructure observed as manganese content

increases.

c) Silicon. Since silicon is a deoxidizing element,
it is normally present in killed steels in concentrations up
to 0.30%. As a secondary effect, silicon also provides
moderate strengthening. For example, Moll and Stout (1959)
found that silicon in concentrations up to 0.25% in weld

metal raised the yield and tensile strength. Sakaki (1959),
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uéing low carbon steels also observed that when silicon is
raised from 0.18 to 1.2%, the yield strength increases from
51 Ksi to 56 Ksi and the tensile strength increases from

56,6 Ksi to 73 Ksi.

The effect of silicon on fhe toughness of low carbon weld

- metal has been reported by Ouden, Verhagen and Tichelaar
(1975); and by Sakaki (1959). In both investigations a de-
crease in the transition temperature and an increase in the
upper shelf energy was observed as the silicon concentration
increased to 0.40%. TFor higher silicon concentration the
transition temperature increased. The beneficial effect of
the limited amounts of silicon on strength and toughness
have been associated with the elimination of the coarse
grain microstructﬁre in the weld metal (Moll and Stout

1967).

d) Sulfur and Phosphorus., Sulfur and phosphorus are

generally considered as impurities in steel making and are
usually specified to be below 0.05% in most steels. Phospho-
rus concentrations up to 0.05% have a significant effect on

strength but do not affect toughness .

Sakaki (1959), in a detailed study of the effect of phospho-

rus on low carbon weld metal, observed that as phosphorus
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concentration increases from 0.05 to 0.27%, the yield
strength first increases from 46 Ksi to 53 Ksi and then
decreases to 48.5 Ksi; the tensile strength increases from
63.7 Ksi to 70.4 Ksivand then decreases to 66 Ksi. Also,

the transition temperature increased and the upper energy
shelf was drastically lowered as phosphorus content increased.
In another similar reporﬁ concerning the effects of sulfur,
Sakaki (1959) has found that both the yield and tensile
strengths decreased as the sulfur content increased from
0.02 to 0.1%. As with phosphorus, the transition temperature
increased and the upper energy shelf decreased as sulfur

content increased.

Due to their segregation to the grain boundaries both sulfur
and phosphorus have been singled out by a number of investi-
gators as the most offensive elements in promoting solidifi-
cation cracking in both the weld metal and heat affected

zone (Widgery 1970).

3) Effect of Energy Input on Tensile and Toughness

Properties of Weld Metal.

Changes inAwelding parameters such as current, -

voltage, and travel speed can be treated as one variable,
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energy input. A generally accepted relationship between

welding parameters and energy input is given by:

Energy Input = 60 VI = Joules/in. (15)
S

Where 60 derives from the reduction of minutes to seconds,

V is in volts, I is in amperes, and S is the travel speed
in inches per minute (Stout 1971). Although equation (15)
is the relation generally used to calculate the heat input
in a welding process, it is important to observe that a
more realistic relationship would include an efficiency
factor as no electric arc transfers the total energy pro-
duced to the weld metal. For the particular case of Sub-
merged-Arc welding, studies conducted by Christensen, Davies,
and Gjermundsen (1965); and by Barry, Paley, and Adams
(1963), agree on their reported values of energy transfer
which are between 80-95% of the total energy output. To-
gether with the welding parameters mentioned above, the heat
power of Submerged-Arc welding is also influenced by the
current polarity, flux composition and wire diameter

(Rabinson 1961).

a) Energy Input effect on Strength, Several studies

conducted both on Gas Shielded Arc and Submerged-Arc have
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established that as energy input increases both yiéld and
tensile strength decrease.(Wayman and Stout 1957; Wayman
and Stout 1958; Dorschu and Stout 1961). In another study
concerning multipass welding, Shultz and Jackson (1973), at-
tempted to correlate strength with energy input. However,
the scatter in their strength data was sufficient to obscure
‘any relation. Therefore, they suggested that a more re-
liable measure of strength from heat input would be to cor-
relate strength data to cooling rates and weld nugget area.
For example, they reported that the smaller the area of each
weld bead, the higher the yield strength; the faster the

cooling rate, the higher the yield strength.

b) Energy Input effect on Toughness. It is generally

recognized that increasing energy input decreases the cooling
rate and consequently the weld microstructure will coarsen.
Dorschu and Stout (1961) observed this coarsening of the
ferrite grain structure as the energy input increased. This
coarse structure is detrimental to the notch toughness as it
presents less barriers (grain boundaries) to the traveling

crack.

Since energy input is a function of welding parameters, it
will also affect the slag-metal reactions. Therefore, the

amount and distribution on non-metallic inclusions which are
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known to be detrimental to notch-toughness will also be af-

fected.

SUMMARY

-

From this literature survey it can be concluded that:

1) Submerged-Arc welding fluxes not only protect the molten
metal from contamination of atmospheric gases, but also
refine the weld metal and contribute to its chemical

composition.,

2) The slag-metal reactions which affect the weld metal
composition are controlled by the composition of the
flux, the welding wire, the heat input, and the dilution

percentage.

3) The alloy content and the heat input drastically affect

the mechanical properties of the weld metal.
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CHAPTER III

MATERIALS AND EXPERIMENTAL PROCEDURE

'ITII- A INTRODUCTION

The first part of this chapter summarizes the ma-
teriais used and contains an explanation of the stages in
volved in the manufacturing of the experimental fused fluxes.
The second part presents a review of the Qelding, sample

preparation and testing procedure.
IIT- B MATERIALS.

1) Flux Manufacture

a) Flux Composition. The information obtained

from the literature survey concerning slag-metal reactions
was used as an aid on the formulation of the experimental
fluxes from the SiOZ-MhO-CaO ternary oxide system. As a
result, based on the planned basicity for the fluxes and on
thé content of each oxide, three fluxes were manufactured
having as a goal the following effect on the weld metal

composition:
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- Flux A, due to its low basicity, but high MnO
content would provide both high contents of Si and
Mn.

- Flux B; with its higher basicity would increase
the Mn content and decrease the Si content with
respect to flux A.

- Flux C, having a basicity only slightly lower than
flux B, but with half its MnO content, would de-
crease the content of Mn and maintain the same

content of Si with respect to flux B.

It is important to note that dﬁring the actual melting, the
composition of the three mechanical mixtures varied due to
the partial volatilization of the oxides involved. 1In re-
lation to this, Table II shows a comparison between the aim
composition (i.e. initial composition of mechanical mixtures)
and the actual composition obtained after the melting
process. As can be observed from Table II, MnO suffered
approximately an 8% loss as compared to the aim compositions.
This is expected because MnO is the most thermally unstable

of the three oxides used.

The oxides used to make the fluxes were reagent grade SiOZ,'

MnO2 (MnO, decomposes to MnO at 53000), and Ca0 powder, ob-

2
tained from Sargent-Welch Co.
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Figure 9 shows the locations 1in the ternary phase diagram
of the three aim compositions and the actual composition

obtained after melting.

b) Melting Process. The oxide powders were first

thoroughly mixed mechanically conforming to the aim compo-
sitions shown in Table’II. Small graphite crucibles (3% in.
outside diameter, 3 3/# in. high), and carbon electrodes
(3/8 in. diameter and 12 in. long) were used to make a small
electric furnace. As shown in Figure 10, one of the
elecfrodes was fixed to the working table, the other one was
hand held. The small crucible was mounted in a device that
permitted its rotation in order +to péur the melted product

into a chill plate as shown in Figure 11. The crucible was

loaded again and the process repeated.

D.C. straight polarity current was supplied to the carbon
electrodes by a Hobart Cyber-Tig unit (Model No. CT 300).
Depending on the distance between the electrodes, the voltage
varied in the range of 35 to 45 Volts, and the current bet-

ween 200 and 250 Amps.

The production rate of the molten flux was approximately
1 Kg per hour (2.2 1b/nr), and a total of 6 Kg (13.2 1b) .of

the fused product was made for each flux composition.
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A Leeds & Northrup potentiometric type optical pyrometer was
used to measure the temperature attained during melting.

The average temperature reading was 1655°C which was 255OC
greater than the maximum melting temperature shown in Table
II. The melting process was quite efficient, as only 10 to
12% of the material to be fused was lost due to volatili-

zation and arc spatter.

The fused products were characteristically dark brown in
color, very dense, and had either a glassy or crystalline
appearance. An attempt was made to manufacture a fourth
flux lower in SiO2 (35% Sioz, 17% MnoO,, L8% Cal), but was
cancelled because it involved higher melting temperatures
and the fused product had a white pourous appearance and a
very fragile structure due mainly to the low silica content

as shown in Figure 12.

c) Grinding. After melting, the experimental
fluxes were crushed in laboratory ball mills, and the fluxes
were sized using a set of screen and reground until all the
material passed a 28 mesh screen. This material was col-
lected to be used as the welding flux. In order to de-
termine the pafticle size distribution of these fluxes, a
500 gm. (1.1 1b) sample was passed thru screens of sizes,

35, 48, 65, 100, and 150 mesh., The weight percent retained
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in each screen was calculated as shown in Table III. In
relation to this table, it can be observed that the grinding
process yielded a significant amount of fines. Therefore,
due to the difficulty in producing these fused fluxes in the
laboratory, no attempt was made to discard material finer

than 100 mesh.

d) Baking. Once the flux was sized, it was baked
for 2 hours at 750°C in order to burn any free carbon
contamination from the carbon electrodes, and to remove any
moisture., As illustrated in Table IV, analysis of carbon
content performed on the fused fluxes before and after
baking shows that the removal of carbon was not complete.
These results indicate that carbon was not only present as
free graphite particles, but also as thermally stable

carbides (CaC

X sic, Mh703) formed during the melting

process.

2) Commercial Flux.

To compare the results of the experimental fluxes
with a commercial flux Hobart H-700 was used. This flux is
recommended by‘the manufacturer for multi-pass welding of
mild steel. A chemical analysis was conducted to determine

the wt% content of SiOz, MhO; and Ca0 of the commercial
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Commercial Flux

Amount retained grams wt %
(1,000 gm sample)

20 mesh : 99.3 10
28 mesh 257.36 25,7
48 mesh Lo6.2 Lo,6
65 mesh 178.6 17.8
100 mesh 33.4 3.3
-100 mesh 18.33 1.8

Experimental Fluxes

Amount retained grams wt %
(500 gm sample)

35 mesh 123.8 25.23

48 mesh 99.7 20.4

€5 mesh 65.0 13.3
100 mesh 64.9 13.28
150 mesh hs,9 9.39
-150 mesh 89.4 18.29

Table ITI - Particle size dis*ribution of com-
mercial and experimental fluxes.



T-1794

Experimental fluxes
Lwt. % C content
Before After
baking baking
Flux A 0,081 -
Flux B 0.043 0.088
Flux C 0.069 -

58.

Table IV - Carbon content of experimental fluxes.
After baking chemical analysis was only
performed for flux B,



flux, as shown in Table V. In relation to this, as can be
observed from Table I, a typical Submerged-Arc flux has a
complex composition. Therefore, although a complete chemical
composition information is valuable, such an analysis is

beyond the scope of this thesis.

The particle size distribution of the commercial flux is
also shown iﬁ Table III. The coarser particle size of the
commercial flux is due to the fact that it is an agglomerated

type flux.

3) Chemical composition of Base Metals.

Two steel grades were used in the welding program:
ASTM, A-36, and AISI/SAE 1018. Their specified composition
is shown in Table VI, These two steels Were selected be-
cause based on their specified composition they would have
different content of C and Mn. These differences in C and
Mn content would make it possible to study the effect of dif-
ferent levels of these elements on the weld metal mechanical
properties. In relation to this, a later check analysis
performed on both steels, and also shown in Table VI, in-

dicated that only the Mn content differed for the two steels.
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Commercial flux

Sio MnO Ca0l c

wt. % 11.6 15.1 2.6 0.06

Table V - Partial chemical analysis of the commefcial
flux. (Hobart H-700)
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4) Chemical composition of Welding Wire.

In order to have a reliable way to study the
influence of the flux composition on the weld composition,
the welding wire must be non-alloyed or low alloyed. For
this reason the low manganese Page AS 10 1/8 in. diameter
welding wire was chosen. This wire conforms to the AWS

A 5.17-69 EL-12 specificétions as shown in Table VI.

III- ¢ WELDING PROCESS

1) Welding Program.

Welding programs were established for three dif-
ferent heat inputs. This was done for the purpose of study-
ing the effect of heat input on Hardness, Strength, and

Toughness of the weld metal as a function of:

- The alloy content of the weld metal.
- The grain size of the weld metal.

- Effect of cooling rate on weld metal.

The welding parameters employed for all of the weldments

used in this research are summarized in Table VII.



T-1794 63.
No. of Voltage Amperage | Travel Heat
speed input

passes (ipm) | (kj1/in)
Hobart 3 29 360 7 90
Tlux 8 32 470 25 36
HB 700 14 26 400 35 18
EXp. 3 29 360 7 90
Flux 8 32 470 25 36
A 14 26 400 35 18
Exp, 3 29 360 7 90
Flux 8 32 470 25 36
B 14 26 400 35 18
Exp. 3 29 .360 7 90
Flux 8 32 470 25 36
¢ 14 26 400 35 18

Table VII - Programmed welding parameters for A-36 and 1018

base metals.

The actual readings obtained are

shown in the appendix, Tables I to VIII,.
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2) Preparation of Plate.

a) ASTM A-36 Steel. Hot rolled plates 6x15x3/4 in.

were prepared for welding with 750 angle groove parallel to
the rolling direction. Prior to welding, all plates were

" hand ground at the surface adjacent to the groove to remove
any oxide scale from areas close to it. Alcohol was used to

clean the sides of the grooves.

b) AISI/SAE 1018 Steel. This steel was received

in the form of cold rolled plate, therefore, slightly smal-
ler plates 6x12x3/4 in. were annealed for one hour at 1600°F
to remove any residual stress prior to welding. The groove

location and geometry was the same as for ASTM A-36 Steel.

Each plate was rigidly clamped to the welding table before
welding in order to secure a fully restrained welding con-
dition. In the case of the smaller 1018 plate, two 2% in.
pieces of A-36 Steel, grboved to the same dimensions, were
clamped at each end of the 1018 plate. In this way, the
start and end of the arc would be located in the A-36 Steel
providing more 1018 Steel for sample preparation, as shown

in Figure 13.
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A-36 steel

1018 steel

discard

Figure 13 - Typical configuration used for welding 1018 steel.
The same configuration was used for A-36 steel,
but in this case it was a solid plate without the
end pieces.

ARTHUR LAKES LIBRARY.
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GOLDEN, COLORADQO 8040¥
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3) Welding Method.

The Submerged-Arc welding was performed with a
Hobart constant voltage rectifier welder model RC 750,
coupled to an automatic travel mechanism and wire feed,
Hobart model 1044, All welding was conducted under direct

current-reverse polarity.

The interpass temperatures, as recommended by the Wélding
Research Council (1971), were maintained at 200°F for the
A-36 Steel and room temperature for the 1018 Steel. To
monitor these temperatures, the interpass temperature was
measured with a Tempilstick. The weld metal was deposited
following the pattern shown in Figure 14, After final
welding, the plates were allowed to cool to room temperature

under full restraint.

4) Machining of Specimens.

a) Tensile Test Samples. The selection of the

750 angle groove was adequate 1in order to obtain standard
small size test samples, (according to ASTM specification

A 370-68), as these.test samples were practically 100% weld
metal in their reduced sections. Six base metal samples for

each steel grade were machined perpendicular to the rolling
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\/-N’ 3 passes
J—— @

. N T

8 passes

-~ <

14 passes

—

Figure 14 - Pattern followed to deposit weld metal for
3, 8, and 14 passes.
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direction, and four samples were machined transverse to the

weld metal for each welded plate as shown in Figure 15.

b) Charpy V-Notch Samples. Charpy V-notch

specimens were machined under ASTM specification A 370-68.
Samples from base metal were machined perpendicular to the
rolling direction with the notch oriented perpendicular to
the plate surface. Weld metal Charpy samples were cut
transverse to the welding direction with the notch located
at the center of the weld metal having the same orientation
as in the base metal. Figure 15 illustrates the location

and notch orientation of charpy weld metal samples.

c) Metallographic, Hardness, and Chemical

Analysis Specimens. An adequate amount of

material was collected from all welded plates for hardness
measurements, optical microscopy observations, and chemical
analysis. This material was cut transverse to the weld

deposit.

IIT- D MECHANICAL TESTS

1) Hardness Test.

Two Rockwell B hardness profiles were obtained
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@ Total length = 2.16 in,
b Diameter of reduced section = 0,16 in.

< Length of reduced section = 0.6 in.

A--- v’

Figure 15 - End view of welding plate showing the location
and specifications of the tensile and Charpy
V-notch specimens.
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from cross sections of each welded plate. Hardness profiles
were obtained at depths of 1/8 and 5/16 in. from the top
surface. Hardness data was also obtained from the two base

metals.,

2) Impact Test.

A Tinius Olseﬁ Universal impact tester built to
ASTM Designation E-23 was used for testing the Charpy V-notch

specimens. This machine has a capacity of 264 ft/1b.

According to the American Welding Soclety designation A
5.1769, Charpy specimens were tested at room temperature
(75°F) -20°F, -40°F, -60°F. The testing temperatures were
obtained by immersing the specimens into a bath of acetone
and liquid nitrogen. A dial thermometer was used to monitor
the temperature which was maintained at a tolerance of

¥ 0.5°C for all tests. The Charpy samples were maintained
at the testing temperatures for at least 10 minutes. A
centering device was used for placing the specimens into the

test machine, and the specimens were broken within five

seconds from bath extraction.

In order to obtain an average reading, at least two samples

were broken at each testing temperature.
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3) Tensile Test.

The testing machine used for all tensile tests
was an Instron model TTD with a capacity of 20,000 1lbs.
Samples from each welded plafe were tested at room
temperature and at -40°F, The fensile tests were run with
a constant cross head speed of 0.02 in./min. and graphs of

load versus deformation were obtained from each test.



T-1794 72.

CHAPTER IV

RESULTS AND DISCUSSION

IV- A INTRODUCTION

In this chapter, the experimental results will be
presented and analyzed. In the first part, the performance
of the commercial and experimental fluxes will be discussed.
In the second part, the effect of flux composition and
welding parameters on the properties of weld metal will be
analyzed by considering the results of hardness tests, metal

lography, chemical analysis, tensile, and impact tests.

IV- B PERFORMANCE OF WEIDING FLUXES.

On an economical basis, the flux consumption rate is
important as it will affect the cost of any industrial Sub-

merged-Arc welding process.

To analyze the consumption characteristics of the various
fluxes, the ratio of consumed flux per kilogram of melted
electrode was calculated. Clearly, the larger this ratio,

the less economical the flux.
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In relation to this, a flat metal surface and constant
welding parameters for all fluxes were used to calculate the
consumption rate. The average flux consumption rate for the

experimental fluxes yielded the following relationship:

wt. of consumed exp. flux _ 0.743 Kg. (12)
1 Kg. of melted electrode 1 Kg.

In contrast, the same weldinhg parameters yielded the fol-

lowing relationship for the commercial flux:

wt. of consumed com. flux _ 0.661 Kg. (13)
1 Kg. of melted electrode ~ 1 Kg.

Based on relationships (12) and (13), it can be concluded

that the rate of consumption of the experimental fluxes is
11% higher than for the commercial. This is expected since
the heat transfer will be more efficient through the finer

experimental fluxes.
Another important factor of importance with respect to flux
performance is the detachability of the flux-slag from the

bead.

During welding, it is essential that all of the slag layer
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be removed, as any slag remaining will be trapped as ad-
ditional beads are laid. Thus, each of the three experi-
mental fluxes and the commercial flux were classified with
respect to their ease of removal. This classification was
based on a qualitative visual observation throughout the
welding process. As a consequence, the commercial and

experimental fluxes were classified as follows:

Best Satisfactory Unsatisfactory (14)
detachability detachability detachability
Flux A Flux B Flux C
Commercial

This behavior agrees with relation (4) mentioned earlier.

In particular, relation (4) shows that Cad and 8102 are the
two oxides that most effectively decrease the coefficient of
thermal expansion of the slag, makiﬁg slag removal more dif-
ficult. The above relation (14) shows that experimental
flux C has the worst detachabilify. This poor detachability
of flux C slag reflects the fact that it contains the

highest combined percentages of both Ca0 and SiOz.

For this reason, in the welding program with 1018 base
metal, flux C was used only with 8 passes, and the only data

eXtracted from this plate was chemical analysis.
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IV- C PROPERTIES OF WELD METAL

The effect of the flux composition and heat input on
the mechanical properties of the weld metal will be dis-
cussed in this section. This discussion will be based on
results of tests such as hardness, metallography, chemical
analysis, tensile, and impact tests. For each test, the
results obtained from the base metals will be presented
first. The discussion of results obtained from weld metal
will follow in order to compare with those of the base

metals.,

1) Hardness Tests.

With respect to the base metals, hardness measure-
ments are illustrated in Table VIII. These hardness values
were obtained from sections perpendicular to the rolling |
direction. It can be observed in Table VIII that the lower
hardness values obtained for the annealed 1018 base metal

reflects the effect of the heat treatment.

Concerning the weld metal hardness measurements, as
mentioned earlier in the chapter related to materials and

experimental procedure, two hardness profiles were taken at
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A-36 As 67 Rb
Base . received

metal JHot rolled

1018 As

Base received

metal |cold rolled] 88 Rb
1018 annealed |63 Rb
Base

metal

Table VIITI -

Hardness values for A-36 and 1018

base metals.

6.
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two depths for each welded plate. Since there was no sig-
nificant difference between the values obtained in both
profiles, only the values from the upper profile at a depth
of 1/8 in. were used to construct the following graphs. In
Figures 16 to 22, hardness profiles for each welded plate
are shown. From these Figures it ié observed that the weld-
ments are significantly harder than the base metal. This

hardness difference is mainly due to the following factors:

- The flux and welding wire compositions provide a
higher alloy content for the weld metal.

- The higher cooling rate of the weld metal as com-
pared to that of the base metal produced a harder

structure in the weld metal.

Figures 16 through 22 also show that in general the hardness
of the weld metal increases as the cooling rate increases.
The cooling rate is a function of the No. of passes, i.e.,
with more passes the heat input is lower and thus, the

cooling rate is higher.

However, it must be pointed out that hardness profiles ob-
tained using commercial flux do not show a large difference

between the three different welding procedures. This high
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Figure 16 - A comparison of the hardness profiles as a function
of heat input for A-36 steel using commercial flux.
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Figure 19 - A comparison of the hardness profiles as a function
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hardness for all three heat inputs may be related to
increased hardenability induced by alloying elements intro-

duced through the commercial flux composition.

2) Metallography

In relation to the base metals, the microstructure
of the as received hot rolled A-36 is shown in Figure 23a.
This photomicrograph ‘reveals that the structure is composed
of 70 to 80% equiaxed ferrite grains with remainder pearlite.
The ferrite grain size varied between ASTM No. 6 and No. 7.
This microstructure is typical for steels with approximately

0.20% carbon content.

Figure 23b shows the microstructure for as received cold
rolled 1018 sfeel. As in the case bf A-36 steel, the
microstructure of 1018 steel ‘is composed of the same percent
ages of ferrite and pearlite. The ferrite grain size is

slightly smaller than that of A-36 steel.

With respect to 1018 basevmetal, it was mentioned previously
that the steel was annealed and slowly furnace cooled in
order to eliminate any residual stresses left by the cold

rolling. In relation to this, Figure 23c shows the annealed
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structure of the 1018 steel. The banding observed in this
photomicrograph is believed to be due to the non-uniform
distribution of the manganese content of the steel. An
éxplanation for this phenomena has been given by Brick and
Phillips (1949). Upon freezing of the steel, manganese
dendritically segregates by a coring mechanism on cooling
through the liquidus-solidus interval, just as does carbon.
However,.carbon microsegregation is readily eliminated be-
cause of the high diffusion rate of interstitial carbon, but
manganese forms a substitutional solid solution in austenite
and diffuses relativeiy slowly. At this point the original
dendrites formed will have their centers nearly free of Mn,
whereas the interdendritic spacings will attain a high
concentration of Mn. It is assumed that the anneal has not
caused any substantial homogenization with respect to Mn.
Then on cooling from just above the A3 line, ferrite first
starts to form, not at the new annealed austenitic
boundaries, but at those places where there is low Mn
content. Ferrite continues to grow in low-Mn areas, dis-
placing carbon into the Mn-rich interdendritic austenite.
Thus, the final structure may show dendritic ferrite and
interdendritic pearlite regardless of austenite grain

boundaries.
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However, it is important to point out that this final banded
structure has no effect on the properties of weld metal.
This is expected as the welding process will remelt and

eliminate the any possible effect represented by the bands.

With respect to the weld metal metallographic observation,
it is important to first consider the general structure of
the joint. In relation to this, the macrograph presented
in Figure 24 illustrates the typical configuration of the
weld mefél and H.A.Z. for the three heat inputs. From this

Figure the following observations are mades

- The size of the H.A.Z. decreases as the heat input

decreases from 3 to 14 passes.

- In the case of 8 and 14 passes weldments the re-

fined grain zones are clearly visible.

- In all three weldments the elongated grain
structure of each bead is oriented towards the
center of the bead, i.e., parallel to the heat flow

as solidification takes place.

It should be mentioned that during the visual inspection of
all the welded Jjoints, no defects such as undercutting or

cracks were detected.
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Concerning the microstructure of the weld metal in par-

ticular, it was observed that the typical microstructure

consisted of a mixture of ferrite grains, Widmanstatten

plates, and possibly some bainite not clearly resolved by

the 1light microscope.

For proeutectoid ferrite steels the final structure of the

weld forms in several stages as follows:

a)

b)

c)

d)

As the weld metal solidifies, elongated austenite
grains are formed with their larger axis parallel

to the direction of heat flow.

When the ¥+« transformation temperature is
reached, ferrite begins to nucleate at austenite
grain boundaries. As this transformation proceeds,
the carbon at the austenite grain boundaries dif-

fuses into the austenite grain.

At lower temperatures the growth rate of the
ferrite particles is only partially controlled by
diffusion. Therefore, ferrite continues to form
in a wWidmanstatten pattern into the remaining

austenite grain.

Finally the remaining austenite decomposes to

bainite.
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The effect that the former elongated austenite grains had on
the final structure is observed in the form of a columnar
structure. This columnar structure can be observed in all
the photomicrographs presented -and it is defined by bands of
ferrite grains (light areas) and widmanstatten plates (dark

areas). -

Since the structure described above was typical throughout
the metallographic observation of all weld metal micro-
structures, only a selected group of photomicrographs

showing important characteristics will be presented.

The microstructure appearance of the weld metal using com-
mercial flux and A-36 base metal is shown in Figure 25.
From this Figure it can be seen that the microstructure be-
comes finer as the heat input decreases. Also in the three
microstructures illustrated in Figure 25 the former

austenitic grain size is evident.

Typical refined grain zones for the three heat inputs using
commercial flux and A-36 base metal are shown in Figure 26.
Here again, it can be observed that the refined grain size is
coarsest for the higher heat input (3 passes) and finest for

the lowest heat input (14 passes). These grain-refined
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regions form where the previous deposited weld metal was
completely transformed to austenite due to the heat provided
by a succesive weld bead. This transformation occurs at a
low‘temperéfure and the time aﬁ this temperature is too
short to permit significaht grain growth. High degree of
grain refinement always is favorable for high-notch impact

values of weld metal, particularly at low temperatures.

With respect to the mierostructure obtained using the
experimental fluxes, Figure 27 shows the photomicrographs

of weld metals for the three heat inputs using flux A and
A-36 base metal. It is important to observe in Figure 27
(particularly Figure 27a) the large amount of non-metallic
inclusions (black spots). The appearance of these inclusions
agrees with the results of the study by Podgaetskii, Langer,
Malevskii, and Manshelei (1958). This study mentioned
earlier in the literature survey chapter concludes that the
higher the viscosity of the flux, . the higher the amount of
non-metallic inclusions. In the case of the three experi-
mental fluxes, flux A has the lowest basicity and
consequently the highest viscosity, which contributes to the

entrappment of inclusions in the weld metal.

Figure 28 illustrates the photomicrographs of refined grain
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zones for the three heat inputs using flux A and A-36 base
metal. Here again, non-metallic inclusions can be seen in

the three photomicrographs.:

The weld metal, and refined grain zones for the three heat
inputs using flux B and 1018 base metal are shown in Figures
29 and 30 respectively. From these Figures, it is
interesting to observe the lower amount and smaller size of
the non-metallic inclusions as compared to those appearing
in the microstructures using flux A shown in Figures 27 and
28. 1In relation to this, the lower amount of non-metallic
inclusions observed in the weld metal and refined grain
zones obtained with flux B is due to the fact that flux B
has the highest basicity and consequently the lowest
viscosity. The lower viscosity of this flux aids in the

removal of non-metallic inclusions from the weld metal.

3) Chemical analysis of Weld Metal.

The chemical compdsitions of the weld metals are
shown in Tables IX and X. Chemical analysis was performed
on all samples except for the 14 passes welding procedure

with fluxes A and B using 1018 base metal.
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a) Comparison between aim weld metal composition and

actual. As it was mentioned previously in the
chapter concerning materials and experimental procedure, the
compositions of the three experimental fluxes were conceived
"having as a goal definite-changes in the weld metal compo-
sition. The first important conclusion that can be made
from the chemical analysis results in Tables IX and X 1is
that the three experimental fluxes achieved the desired

changes or trends in weld metal composition.

From the results in Tables IX and X it is observed that flux
B provided a higher Mn content but lower Si content than
flux A, as it was predicted. In the same way, the results
in Tables IX and X show that flux C provided lower Mn
content and the same Si content than flux B, as it was also

predicted.

b) Mn content of Weld Metal. Another interesting

result obtained from the chemical analysis shown in Tables
IX and X is related to equation (7) previously mentioned on
the slag metal reaction section (page 27). Equation (7)
indicates that one method of suppressing the reduction of Mn
and Si from their oxides during slag-metal reactions is by

increasing the initial concentration of these elements in
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the deposited metal. In relation to this, the initial
concentration of Mn on the base metals can be considered as
the initial .concentration of Mn on the weld metal. As it
can be seen in Tables IX and X,vthere is a difference in Mn
content for both base metals, in particular, 0.52% Mn for
A-36 steel and 0.83% Mn for the 1018 steel. The highéf Mn
content of the 1018 steelvsuppresgéd the reduction of Mn from
its oxide present in the flux, i.e., the reaction repre-
sented by equation (5) (page 25) for Mn reduction reached
equilibrium faster on the 1018 weld metal than on A-36 weld
metai. Comparison of Mn content in weld metals for both
base metals using the same heat input and flux, shows that
their Mn content is essentially the same, This equal Mn
content was reached through different reduction rates in

order to attain the same equilibrium Mn concentration.

c) Dependence of weld metal oxygen content on the

chemical activity of the flux. For the case of

Mn-Silicate fluxes it was mentioned in the literature survey
that the oxygen content of the weld metal increases as the
chemical activity of the flu¥ increases. This dependence is
shown in Figure 31. These results agree with the study
conducted by Potapov (1974), which was mentioned in the

slag-metal reaction section of chapter ITI. The values for
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chemical activity of the fluxes were calculated using

equations (8) and (12), (pages 27 and 30 respectively).

The weld metal oxygen content data on Figure 31 is from the
1018 steel welding program, as shown in Table X. Oxygen
data from Table IX for A-36 steel did not show an increase
with chemical activity of the flux. This difference in
oxygen data suggests that slag inclusions were present in

the weld metal.

In connection with the oxygen content of the weld metal, it
is important to observe that the average value obtained from
the several readings in Tables‘IX and X is high. This
oxygen content (0.12%) is significantly higher than the
limit established (0.001-0.002%), in order to obtain high
notch-toughness. It can also be seen from Tables IX and X
that this high oxygen content of the weld metal was also

found using the commercial flux.

This high oxygen content on the weld metal is related to the

reduction of MnO and 8102 produced during the slag-metal

.

reactions.
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d) Dependence of Mn and Si reduction on the heat

input. Figures 32 and 33 for the A-36 welding
program show how the Si and Mn contents of the deposited
metal change according to the heat inﬁut. In this case, the
heat input is only dependent on the welding travel speed as
the voltage and current are maintained constant. As it is
illustrated in these Figures, the Mn and Si content of the
weld metal decreases as the travel speed increases. The
explanation for this is that as the travel speed increases
and the heat input decreases, the relative amounts of molten
flux and metal are reduced; therefore, decreasing the re-

duction process of Mn and Si from their oxides.

e) Effect of Mn/Si ratio on the weld metal ferrite

grain shape. The microstructures for 3 passes

using fluxes A and B are shown in Figure 34. From this
Figure, photomicrograph 34a for flux A shows a clearly de-
fined equiaxed ferrite structure. 1In contrast, photpé
micrograph 34b for flux B shows a more acicular ferrite
structure. The possible explanation for this difference in
the ferrite shape can be found in the study by Smith,
Coldren, and Cryderman (1971). This study showed that
higher silicon levels contribute in the formation of greater

amounts of coarse equiaxed ferrite. On the other hand, a
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A-36 base metal
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Figure 32 - Variation of the manganese concentration in
deposited metal plotted against the welding
travel speed.
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ce===PFlux A



T-1794 108.

A-36 base metal
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Figure 33 - Variation of the silicon concentration in

deposited metal plotted against the welding

travel speed.
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high manganese content inhibits transformation to equiaxed
ferrite. 1In relation to this, the weld metal represented by
microstructure 34a has a manganese to silicon ratio of
Mn/Si= 1.48. In the case of the weld metal represented by

microstructure 34b this ratio is Mn/Si= 4.9.
An acicular structure is preferred for better notch-toughness
properties, although in this thesis no difference on.impact

properties were observed due to changes in microstructure.

f) Weld metal content of carbon and other elements.

As shown in Tables IX and X, the carbon contents of the weld
metals are essentially the same regardless of the number of
passes. An explanation for this is that the carbon content
of the welding wire and the residual barbon in the fluxes
aid in maintaining the same level of carbon for all weld-
ments. Since this carbon content did not vary appreciably,
it was not possible to establish any influence of this
carbon content on the mechanical properties of the weld
metals.

The sulfur contents of all weld metéis are again essentially
the same as the initial content of the base metals. This

sulfur concentration is under the limits (0.04%) normally
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specified.

The increase in copper content in the weld metals as com-
pared to that of the base metals is due to the copper coating
of the welding wire. It can be seen in Tables IX and X that
this copper content was practically constant for all the

weld metals. This again makes it difficult to establish any
influence of copper on the mechanical properties of the weld

mepals.

L) Tensile Tests.

In order to observe changes in strength and
ductility, the tensile tests were conducted at room
temperature (75°F) and -40°F. During these experiments a
total of 65 tensile specimens were tested. In relation to
this, first a comparison will be made for the results ob-

tained for the two base metals.

As shown in Table XI, for room temperature both base metals
yielded practically the same values for yield and tensile
strength. In contrast, at -40°F théée values were lower for
the 1018 steel, specially the yield strength which was 35.6

Ksi for the 1018 steel, and 38.3 Ksi for the A-36 steel.
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A-36 base metal

Material | Testing Y.S. U.T.S. % R.A. % Elong.

temp. O Ksi Ksi
A-36 + 75 31.6 59.7 52.5 22.7
B.M. - 4o 38.3 64.9 50,3 22,2
g omn. + 75 49.6 69. 5 63.4 | 15.8
3 passes | - 40 62.4 85.0 66.2 | 18.7
Comm. + 75 61.4 75,1 7.2 17.5
flux
8 passes - 4o 65.4 83.3 69.7 21.0
C omm. + 75 69.1 80.2 60,4 31.2
flux
14 passes| - 40 72.5 87.8 64.0 15.9
Flux A + 75 38.5 60.7 56.5 22.13
3 passes | _ g 42.9 67.1" 55,2 20.2
Flux A + 75 sl L 70.0 Lg,h 13,2
|8 passes | _ 44 60.9 | 87.8 55,2 12.8
Flux A + 75 6L4.5 772 . 55,5 15,7
14 passes| _ _ _ - -
Flux B + 75 50,1 20,4 59,6 22.0
|3 passes | _ 4o 49,5 ol 1 48, 3 19.5
Flux B + 75 61.5 26 U 67 .4 16.2
8 passes | _ 60.6 78,5 23.4 11.8
Flux B + 75 66,2 81.8 59,7 14,0
L% passes| _ i 66. 5 83.0 | 38.0 | 13.6
Flux C + 75 41,9 65.1 63.7 18.7
3 passes | _ g b, 6 68.6 57.5 19.5
Flux C + 75 53.2 0.5 67.9 14,7
8 passes | _ 55,7 5.8 54,0 16.5

N

Table XI - Tensile properties of base and weld metals.

(continues on next page).
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1018 base metal

Material Testingo Y.S. U.T.S. % R.A. % Elong.
temp. F Ksi Ksi
1018 + 75 32.6 60.7 61.2 21.5

B.M. - 40 35.6 63.9 58.1 244
Comm. + 75 52.6 74.5 64.0 22.7
flux -

3 passes| - 40 51.5 80.6 58.3 19.2
Comm. + 75 . 66,0 772 71.7 18.8
flux

8 passes| ~ Lo 67.5 87.0 69.8 18.Q
Comm. + 75 66.6 79.8 73.4 15.0
Flux

14 passes| - 40 72.2 85.8 68.8 14,7
Flux A + 75 43,0 65.2 52.7 17.1
3 passes| - 40 38.0 62.6 60.1 20.1
Flux A + 75 52.2 66.9 £9.9 15.5
8 passes| _ 4, 60.0 | 77.0 56,2 13,8
Flux A + 75 58,1 71.2 63,2 15,0
14 passes| - 40. 67.2 81.0 55.1 14,1
Flux B + 75 42.0 65.0 61.7 19.0
3 passes| _ 47,7 72.5 53.9 17.8
Flux B + 75 59.1 77.5 64,7 14,5
8 passes| - 40 60.0 82.4 59.8 13.6
Flux B + 75 60.9 80.1 L8.6 12.8
14 passes[ _ 4 72.2 85.8 47,1 11.4

PTable XI (continued) - Tensile properties of base and weld

metals.
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These lower strength values can be associated with the
slightly higher ductility of 1018 steel reflected by its
highervpercent reduction of area and percent elongation.
This higher ductility of 1018 steel will also be observed
later in this chapter on the higher impact properties as
compared to A-36 steel. The factors that contribute to the
higher ductility of 1018 steel are its smaller grain size

structure and higher Mn content.

With respect to the weld metals strength properties, these
are also summarized in Table XI. In relation to this, two
mayor factors which affect the tensile properties of weld
metal are grain sigze, which is a function of heat input, and

chemical composition.

For the tensile tests performed at room temperature, Figures
35 and 36 illustrate the effect of heat input on U.T.S.. As
it can be seen from these Figures, the U.T.S. decreases as
the heat input increases. This reduction of U.T.S. is ex-
pected because at higher heat inputs the cooling rate of

the weld metal will be slower and as a consequence a coarse
structure will form., A coarse grain structure means that

there will be less barriers (grain boundaries where im-

purities accumulate) for dislocation movement. Therefore,
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Figure 35 - Effect of heat input on the U.T.S. of weld
metal (A-36 base metal).












































































































