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ABSTRACT

A flux coating formulation sequence was used to study the effects of 

changing the nature of a welding flux from rutile to basic. The initial basicity of 

the flux was 0.21 and this was adjusted to a final basicity of 0.92. The objective of 

these changes was the formulation of a SMA welding consumable for HSLA-100 

plate steel that was characterized by excellent weldability found in a rutile 

electrode balanced with the superior weld metal properties deposited by a basic 

electrode.

Nine separate series of electrodes were investigated, each with a one for 

one substitution of components in the flux. The electrode that produced the best 

results from a given series was used as the basis for the formulation of the next 

series. It was found that as the flux covering became more basic, the nature of 

the slag changed and the weld metal mechanical properties increased.

A welding electrode was formulated that exhibited a yield strength of 

approximately 800 MPa (120 ksi), and exhibited adequate toughness, the weld 

metal still being ductile at -60 ° C, determined by quarter size Charpy impact 

testing. The microstructure of this weld deposit was characterized by 60 pet. 

acicular ferrite and 30 pet. martensite. The weld metal titanium content was 150 

ppm and the weld metal manganese content was 1.0 wt. pet. The weld metal
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oxygen for this electrode was 400 ppm.

The synergistic effects of weld metal oxygen and weld metal alloy content 

were characterized to establish near equilibrium trends in the deoxidation 

reactions occurring in the weld metal. These trends can now be used to modify 

the weld metal chemistry as further development of these electrodes continues.
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1.0 INTRODUCTION

1.1 Welding of HSLA-100 Steel

The welding of High Strength Low Alloy Steels (HSLA) has gained 

significant importance during the past twenty years as structural requirements 

demand steels with higher strength to reduce section size and weight. The welding 

of HSLA-100 steel for naval applications is the primary concern in this research. 

These new steels apply our understanding of the evolution of steel microstructure 

to achieve optimum properties. A combination of eutectoidal decomposition and 

enhancement due to microalloying addition has broadened our ability to obtain 

the desired properties. This thesis addresses consumable development, in 

particular a welding consumable for use with the shielded metal arc (SMA) 

welding process, in joining HSLA-100 plate steel. The challenge of welding HSLA 

steels lies in controlling the weld metal microstructure as well as developing a 

consumable that performs adequately in all positions. Also important is the 

reduction and/or elimination of pre- and post-weld heat treatment to reduce 

production costs due to the extra time and energy required for these procedures.
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1.1.1 Phase Transformations and Microstructure

2

The cooling rate and chemical composition of the weld metal will ultimately 

define the weld metal microstructure. In understanding phase transformations in 

the weld metal it is essential to know the weld metal oxygen content. Oxygen has 

a very low solubility in iron, suggesting that the oxygen found in the weld metal 

occurs as inclusions, which will have a variety of sizes and compositions. These 

inclusions form during a series of different deoxidation steps in the liquid pool 

with the final inclusions forming interdendritically during solidification (1,2,3). It is 

these inclusions that effect the formation of weld metal ferrite. Figure 1.1 and 

Figure 1.2 illustrate variations in weld metal phase transformations with the 

variation of weld metal oxygen content and weld metal alloy content respectively. 

These two figures are discussed below.

Figure 1.1 depicts the influence of oxygen on the predicted CCT diagrams 

(4). These researchers have defined three regimes of oxygen contents and defined 

the predominant microstructures expected.

1.) High oxygen levels are classified as being greater than 600 ppm. The high 

number of inclusions expected in this weld metal will lead to grain 

boundary pinning of the prior austenite grains, which will correlate to 

smaller austenite grains and subsequently a larger volume of grain 

boundary. The predominate phase will be Widmanstatten (sideplate)
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ferrite.

2.) For oxygen levels between 300 and 600 ppm, the number of inclusions in 

prior austenite grains becomes advantageous for the nucléation of 

intragranular phases. It is this regime that acicular ferrite is predominate. 

Also, it is suggested that the start temperature for the nucléation of 

primary ferrite is suppressed at these levels of oxygen.

3.) Below 300 ppm of oxygen, the effect of inclusions on the transformation of 

austenite is reduced and the microstructure consists of colonies of ferrite in 

the form of bainite.

Figure 1.2 illustrates the effect that different alloying elements and prior 

austenite grain size will have on the phase regions in the CCT diagrams (5).

Figure 1.2a illustrates the effect of different welding conditions on the path 

followed in the cooling of the weld metal. A slower cooling rate will extend the 

cooling curve to longer times and the weld metal is expected to undergo different 

transformations. Also, the reduction of the thickness of the plate being joined will 

decrease the cooling rate by the accumulation of heat in the work piece, leading 

to the cooling curve being extended to longer times. In Figure 1.2b, effects of 

different alloying elements and also the prior austenite grain size on weld metal 

phase fields is illustrated. This figure shows that carbon, manganese, nickel, 

chromium, and molybdenum displaces the bainite, ferrite and pearlite noses to
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Figure 1.2 Illustration of the effects of several variables on the predicted

CCT diagrams for weld metals, a) An increase in heat input or a 

decrease in the thickness of the work piece will move the curve to 

longer times, b) Effect of specific alloying additions and prior 

austenite grain size on the phase fields within the diagram (5).
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longer times.

After solidification, the weld metal passes through the austenite regime of 

the iron-carbon system. Further cooling of the weld metal leads to transformation 

of the austenite to the following components: grain boundary ferrite, 

Widmanstatten (sideplate) ferrite, acicular ferrite, ferrite with aligned carbides 

(bainite), and martensite. Other components may also form, but the 

aforementioned phases are considered predominant. Lesser phases are associated 

with the carbon rich regions of the ferrites, and are pearlite, degenerate pearlite, 

carbides, or martensite-austenite (M-A) constituent (6). The amount of each 

constituent that will be present will depend on several processing parameters. 

Welding heat input will affect the cooling rate of the weld metal and subsequently 

the amount of time that the cooling curve resides within each region of the CCT 

diagram. The geometry of the weld joint as well as the base metal can also have 

a significant effect on the cooling rate of the weld metal (7).

The size of the prior austenite grains is affected by the cooling rate.

Cooling curves that go to longer times will result in grain growth and larger prior 

austenite grains. This effect is desirable if the reduction of grain boundary and 

side plate ferrite is to be reduced, but the deleterious effects of large grains 

(increase in brittleness and loss of ductility) make other forms of increasing 

strength in the weld metal more favorable.

The surface area-to-volume ratio of the prior austenite grains will vary as
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the cross-sectional size of the grain varies. For large austenite grains, the amount 

of grain boundary available for nucléation and growth of pro-eutectoid ferrite is 

reduced. The formation of ferrite at the grain boundaries is a two-step process:

1.) nucléation at the prior austenite grain boundaries covers the boundaries 

with a thin film of allotriomorphic ferrite, and,

2.) diffusional growth perpendicular to the grain boundaries into the grain.

The prior austenite grain size was correlated to oxygen by several researchers 

(5,8,9,10). A large austenite grain size was associated with a decrease in the 

amount of primary ferrite in the weld metal. Also, the prior austenite grain size 

increased as the oxygen content of the weldment decreased. The formation of 

fewer inclusions would leave fewer pinning sites that would restrict the austenite 

grain growth.

As the weld metal cools below the Ac3 temperature, the first phase to form 

is grain boundary or Widmanstatten (sideplate) ferrite (11). The grain boundary 

corners are the most favorable sites for nucléation because the high energy 

associated with these boundaries promotes nucléation of ferrite. Growth of the 

ferrite is characterized by parabolic motion into the austenite behind a planar 

incoherent front (12,13). At high cooling rates, the carbon concentration profile is 

very steep, and as undercooling increases, the ferrite begins to grow bilaterally 

from the boundaries as plates, also called Widmanstatten ferrite (9).
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At faster cooling rates, lower temperature phases become more 

predominant. It is at this time that the formation of acicular ferrite takes place. 

Acicular ferrite has received much attention in weld metals because it increases 

the strength and toughness of the weldment (14,15,16). Acicular ferrite is 

characterized as short needle-like structure with an aspect ratio of 3:1. Thin foil 

electron microscopy has shown that acicular ferrite consists of short ferrite grains 

separated by high angle boundaries (17). Small amounts of twinned martensite 

were found between the ferrite grains in acicular ferrite which leads to the belief 

that carbon is rejected ahead of the ferrite as it forms, and the high concentration 

of carbon on the final austenite to transform leads to the formation of martensite. 

The acicular ferrite will nucleate at inclusions within the prior austenite grain. 

Several studies of the effect of inclusions have been done (18,19,20,21) and a 

discussion is in the following section (Sec. 1.1.2). Acicular ferrite is seen as an 

intermediate phase between pro-eutectoid ferrite and bainite reactions.

At low temperatures, some of the remaining austenite will form into 

bainite. Bainite is considered to be a mixture of ferrite and cementite and is 

separated into two classifications, upper and lower bainite. Upper bainite forms 

at higher temperatures and has carbide formation between the ferrite lathes. 

Lower bainite is characterized by carbides forming within the lathes and is formed 

at lower temperatures than upper bainite.

Martensite is formed at low temperatures and is the result of austenite
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transformation to ferrite by shear mechanisms. For steels with a low carbon 

content, as in HSLA-100 steels, the Mg start temperature is high, and carbon can 

precipitate within the martensite lathes and form autotempered martensite. 

Twinned martensite is uncommon in low carbon steels and is found only if there 

are large inhomogeneities in the carbon content in the austenite due to the rapid 

cooling rates involved in the welding process.

Transformation temperatures for the above constituents are considered as 

follows (22):

1.) from 1000 to 650 "C the formation of primary ferrite at the prior austenite 

grain boundaries,

2.) from 750 to 650 ° C the formation of side plate ferrite also at the prior

austenite grain boundaries, and,

3.) below 650'C  the formation of acicular ferrite intragranularly,

4.) below 500 ° C the formation of bainite which has a lath-like structure.

HSLA steel weldments need to exhibit both high strength and toughness. 

The strength requirements are achieved through formation of hard phases such as 

bainite and martensite. However, toughness (the ability of the weldment to resist 

cracking) decreases as the strength is increased. The desired result is maximizing 

the toughness of a given weldment at the desired strength. For HSLA-100 steel, a 

high strength weldment is needed, and it has been found that a microstructure



T-4389 10

consisting of acicular ferrite, low carbon bainite, and low carbon martensite is 

reported as desirable in weld metals with strength requirements greater than 600 

MPa (19).

1.1.2 The Role of Oxygen and Inclusions

As welding proceeds, the flux that covers the electrode is consumed in the 

arc and transferred to the weld pool with the core rod. Melting of the base plate 

takes place and a molten weld pool is formed. The flux that is transferred to the 

weld metal will act as a slag cover for the weld bead, however, some of the oxides 

will be trapped in the weld metal during solidification in the form of inclusions (1). 

Inclusions will also form as a result of pyrochemical reactions within the weld 

pool. These oxidation reactions will occur rapidly due to the high temperatures 

and large interfacial areas available for reaction (18,23). Ultimately, the inclusion 

content of the weld metal will play a key role in the final transformation products 

in the weld metal microstructure. An understanding of the mechanisms that 

control weld metal oxygen is essential in the formulation of electrodes.

There are different theories as to the mechanism that brings oxygen to the 

weld pool (24,25,26,27). Lau et al (24) found high concentrations of oxygen at the 

weld tip and in the transferred droplet that suggested breakdown of the flux into 

oxides and suboxides at this point in the transfer. They found that large values of 

oxygen content were present at the tip and in the transferred droplet and that
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these values changed minimally with changing welding properties. Kim et al. (26) 

studied the oxygen transfer of submerged arc welding and concluded that 

electrochemical reactions occurred at the electrode tip and in the hot spot directly 

below the electrode in the weld pool. The high amount of oxygen observed in the 

weld metal droplet was due to oxidation reactions at the anodic surface of the 

molten drop. These thermochemical reactions are also responsible for the high 

levels of oxygen seen at the electrode tip. Although researchers disagree in the 

mechanism of transfer, all agree that oxygen is a key element in the final weld 

metal properties.

Acicular ferrite is the weld metal constituent that best promotes toughness 

(28,29,30). Acicular ferrite forms intragranularly at inclusions. Factors considered 

in the nucléation and growth of acicular ferrite are as follows (31):

1.) chemical composition of inclusions,

2.) size distribution of inclusions, and,

3.) crystallographic and thermal disregistry between inclusions and the matrix.

Common inclusions in the weld metal are MnO, S i02, and, A120 3. Grain 

boundary ferrite and Widmanstatten ferrite were associated with silicon bearing 

inclusions (32). Aluminum bearing inclusions were associated with the formation 

of acicular ferrite. Sulfur coating the inclusions inhibited acicular ferrite formation 

(33). TiO and galaxite (MnO A120 3) promoted the formation of acicular ferrite.
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Liu and Olson (8 ) found that inclusion size decreased as weld metal oxygen 

increased. These researchers found that high oxygen weld metals contained a 

large number of small diameter particles on the order of 0.08 jum. For low oxygen 

steels (250 to 350 ppm) the greatest number of particles was approximately 0.3 

pm. The largest amount of acicular ferrite was associated with the latter type of 

inclusion distribution. Mori et al. (34) found the largest number of particles with 

a diameter of 0.25 to 0.40 pm in low oxygen weld metals and correlated this to 

acicular ferrite formation.

Disregistry is mathematically expressed with the Turnbull equation:

Where Aa0 is the difference between the lattice parameter of the heterogeneous 

nucléation site and the nucleating solid for a low index plane, and a 0 is the lattice 

parameter for the nucleated phase. The smaller the disregistry between a 

substrate and the nucleating phase, the more effective the substrate is as a 

nucléation site. Mori et al. (34) gave the planar disregistry for several non- 

metallic compounds and the smallest disregistry was found to be associated with 

galaxite. TiN and TiO also have very little disregistry with ferrite.

In summary, a large amount of acicular ferrite optimizes the weld metal 

mechanical properties. Intragranular transformation of austenite to acicular 

ferrite is favored when large prior austenite grains exist, which occurs when the



T-4389 13

inclusion density is low and grain boundary pinning sites are limited. However, 

too low of an oxygen content, and thus a small inclusion population, will leave 

insufficient nuclei for acicular ferrite and lead to a bainitic microstructure. A weld 

metal oxygen content of 300 to 600 ppm is recommended for welds that require 

acicular ferrite formation to enhance properties.

1.1.3 Expected Weld Metal Chemical Composition

Alloy elements in the weld metal will have a significant effect on the final 

microstructural phases present by forming inclusions which serve as nucléation 

sites within the weld metal and also can be used as strengthening mechanisms in 

the form of solid solution or precipitation strengthening inclusions (28). These 

alloy additions will come to the weld metal in the form of specific additions to the 

flux or in alloying of the core rod used in welding. Dilution of the base plate will 

also add alloying elements to the weldment. Each of the individual elements will 

have an effect on the final weld metal properties, but this effect is sometimes 

difficult to determine because of the synergistic effects of other additions. Below 

is a discussion of the effect of several important alloy additions on the weld metal.

Carbon is the most important element in determining the final 

hardenability of a weld metal. However, the amount of carbon in HSLA steels is 

on the order of 0.05 to 0.10 wt. pet., and is of little significance in these metals.

Manganese stabilizes austenite to lower temperatures which leads to the
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formation of harder phases such as bainite and martensite. It is also suggested 

that manganese forms inclusions that act as nucléation sites for acicular ferrite 

(33,35), which balanced with the formation of harder phases leads to a 

microstructure that is characterized by both high strength and toughness. Evans 

reported desirable levels of manganese to be in the range of 1.0 to 1.3 wt. pet. 

Since manganese promotes toughness through the formation of inclusions, and 

subsequently nucléation of acicular ferrite, the weld metal oxygen content will 

strongly influence the power that manganese has as a toughening agent.

Therefore, the level of manganese will need to be tuned within a given flux system 

to achieve the optimal properties.

Silicon in the weld metal is a strengthening agent at low levels, but after a 

certain level (0.5 wt. pet.) is obtained, silicon is deleterious to the weld metal (22). 

Evans (35) suggested that the formation of MnS is important in the formation of 

inclusions for acicular ferrite transformations. Silicon, at low levels, can lead to 

the formation of martensite and/or austenite microphases that increase the 

strength level of the weldment, but lead to a decrease in the toughness.

Copper and nickel also suppress the austenite-to-ferrite transformation 

temperature which is advantageous to the formation of acicular ferrite as well as 

leading to higher strength weldments (5). Copper also will form inclusions that 

will act as precipitation strengthened.

Titanium and boron have been of recent importance in the increase in
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mechanical properties for weld metals (36,37,38,39,40,41). The nucléation of grain 

boundary ferrite can be suppressed with the proper balance of titanium and 

boron. Boron, as a free element, will diffuse to the prior austenite grain 

boundaries and reduce the grain boundary energy. This lowering of energy will 

lead to an increase in the barrier to nucléation of ferrite, and will lead to the 

reduction of grain boundary ferrite. Titanium is added to the weld metal to 

protect the boron from nitrogen and oxygen. Titanium nitride forms at a higher 

temperature than boron nitride and will allow the boron to stay in free elemental 

form for diffusion to the grain boundary. Titanium inclusions have also been 

found to be advantageous for the nucléation of intragranular acicular ferrite. A 

full discussion of the effect on titanium as an inclusion was given in the previous 

section (Sec. 1.1.2).

The influence of the weld metal chemical composition is often evaluated 

using a Pcm expression, which is an indication of the hardenability of a given alloy 

(42). The Pcm expression is as follows:

p  - C + M + Æ Î +  <?a±*Ë*+cr.+5B 1 . 2
”  60  30  20

An increase in the P ^  value leads to an increase in the formation of hard phases 

in the weldment. The P ^  expression attempts to weigh the effect of each alloy 

element in the hardenability of the weldment. It should be noted that oxygen is 

absent from this equation, even though it is known to have a marked effect on the
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weld metal strength. Another criticism of using this weldability expression is that 

it considers only the chemical composition of the material and not the cooling 

rate. Pcm can be used for correlation of alloy content to hardenability if a constant 

heat input is being used.

1.1.3.1 Weld Pool Chemical Reactions

The final weld metal chemical composition will be determined by the slag- 

metal reactions that are occurring in the weld pool (1,43,44,45,46). Although 

chemical equilibrium is not expected, a trend towards equilibrium can be expected 

considering fundamental thermodynamic principles. Research into slag-metal 

reactions has generally been done within the limited scope of a single flux system. 

The complexity of the welding environment as well as the non-ideal behavior of 

the reactions occurring in the arc lead to too many variables to accurately model 

the effect of specific changes for large variations in system parameters. Even 

small changes in the flux coating can lead to large variations in the behavior of the 

flux system, which in turn leads to large variations in the metallurgical processes 

occurring in the weld pool.

Due to the variance of the welding environment with changing welding 

conditions, such as the type of power source configuration and flux system used, 

the resulting weld pool chemical reactions can be difficult to characterize.

However, by consideration of elementary chemical reactions in the weld pool,
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assessment of the extent of equilibrium in the weld pool can be made. Oxygen 

reactions in the weld pool will be governed by the following reaction:

xK+yO*Kxoy  1 • 3

The equilibrium constant for this reaction is given by the following expression:

Jc- [a W   1 .4

where [a^jand [a^] are the activities of the weld metal alloy and oxygen 

respectively, and [a^oy] is the activity of the metal-oxide inclusion in the weld 

metal. For equilibrium the activity of the metal-oxide can be taken as unity, which 

leads to the following relation:

1 .5

This equation can be graphically represented for specific isothermal conditions as 

in Figure 1.3. The shape of the curve is characteristic of an inverse product 

relationship and illustrates that as the oxygen in the weld metal increase, the alloy 

in the metal will decrease. With knowledge of the oxidation reactions that will 

occur in the solidifying weld pool it is possible to predict the direction these 

reactions will go as changes are made in the welding flux and assist in the 

development of the final weld metal chemistry.

Competing chemical reactions within the weld pool will also affect the final

AcS S S Ymines
GOLDEN. CO 80401
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weld metal chemical composition. As local concentrations of alloy elements varies 

with solidification (47,48), the local activity of alloying elements will change, 

altering the amount of metal that will be oxidized, and these competitive reactions 

will alter the predicted weld metal chemical composition.

1.1.3.2 Delta Quantity

One measure of the role of the flux in determining the final weld metal 

chemical composition is the delta quantity. The delta quantity for a specific 

element is a measure of that amount of alloying element either gained or lost 

during the welding process and can be represented as in equation 1 .6 .

f Delta 1 \Chemical content] _ \Chemlcal Content) 1 .6
{Quantity] [ Analytical J [ Calculated J

The calculated value for the chemical composition is determined by adding 

the contribution of elements from the welding wire to those of the contribution 

from the base plate. The analytical content is determined by the use of emission 

spectroscopy. The reinforcement of the weldment is considered to be the wire 

contribution, whereas the penetration is the base metal contribution. Complete 

mixing in the weld pool is assumed. This value can be mathematically represented 

as in equation 1.7.

f e a e t r a t ia a l J  Base Metal 1J Jte-lafoxcczaaotl J  Veld ïtire  1 1 .7  
[ Cootent J1 Total Area J lA llc y  Content]^ Tot^l Area p A llc y  Content]

A negative value of the delta quantity implies that alloying elements are lost to the
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W e l d  M e t a l  O x y g e n  C o n t e n t

Figure 1.3 Plot of the law of mass action which is an inverse product relation 

that is characteristic of equilibrium conditions in a reaction. As 

one element in the reaction is increased, there is a corresponding 

decrease in the concentration of the other element due to the 

reaction of the elements.
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slag and a positive value implies that the flux is contributing to the weld metal 

chemistry. The most desirable flux systems are those that have a delta quantity 

that remains relatively constant with variations in flux composition and welding 

experience. The most stable flux systems are those that maintain the weld metal 

oxygen at low concentrations and thus limit the deoxidation process.

1.1.3.3 Hydrogen Concerns

Hydrogen is known to have a deleterious effect on high strength steel weld 

metal properties. Hydrogen has a high mobility in steels and can lead to cold 

cracking by a mechanistic process involving localized microplasticity driven by 

strain induced diffusion of hydrogen. It appears that hydrogen in the crack tip 

area, an area which is highly strained, assists in releasing dislocations which are 

trapped by the solute atmosphere of boundaries or sub-boundaries. These cold 

cracking damages have been most commonly related to the heat affected zone 

(HAZ), but can also be a serious problem in steel weld metal. Since these cracks 

often travel adjacent to the fusion line they are referred to as underbead cracks.

In the HAZ, the phase most susceptible to hydrogen assisted cracking is 

martensite. The hydrogen is generated during the welding process and resides in 

the weld pool, which upon solidification, diffuses to the austenite in the HAZ 

which upon cooling transforms to martensite. The diffusion occurs because 

hydrogen is more soluble in austenite than in ferrite.
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Weld metal is also susceptible to hydrogen induced cracking. The weld 

metal will crack either transverse or longitudinally to the weld direction (49). In 

the case of chevron cracks, the plane of the macroscopic cracks lie at an angle to 

the weld axis (50). For single pass welding, the stresses are generally transverse to 

the weld direction and cracks form longitudinally. Transverse cracking usually 

occurs in multipass welding. Hydrogen cracks are generally associated with grain 

boundary ferrite.

Hydrogen can be introduced into the weld metal by means of the flux.

These sources have been identified as the following (51):

1 .) moisture absorbed by the flux ingredients and the dried silica networks

used as binders,

2 .) retained moisture in the silica binders after baking, and,

3.) water of crystallization and colloidally absorbed moisture that is present in

minerals used in the flux.

The concern over hydrogen resulting from the SMA welding consumables 

also can be seen in the classification of steel SMA welding electrodes. The use of 

non-hygroscopic ingredients in the formulation of a SMA welding consumable is 

important. These electrodes have numbers in the last column of the AWS 

designation from 5 to 8  (i.e. ExxxS to ExxxS). These electrodes achieve arc 

stability from the CO and C02  plasma addition from the decomposition of
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carbonates that were introduced into the arc by way of the electrode coating. 

These electrodes also use alkali silicate binders, instead of organic binders, to 

reduce the source of hydrogen.

Evans (52) has shown a correlation between coating moisture and 

diffusible hydrogen content and this relationship is shown in Figure 1.4. From 

this figure, it is apparent that most of the hydrogen that is driven off in the 

baking process is the water used in the binder. However, storage of the 

electrodes will lead to a reabsorption of water and increase the hydrogen in the 

weld metal. For this situation, a second baking is recommended at lower 

temperatures for a shorter time. Chew (53) showed that baking an electrode at 

4 5 0 e C for at least an hour for basic electrodes was required to achieve low levels 

of diffusible hydrogen. The actual time and temperature required for baking is 

dependant on the components in the flux covering . Overbaking will alter the 

weld composition due to the oxidation of specific powder ferroadditions in the 

flux coating. The weld metal should have a hydrogen content at least below 5 

ml H2  per 100 grams of weld metal. As the strength of the steel increases, a 

lower amount of diffusible hydrogen is acceptable.
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1.2 Shielded Metal Arc Welding Consumable

The shielded metal arc (SMA) welding process is a manual welding 

process that establishes an arc between a consumable electrode and the work 

piece which generates heat to melt the flux covered electrode. The weld pool, 

arc and adjacent cooling weld metal is protected from the atmosphere and 

subsequent contamination by a gaseous shield that is generated as the flux 

components are decomposed at the tip of the electrode. The cooling weld bead 

is also protected during cooling by a slag layer that is a result of the flux. Figure 

1.5 is a representative schematic of the SMA welding process. Here the power is 

supplied to the arc as electrode positive, common to the SMA welding process. 

The use of SMA welding for steels is still very prominent, and although SMA 

welding lacks the deposition rate of continuous wire processes such as gas metal 

arc (GMA) welding and submerged arc (SA) welding, the versatility of SMA 

welding makes it an attractive option.

SMA welding electrodes are fabricated by extruding a flux coating onto a 

core wire. The wire and the coating are selected based on the needs of the 

materials to be joined and the resulting weld metal desired. The wire will vary 

in alloy composition based on the needs of the deposited weld metal. The flux 

ingredients will vary dependant not only on the weld metal properties desired, 

but also on the process that the rod is being used.
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To Power  
Supply

To Power  
Supply

Arc
B a s e  P la te

Figure 1.5 Schematic of the SMA welding process. The power supply 

configuration is electrode positive (DCRP).



T-4389 26

The SMA welding electrode is used with various types of power supplies. 

The most common type of power supply will give a constant current which is 

either a direct current (with the electrode either positive or negative) or 

alternating current. Most SMA welding electrodes are used with the electrode 

positive relative to the base plate, allowing for maximum penetration at the same 

current. The DC mode of use will also have a smoother arc than the AC mode 

which will facilitate welding.

The flux is added to the rod to improve arc stability, provide a slag, add 

alloying elements, and refine the weld pool (54). Each of the ingredients in the 

flux will perform a different function in the welding process, with some elements 

performing more than one role. Table 1.1 lists several flux ingredients important 

to this research and the primary function of each in the welding process. Besides 

considering how the primary function of the flux is to assist the welding process, 

it is also important to consider the subsequent influence of the ingredient on the 

final weld metal properties. For example, silica, feldspar, and other silicates are 

considered as slag formers, but each will have a different oxygen potential in the 

welding process. The higher oxygen potential of silica will lead to more 

inclusions formed in the weldment and to poorer properties (See section 1.1.1). 

Notice that some additions (slipping agents) are introduced to the coating to 

assist in the high production of electrode extrusion.

The American Welding Society (AWS) has a classification standard for
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Table 1.1 Components and primary functions of the flux ingredients used in 

this experiment.

COMPONENT FORMULAE PRIMARY FUNCTION

Alumina AI2O3 Arc Stabilizer

Calcium Carbonate CaC0 3 Shielding Gas

Feldspar K20 A l20 36Si02 Shielding Gas

Ferromanganese Fe-Mn Deoxidizer

Potassium Titanate 2K20 2 T i0 2 Arc Stabilizer

Titanium Dioxide TiO, Slag Former
Silica Si0 2 Slag Former

Mica K20  3A120 3 6Si02 2H20 Slipping Agent

Kaolin A120 3 2Si02 H20 Slipping Agent

Calcium Fluoride CaF2 Slag Former

Iron Oxide Fe20 3 Slag Former

Potassium Silicate K2Si0 2 Binder

Sodium Silicate Na2Si0 2 Binder

Ferrotitanium Fe-Ti Alloying

Ferroboron Fe-B Alloying
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steel SMA welding electrodes. This classification scheme is illustrated in Table

1.2 along with some characteristics of each welding rod. The E designates 

electrode. The XX in the designation is a report of the expected tensile strength 

of the weld deposit made with this electrode. This tensile strength is reported in 

ksi. The Y designation refers to the welding position that the electrode can be 

used. For Y equal to one, the welding electrode is weldable in all positions, 

where as a two designates the rod as weldable in the flat or horizontal fillet 

condition. As an example of the AWS designation, Table 1.3 lists several types 

of electrodes, the corresponding coating formulation, and comments about some 

of the characteristics of the rod. The percent of iron powder addition indicated 

in Table 1.2 indicates that for many rods the deposition is increased by iron 

powder addition by way of the flux covering. The rods designated of EXXX2 and 

EXXX4 have rutile in the flux coating. The rutile introduces titanium to the arc 

and assists in arc stabilization. It is the important component for AC power 

mode.

A flow diagram for the fabrication of a SMA electrode is shown in Figure 

1.6. The flux ingredients are selected for the desired results and are mixed 

together in dry form. After the ingredients are thoroughly mixed, a binder is 

added that gives cohesion to the mixture. At this time, the mixture is formed 

into a slug that is placed into the extruder. Wire is continually fed into the 

extruder as the flux is pressed through and these wires are coated with the flux
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CORE WIRE COATING

Hot Rolled to 
3 /8 "  Diameter

Binder Added and 
Wet Mixed

Straightened

Flux Mixture 
Weighed

Slug PreparedCut to Length

Drawn to Diameter 
of Electrode Core Dry Mixed

Packaging and Shipping

Electrode Dried in Oven

Electrode Stamped With 
Identification

Coating Removed from  
Contact and Holder End

Uniform Concentric 
Coating Extruded onto 

Core Wire

Figure 1 . 6  Schematic representation of the flux coating process.
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Table 1.2 AWS classification of electrodes for mild and low alloy steels.

E XX Y Z - A #
f t  Î

Tensile 1 - All Position Electrode
Strength 2 - Flat, Horizontal fillet Useability

A # - A, B, C, D, etc. with number -  a means to match alloy composition

Current Penetratio
n

Fe %

EXX10 deep deep High cellulose-Na 0 - 1 0

EXXX1 ac, deep deep High cellulose-K 0

EXXX2 ac, dcen medium High rutile-Na 0 - 1 0

EXXXS ac, deep,dcen light High rutile-K 0 - 1 0

EXXX4 ac, deep, 
dcen

light Rutile-Iron Powder 25-40

EXX24 ac, deep, 
dcen

light Rutile-Iron Powder 50

EXXXS deep medium Low H-Na 0

EXXX6 ac, deep medium Low H-K 0

EXX27 ac, dcen,deep medium Iron oxide-iron powder 50

EXXXS ac, deep medium Low hydrogen-iron 
Powder

25-40

EXX28 ac, deep medium Low hydrogen-iron 
powder

50

deep - direct current, electrode positive 
dcen - direct current, electrode negative 
ac - alternating current
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giving a green electrode. After an initial drying that allows for slow removal of 

most of the moisture to prevent rapid changes in coating volume and cracking, 

the electrodes are placed in a furnace and baked to drive off the remaining 

moisture.

1 . 2 . 1  B a s i c i t y

Each of the materials added to the flux will provide a different function in 

the operation of the welding rod. Also, each of these materials will have 

different effects on the final weld metal properties. Empirical concepts of 

basicity that incorporate major flux constituents have been developed to assist in 

the prediction of slag properties and behavior. The most commonly used form is 

the basicity index proposed by Tuliani (55) and is shown in equation 1.8.

Ca0+CaFi +M&<HK20+N&10+ L i20 + ^  {MnO+FeO)
B I —    1 •  8

S i C V -1  {A liO y+ TiO z+ ZrO z)

A value of greater than 1.2 determines the flux to be basic in nature. A value of 

less than 1.0 indicates an acidic flux. A basic electrode is expected to produce 

welds low in oxygen content which implies a low number of inclusions and a 

clean weld. Tuliani showed in his work that as the basicity index decreased, the 

oxygen content of the weld metal also decreased. However, at values of 1.2 and 

greater the oxygen content leveled off at a value of 250 ppm.
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A general classification has been used for electrodes that groups the 

electrodes according to major flux constituents and oxygen potential. This 

classification scheme labels an electrode as being either rutile or basic in nature. 

A rutile electrode will have a high Ti02 content and usually be characterized by 

excellent welding characteristics from the standpoint of the user. The slag is 

viscous due to large amounts of network forming ingredients in the flux such as 

silica and titania. Contrary to this, a rod that is considered basic will not have 

the excellent weldability properties of the rutile rod, but will deposit a weld bead 

that is sound from a metallurgical standpoint because the flux components will 

have a lower oxygen potential than the ingredients in a rutile rod, and , as 

mentioned above, will lead to a cleaner weld.

The basicity index was originally proposed by steelmakers as an index to 

evaluate sulfur refinement. This index indicates the sulfide formers over the 

weak sulfur formers. It does not have the strong oxide forming additions over 

the weak oxide formers as one would expect from an oxygen index. The 

inability of the index to correctly deal with amphoteric ingredients such as Al2C2, 

Ti02, and Zr02  makes the use of the index unreliable in predicting weld metal 

properties. Several researchers have scrutinized the basicity index as a form of 

evaluating oxygen potential of flux systems (56,57). As has been discussed, the 

oxygen has a primary role in the final microstructure and thus mechanical 

properties of the weld metal, and oxygen is not properly addressed in this index.
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Indacochea and Olson (58) measured oxygen contents for submerged-arc welds 

made with DCEP. They maintained the Si02 content of the flux at a constant 

and varied the MnO content with the FeO content. For increasing FeO, the weld 

metal oxygen content was found to increase, contrary to what would be expected 

from the basicity index, which lists both MnO and FeO as basic components in 

the flux system and they should have equal effect. Other systems were 

investigated, and inconsistencies were found for these systems as well, suggesting 

that the basicity index is inaccurate when being used to correlate basicity with 

weld metal oxygen content. For this reason, the basicity index is used more as a 

guide in flux formulation than as an absolute index and should be a reasonable 

index for calcium silicate fluxes.

An optical basicity index has been proposed by Datta et al. (58). The 

optical basicity uses a probe ion added to the melted slag that measures the 

effect of oxygen as an electron donor by measuring shifts in the UV bands of the 

ion. These researchers suggest that this method correlates the flux system to 

oxygen potential and ultimately weld metal toughness. However, this 

measurement is carried out at an equilibrium temrperautre and may not be 

indicative of the slag at high cooling rates and short distances as seen in the 

welding process.
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1.2.2 Alloy Addition

Alloy additions can be made to the weld metal via the flux. These 

additions are usually in the form of ferroadditions. The use of ferroadditions in 

the welding flux for alloying is not ideal in the sense that full transfer of alloy to 

the weld metal may not happen due to losses in slag metal reactions or to the 

fume. Table 1.4 lists the commonly used ferroadditions with their expected 

element recovery in the weld deposit.

1.2.3 Arc Stabilizers

The welding arc requires a plasma that is easily ionized. Ingredients must 

be added to the flux that increase the current carrying capacity of the arc. These 

additions must be made considering the various modes of current (direct and 

alternating) and polarity.

Alkali metal, zirconium and titanium additions to the arc affect the 

ionization process and the ease with which the welding arc is reinitiated 

(reinitiation is required 50 to 60 times per second with AC welding). Coming to 

the welding flux as feldspar (alkali aluminum silicates), rutile, lithium carbonate, 

titanium aluminate, and potassium oxalate, these additions play an especially 

important role when welding either in the DC electrode negative (DCEN) mode 

or in the alternate current mode (AC). Arc stabilizers are also important in high
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Table 1.4 Expected recovery of elements from electrode coatings.

Alloy Element Form of Material in 
Electrode Covering

Approximate Recovery 
of Element, Wt. Pet.

Aluminum Ferroaluminum 2 0

Boron Ferroboron 2

Carbon Graphite 75

Chromium Ferrochromium 95

Columbium Ferrocolumbium 70

Copper Copper Metal 1 0 0

Manganese Ferromanganese 75

Molybdenum Ferromolybdenum 97

Nickel Electrolytic Nickel 1 0 0

Silicon Ferrosilicon 45

Titanium Ferrotitanium 5

Vanadium Ferrovanadium 80
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speed welding when the cathode and anode spot are less stable. Electrodes 

designed to perform with AC mode or in the DCEN mode current have been 

specified as containing high titania or alkali metal (potassium or sodium) 

additions.

The electrodes EXXX1, EXXX2, EXXX3, and EXXX4 have sources of 

hydrogen in the form of organic material in the covering which results in a 

reducing plasma containing significant amounts of hydrogen. The hydrogen 

source also produces a hot arc which increases deposition and allows for good 

protection during the root pass. The electrodes EXXX5, EXXX6, EXXX7, and 

EXXX8 have sufficient carbonate additions in the covering to achieve a low 

hydrogen containing plasma which contains a significant fraction of CO and C02 

to give a protective atmosphere.

Arc stability is a major concern in the welding process. An instable arc 

can lead to poor control of the welding arc atmosphere which in turn will lead to 

contamination. For SMA welding, Brandi et al. (59) studied the characteristics 

of the welding arc by observing the weld droplets that were transferred from the 

welding rod to a cooled copper plate. Three types of metal transfer modes were 

indicated in this study, being classified as explosive, short-circuiting, and slag 

guided. The best welding arc stability was found when small droplets were 

transferred across the arc.

When considering out-of-position welding, the droplet size will be of
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ultimate importance. Contrary to welding in the flat position, gravity will have 

an adverse effect on the transfer of metal across the welding arc. A larger 

droplet will be more inclined to be accelerated out of the axis of the welding arc, 

leading to poor properties of the weld bead.

The transfer of the metal across the welding arc can be indicated in the 

voltage signal of the arc and has been done for GMA welding by several 

researchers (60). The detachment of a molten drop from the welding electrode 

will be indicated by an increase in voltage (increase in arc gap). A larger drop 

will show up as a larger variation in the voltage signal. Characterization of the 

mode of transfer can be determined by inspecting the voltage as a function of 

time plots. Qualitative analysis of the welding signal can lead to an 

understanding of the effectiveness of the flux in controlling the arc environment. 

A voltage plot characterized by large variations will be indicative of poor metal 

transfer across the arc (large droplets), leading to unacceptable weld metal 

properties, especially for out-of-position welding.

1.2.4 Slipping and Binding Agents

Slipping agents are added to the green flux to assist in extrusion of the 

flux materials onto the rod. Glycerin, china clay, kaolin, talc, bentonite and mica 

have all been used as slipping agents.

Binding agents are used to bond the flux to the rod. Binders are classified
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as either low-hydrogen or hydrogen producing. The low hydrogen binders are 

used in basic electrodes and include sodium and potassium silicate. Gum arabic, 

sugar, dextrine, and other specialized synthetic organic binders are part of the 

class of hydrogen producing binders.

1.2.5 Slag Formers

The slag is formed on top of the weld bead as a result of the flux 

components solidifying and coalescing (61). The slag should have specific 

properties with regard to this consideration. The flux should melt approximately 

two hundred degrees below the alloy to provide proper flux coverage. Also, the 

viscosity of the slag should be considered as it is important in the protecting of 

the slag, facilitates the removal of pores, and works as a deoxidizer.

The viscosity of the slag is temperature dependent so that the use of 

various heat inputs during welding may require different flux compositions to 

produce matching slag viscosity. A modified Arrhenius-type equation has been 

proposed for polymeric melts:

where 77 is the viscosity, rj0 is a system constant, is the viscous activation 

energy, T0 is a constant for a given flux composition and is most often related to 

the melting temperature of the flux, and RT has the usual significance. Varying

1 . 9
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composition will also affect the slag viscosity, and this influence is considered by 

assuming that is a function of composition at constant temperature.

The slag must be fluid enough so that it flows and covers the molten weld 

pool but viscous enough so that it does not run away from the molten metal and 

flow in front of the arc, leading to the possible overlapping by the weld metal. It 

has been reported that an increase in viscosity of a manganese silicate flux at 

1450 "C to above 7 poise will lead to an increase in surface pocking. Pock marks 

have been associated with easily reducible oxides in the flux which contribute 

free monatomic oxygen to the weld pool. The weld pool reacts with carbon to 

form carbon monoxide, which cannot be transported through a high viscosity 

flux and is trapped at the liquid-metal/flux interface. The result is a weld metal 

surface blemished by surface defects or pocks. Since viscosity is sensitive to 

temperature and, thus, heat input, pocking can be the evidence that a flux 

formulated for high current welding is being used at too low a current or too 

great a travel speed. The viscosity of most welding fluxes at 1400 ° C is in the 

range of 2 - 7 poise.

The viscosity of the slag also affects the shape of the weld deposit, and 

must be carefully controlled when covered electrodes are used out of position.

The higher the slag viscosity, the greater the weld penetration in submerged arc 

welding. However, this benefit must be balanced, because if the viscosity is too 

high, the gaseous products cannot escape the weld pool, resulting in
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unacceptable porosity. This condition can be monitored by observing the density 

of pores trapped in the underside of the detached slag. Detached slags 

manifesting a honeycomb structure suggest a severe weld metal porosity 

problem. This observation usually means that a given flux has experienced as 

insufficient heat input for the effective transport of gas through the slag. A high 

viscosity slag will also lead to a narrowing of the weld bead by confinement as 

the weld metal attempts to expand.

1.2.6 Slag Detachabilitv

Slag detachability is a major concern from the standpoint of productivity. 

An easily removed slag facilitates efficiency in the welding process. Also, 

residual slag on the weld bead can lead to reduced corrosion resistance, promote 

slag stringers in multipass weldments, and reduce the use of narrow gap flux- 

related welding processes.

The ability of the slag to detach from the weld bead has been attributed 

to several explanations; thermal expansion mismatch between slag and weld 

metal, phase transformations in the cooling slag, and the thermodynamics and 

pyrochemical kinetics that are required to produce an strongly adhering slag- 

metal layer.

The thermal mismatch of the slag and weld metal has been described as 

the difference in thermal expansion of the weld metal and slag, and as the
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temperature difference at the adhering interface. At high temperatures, it is 

desirable to have a slag that has an expansion coefficient higher than the weld 

metal, but upon cooling, the slag thermal expansion coefficient decreases rapidly. 

During this time of rapid change of thermal expansion coefficient, the slag is 

placed under a tensile stress at and near the interface. When the slag reaches 

the softening temperature, the slag is under maximum tensile stress, and stress is 

relieved thermally. At temperatures still high relative to room temperature, the 

slag will undergo differential contraction and be compressively stressed.

Another form of stress in the slag will be due to the phase transformations 

that occur. It is desirable to promote the nucléation and growth of crystalline 

phases. This nucléation will be related to the composition of the slag. The 

transformation needs to be moved to shorter times in CCT diagrams to 

compensate for the faster cooling cycle related to welding operations. Also, the 

amount of oxygen related to the amount of network-forming elements such as 

silicon will have an effect on the ability to transform the slag into a glass with 

solid constituents. Network modifiers such as alkali and alkaline earth elements 

will also control the slag properties (62).

Slag adhesion to the metal has been attributed to oxidation at the surface 

of the weld metal and the formation of reaction products that chemically adhere 

to the metal. The slag metal reaction is considered in two steps:

1 .) formation of the reaction product at the weld meal surface by oxidation.
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and,

2 .) and dissolution of the reaction product within the slag.

Slags containing spinels have been shown to adhere to the slag-weld 

metal interface. Spinels are oxides common in steels in the form of inclusions, 

and would therefore be expected in the welding process. Common spinels are 

given in Table 1.5 (63). The spinel crystal structure makes it a primary 

candidate to form at the slag-metal interface. The ability of the spinel to 

accommodate metallic cations leads to the mutual dissolution for slag-metal 

reactions.

Figure 1.7 (64,65) illustrates the slag detachability behavior for welds 

using fluxes in the SiC^-CaO-TiC^ system. Note that as the flux moves from 

acidic (high Si02  and Ti02  content) to basic (high CaO content) the slag will 

pass through a region of poor slag detachability corresponding to the formation 

of either Sphene or perovskite. Other additions to the welding flux can alter 

these regions and their affect on the process must be considered.
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Table 1.5 Spinels associated with the steelmaking process (64).

Chemical Formula (M O R 2O3) Chemical Name

Fe0*Fe20 3 Magnetite

FeO A l20 3 Hercynite

M n 0 ‘Al20 3 Galaxite

MgOAl2Q3 Spinel

F e 0 C r 20 3 Chromite

M n 0 <Cr20 3 Cr-Galaxite

M g0C r20 3 Mg-Chromite
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Figure 1.7 Predicted slag detachability for welds made using fluxes of the 

Si0 2-Ca0 -Ti0 2  system produced by the sol-gel process (65,66).
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2.0 OBJECTIVES OF INVESTIGATION

The objectives of the investigation are as follows:

1.) To develop a SMA welding consumable that deposits a weld metal that 

has acceptable metallurgical and mechanical properties when joining 

HSLA-100 steel plate.

2.) To develop the base composition of a SMA welding consumable that may 

be applicable to all position welding.

3.) To develop an understanding of the role of specific flux ingredients on the 

behavior of the consumable as well as on the final steel weld deposit.
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3.0 EXPERIMENTAL PROCEDURE

3.1 Materials Used

For the experiments performed, the base metal and core rod were 

consistent throughout. The flux coating for the SMA welding consumable was 

varied in composition using high purity ingredients.

3.1.1 Base Metal and Core Rod

The base plate was HSLA-100 steel plate provided by the U.S. Naval 

Surface Warfare Center. The plate was 19.0 mm (3/4  inch) thick and sectioned 

into 101.6 mm by 152.4 mm (4 in. by 6  in.) coupons. One side was ground to 

remove scale. Table 3.1 lists the chemical composition of the steel plate.

The steel core rod used in the consumables was an ER100s-l supplied by 

Boarc Welding Supply Company. The rod was 355.6 mm (14 inches) long and 

had a diameter of 3.2 mm (1/8 inch). The chemical composition for this rod is 

shown in Table 3.1. The ER100s-l is usually a gas metal arc welding wire (note 

the high silicon content), but the rod was chosen to have a composition similar 

to that of the base metal so as to assist in determining the effects of the flux 

components on the final weld metal composition, and this situation could be 

achieved commercially with this type of wire.
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Table 3.1 Chemical composition of the HSLA-100 steel plate and 

core rod used in electrode production.

Chemical Composition of 
Plate and Core Rod (Wt. Pet.)

Chemical
Element

HSLA-100
Plate

ER100s-l
Rod

Aluminum - 0.007

Carbon 0.06 0.061

Chromium 0.57 0.088

Cobalt - 0.032

Copper 1.64 0.032
Manganese 0.83 1.303

Molybdenum 0.62 0.502

Nickel 3.43 2.043

Phosphorus 0 . 0 1 0 0.006

Silicon 0.35 0.480

Sulfur 0 . 0 0 2 0.006

Tantalum - 0.176

Titanium - 0.017

Vanadium - 0 . 0 1 1

Zirconium - 0.013
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3.2 Electrode Formulation

An experimental matrix was employed that used systematic variations of 

two components in the flux. The electrode designation has the following format:

Axxx

The A designates the originator of the project (Alexandre Bracarense), the first 

digit is the series number, the second digit is the sequence number within each 

series, and the third digit is used to designate later modifications in each series.

The initial electrodes were rutile in nature, with a Ti02  of 48.3 wt. pet. 

Each subsequent change in the coating was made by direct replacement of one 

component with another. A one for one substitution maintains the weight 

percent of the remaining flux components at a constant, allowing for better 

determination of the influence of the specific changes made. All electrodes were 

evaluated within each series and the one that produced the best results for the 

system analyzed was used as the starting formulation for the next series. 

Considering Table 1.1, each substitution was made with the primary role of each 

component in mind, but also consideration that each change would have an 

influence on the metallurgical properties of the resultant weldment, in the form 

of weld metal chemical composition and subsequently, the weld metal 

microstructure.

The initial electrodes were designated Alxx. These electrodes had high 

rutile content and were comparable to an E7013 steel commercial welding rod.



T-4389 50

Systematic additions of Fe-Ti were made in this coating to study the influence of 

titanium on the microstructure in an electrode with high oxygen potential. 

Ferroboron was removed from the electrode at this point, with the intention of 

adding it back into the system in a later series.

The A2 xx series was characterized by replacement of Ti02  with AI2 O3 , the 

alumina increasing from 0.0 to 22.2 wt. pet. Alumina is amphoteric and should 

reduce the oxygen in the weld metal while increasing the viscosity of the slag. 

This step was the first in a series of alterations to the oxygen potential of the 

electrode to characterize the effect of oxygen on the weld metal microstructure.

For the A3xx series, the alumina was removed and substituted with CaF2. 

This procedure was done to further reduce the oxygen in the weld metal as well 

as decrease the viscosity of the slag. It is also suggested that calcium fluoride 

reduces the free hydrogen in the weld metal by the reaction:

CaFa + H^O *  CaO + 2HF  3 - 1

The A4xx series involved the substitution of rutile with ferric oxide 

(Fe20 3). This substitution resulted in a further reduction of the basicity, although 

there was a subsequent increase in the weld metal oxygen. The hematite was to be 

removed in subsequent steps with the substitution of ferroalloys.

The A5xx series consisted of additions of Fe-Mn at the expense of Fe20 3. 

The manganese content in the weld metal was increased at this point in an effort
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to increase the hardenability of the weld metal by suppressing the ferrite start 

temperature and allowing austenite transformation to bainite and acicular ferrite. 

This procedure also led to an understanding of the recovery of manganese in this 

system.

Addition of Fe-Ti to the coating was made in the A6 xx series. Ferric oxide 

was further reduced at this point. The titanium was added to promote the 

formation of acicular ferrite in the weld metal with the formation of titanium 

oxides in the weld metal. Also, comparison of the recovery of titanium in this 

series (basic in nature), could be made with the initial ferrotitanium additions in 

the Alxx series (rutile in nature). Hydrogen levels in the weld metal were 

considered at this time. It was thought that the binder would have a large effect 

on the weld metal hydrogen content. The substitution of sodium silicate for 

potassium silicate was made at this point.

For the Alxx. series, mica and kaolin, both containing crystalline H 20 , were 

removed. This removal was done in an attempt to reduce the hydrogen in the 

weld metal. Also, the ferric oxide was replaced with iron powder in an effort to 

decrease oxygen.

The CaF2 to CaC0 3 ratio was altered in the A8 xx series. Control of the 

weld metal oxygen as well as slag viscosity was the goal of this alteration. Calcium 

fluoride is known from steel making to reduce the melting temperature of the slag 

and thus lower the viscosity.
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In the final series, A9xx, ferric oxide was replaced with alumina in an effort 

to improve slag viscosity for out-of-position welding. Alumina is an amphoteric 

ingredient that should not alter the oxygen production in the weld metal, although 

the reduction of ferric oxide should lead to a decrease in the weld metal oxygen 

content.

Figure 3.1 shows the electrode genealogy for the entire test matrix. The 

major constituents changed are listed at the start of each line and the electrode 

selected as the starting point for the next series is appended to the beginning of 

each new series lineage. The overall considerations in the modification of the 

welding flux was to characterize the significant changes in the welding rod as the 

coating was adjusted from rutile to basic in nature. Figure 3.2 is a representation 

of the general change in electrode coating as the formulation progressed. The 

initial rods had a high rutile and silica content and can be generally placed in the 

lower portion of the diagram. As the changes were made in the flux formulation, 

the silica and rutile were removed and replaced with more basic components 

which moved the rod towards the top portion of the figure. Although C aC 0 3 and 

CaF2 are not expected to behave the same, they are both considered to be the 

primary constituents of a basic flux.
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Figure 3.1 Representation of the electrode formulation sequence. Primary 

changes made in each series are designated above the 

corresponding line. Electrodes used as the starting composition 

for each new series is placed at the beginning of each new line.
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Figure 3.2

CaO +  CaF2

sic

TiO

Diagram of the formulation theory in moving from a flux that is 

rutile in nature (high Si0 2  and T i0 2 content) to a flux that is basic 

in nature (high CaO content).
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3.3 Electrode Preparation

Shielded metal arc welding consumables are made by extruding a flux 

coating onto a core wire. Dry components are first mixed together to form a 

uniform powder. The coating ingredients varied in diameter from 75 to 400 pm, 

as suggested by Johnson et al (6 6 ). These materials used for the electrode coating 

were oxides that were purchased from various distributors. These ingredients 

were dry mixed in a V-shaped tumbler and then placed in a mixing bowl. A 

potassium silicate binder is then added to give cohesion to the coating for when it 

is extruded onto the wire. During formulation of the A6 xx series electrodes, the 

potassium silicate binder was replaced by a sodium silicate binder to measure the 

effect of binder of the final hydrogen levels in the weldment. The mixed 

binder/powder combination is placed into the extruder which is a high pressure is 

applied via a ram. The wires are fed into the extruder at the same time as the 

flux, and as the wire emerges from the machine, a coating is deposited onto the 

wire. The electrodes are allowed to air dry for 24 hours and then are placed in a 

furnace at 425 ° C and baked for one hour after which they were removed and 

marked with the appropriate designation. Prior to welding, the electrodes were 

again baked at 100 ° C for one hour to remove any moisture adsorbed during 

storage.
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3.4 Automated Shielded Metal Arc Welding System

All welds were made using a constant current machine (Hobart Cyber- 

TIG). An automatic voltage control device manufactured by Arcon Industries was 

also employed. A constant voltage was maintained by the use of a voltage 

sensing device and a stepping motor that would either, move the rod closer to the 

plate to decrease the voltage or, increase the arc gap to increase voltage, to the 

desired preset value. Travel speed was also set constant, which led to a constant 

heat input. The welding parameters used for all welds are shown in Table 3.2.

Use of the same welding parameters for all the welds allowed for more 

consistency in the evaluation of the effects of specific flux ingredients on the 

welding process. The heat input that was used is relatively high for the SMA 

welding process, but the instability found in some of the intermediate electrodes 

could only be controlled at higher voltages. For this investigation it is important 

to make variations in the flux components only, and that the electrical parameters 

remain constant in order to understand the specific role of flux additions.

3.5 Hydrogen Determination 

Hydrogen analysis was done according to the AWS Standard Collection of 

Diffusible Hydrogen for Ferritic Arc Welding (1988). The test coupons were 

descaled and baked at 650 eC in an Argon atmosphere for one hour. The surface 

was again cleaned to remove any contamination. The welds were made using the
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Table 3.2 Welding parameters used for all welds.

Welding Parameters

Current 130 Amperes

Voltage 29 Volts

Travel Speed 2.3 mm/s

Heat Input 1.6 kJ/mm
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automatic voltage control device. After welding, the coupons were placed in ice 

water for approximately half of a minute and then submerged in liquid nitrogen. 

The run off tabs were removed as well as the slag. The samples were then 

warmed, dried and placed in eudiometer tubes. The hydrogen was collected over 

mercury for 72 hours at 45 ° C.

3.6 Metallography 

Quantitative metallography was done for the weld metals deposited with 

the Alxx, A6 xx, and A9xx series electrodes. Point counting according to IIW 

Standard IIW-IX-1533-88 was the method employed. One hundred points were 

counted on ten separate fields at 800X.

The microstructure was characterized by five separate phases. Each of 

these phases are distinct in morphology and are indicative of different properties 

of the weld metal. Transformation of these phases is discussed in the 

introduction, and a brief discussion of morphology is given below.

1.) Primary Ferrite (PF) - Ferrite that forms at the prior austenite grain

boundaries. Also, blocks of ferrite found intragranularly that contain no

second phase.

2.) Acicular Ferrite (AC) - Small non-aligned ferrite lathes (aspect ratio less

than 4 to 1) which form within the prior austenite grains.

3.) Ferrite with Aligned Second Phase (FS(A)) - Long needle-like ferrite lathes
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(aspect ratio greater than 4 to 1) with carbides lying in between. These 

microstructural features are classified as either a Widmanstatten ferrite or a 

upper bainite in more rigorous metallography.

4.) Ferrite with Second Phase Non-Aligned (FS(NA)) - Ferrite that surrounds 

acicular ferrite or other random microphases.

5.) Martensite (M) - Austenite that transforms to ferrite by shear mechanisms. 

Martensite is similar to lower bainite in low carbon steels such as HSLA- 

1 0 0  steel.

A typical microstructure with appropriate labeling is shown in Figure 3.1.

3.7 Chemical Analysis 

The chemical analysis of the weld beads was carried out using an ARL 

optical emission spectrometer. The reinforcement was removed from the weld 

bead leaving a flat surface, flush with the base plate, required for analysis. Three 

bums were made on each sample and the average of these measurements was 

used.

Weld metal oxygen content data was obtained using a Leco TC-136 

analyzer. The weld metal was removed from the base plate and cut into one gram 

samples. Four samples were used from each weldment and the average was taken 

to determine the weld metal oxygen content.
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Figure 3.1 Representative micrographs of a weldment. Primary phases are 

labeled as follows: (PF) Primary Ferrite, (AC) Acicular Ferrite, 

(FS(A)) Ferrite with Second Phase Aligned, (FS(NA)) Ferrite 

with Second Phase Non-Aligned, and (M) Martensite.
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3.8 Toughness fCharpy V-Notch)

Welds were deposited in a groove and all weld metal Charpy specimens 

were fabricated. The dimensions for the base plate groove are shown in Figure 

3.2. The welds were single pass and sub-size specimens were made (2.5 mm by 10 

mm by 55 mm). The specimens were machined according to ASTM Standard E23 

(1991).

3.9 Strength and Hardness Measurements

Hardness measurements were conducted on the LECO motorized digital 

Rockwell hardness tester (Model R-600). Diamond point hardness measurements 

with a 150 kg counterweight were done. The weld bead was ground flat with the 

base plate and measurements were taken across the axis of the weld bead as well 

as along the length. These values were then averaged to give a value for the 

hardness of the weldment. Strength correlations were drawn from these 

measurements using Leco conversion tables.
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Figure 3.2 Dimension of quarter size Charpy specimen used for impact 

toughness testing as specified by ASTM standard E23 (1991).
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4.0 RESULTS AND DISCUSSION

The following chapter will present the results of the investigation with a 

discussion of the key information contained within the data. In general, the results 

for all the welds are presented to illustrate the specific point that is being 

discussed, although, the focus of the results is on the primary electrode in each of 

the series. The electrodes that are considered as the primary consumables are 

those electrodes with formulations that were used to begin the next series of the 

investigation. By tracking these key electrodes through the formulation sequence, 

a more focused discussion can be made about the resulting changes in weld metal 

properties and electrode weldability as specific alterations are made in the welding 

electrode.

Discussion of the results begins with a brief description of the weld bead 

morphology, a discussion of the validity of the basicity index for this investigation, 

an illustration of the effects of weld metal oxygen content on the weld metal alloy 

content and subsequently a discussion of weld metal delta quantities. The effect 

of titanium on the weld metal properties is discussed after this first general 

characterization of the weld metal chemical properties. The titanium discussion 

includes a description of mechanical properties of the weldment related to 

microstructure. The weldability of the electrode is discussed in the following



T-4389 64

section with the emphasis being on slag properties (detachability and viscosity) as 

well as arc stability. Finally, the results of the round-robin testing that was carried 

out on two electrodes from the A9xx series will be discussed.

4.1 Electrode Formulation Philosophy - Rutile to Basic

It is general knowledge that a welding rod that is rutile in nature (high 

T i0 2) has very good welding properties from the standpoint of processability 

although the weld metal properties are not optimized due to the generally high 

oxygen content of the weld metal. Conversely, a rod that is basic in nature, while 

not having good welding characteristics, will be superior to a rutile electrode from 

a metallurgical standpoint, with desirable ferrite phases forming that 

simultaneously increase the toughness and strength of the weld metal. The 

importance of this research lies in finding a compromise between these two types 

of rods; a rod that has good welding characteristics as well as producing a weld 

bead that has significant metallurgical properties.

This test matrix allows for a thorough characterization of the influence of 

the changes in a flux in going from rutile to a basic in nature as specific elements 

are changed in the coating. The initial electrodes had a rutile content of 48.3 and 

a basicity of 0.27. With the changes, the final electrodes were primarily C aC 0 3  

and CaF2 and had a basicity of 0.9. Intermediate steps had varying basicity, but 

most importantly, the oxygen contents of the welds varied from 0.14 wt. pet. to
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0.023 wt. pet. This amount of variation in the weld metal oxygen content allowed 

for characterization of the weld metal microstructure as the weld metal oxygen 

and alloy content was varied. The data generated will be of value for a variety of 

future welding consumable developments.

4.1.1 Bead Morphology

The penetration of each of the welds is illustrated in Figure 4.1 All of the 

electrodes had penetration between 40 and 55 pet. which was calculated The 

greatest amount of penetration was found in the A2xx and A3xx series, which 

corresponded to high alumina content. The A4xx series electrode (high ferric 

oxide content) also had a high amount of penetration (over 50 pet.). As the 

hematite was removed from the flux coating in the subsequent electrodes, by 

replacement with ferro-alloy additions, the penetration decreased accordingly.

Figure 4.2 illustrates the variation of weld bead width as a function of 

electrode designation. The initial electrodes were characterized by a narrow bead. 

The intermediate electrodes (A4xx and A5xx series) deposited the widest weld 

beads.

Both of the trends observed in Figures 4.1 and 4.2 can be partly attributed 

to the viscosity of the slag. As the slag decreases in viscosity, the weld bead width 

increases and the penetration decreases. A high viscosity slag, characteristic of a 

rutile electrode, will confine the weldment and decrease the width. In addition to
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Figure 4.1 Plot of the penetration of each weld as a function of series

designation. Penetration is expressed in terms of the percent of 

the total area of the weld bead.
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Figure 4.2 Plot of weld width (mm) for all the welds deposited with each of 

the corresponding electrodes.
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this decrease in width, there will be a corresponding concentration of heat within 

the weldment, leading to an increase in penetration.

Another factor in the increase in weld width is due to the addition of ferric 

oxide to the flux. The disassociation of this ingredient will lead to an overall gain 

of iron in the weld metal and increase the size of the weld bead. The addition of 

ferromanganese and ferrotitanium in the A5xx and A6 xx series will result in the 

same type of metal gains to the weld bead.

4.1.2 Basicity

The use of the basicity index for characterization of electrodes has already 

been scrutinized, owing to the inability of the index to handle certain flux 

ingredients in a proper manner. However, the basicity index has been used by 

several investigators to classify welding fluxes, and an attempt has been made in 

this work to do the same.

Figure 4.3 represents the basicity of the primary electrodes. The initial 

electrode basicity was 0.27 owing to the high rutile and silica content of the weld. 

The A420 electrode exhibited a basicity as high as 1.15 and can be classified as a 

basic electrode. The A9xx series had a basicity of 0.92 with high calcium 

carbonate and calcium fluoride content. The weld metal oxygen content is plotted 

as a function of basicity for these electrodes in Figure 4.4. No correlation can be 

found for oxygen and basicity in this experiment. The high amount of amphoteric
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Figure 4.3 The calculated basicity for each of the primary electrodes using 

Equation 1.6.
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Figure 4.4 Weld metal oxygen content as a function of basicity index for the 

primary electrodes in this research.
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ingredients used in the coating is responsible for the discrepancy at the beginning 

of the formulation sequence. In the A4xx welding electrodes, addition of ferric 

oxide was made to the electrodes which shows up in the numerator of the basicity 

index equation in the form of iron oxide, although ferric oxide would contribute 

one atom of oxygen for every two iron oxide component contributions. Therefore, 

with ferric oxide additions, the resulting effect on the oxygen content in the weld 

metal would be a decrease in oxygen. The ability of the basicity index to properly 

handle this addition as well as the amphoteric oxides in the earlier electrodes 

made for the inability to use the equation as a tool in the formulation of the 

electrodes in this experiment.

4.1.3 Weld Metal Oxygen and Alloy Content

A discussion of both the weld metal alloy content and the weld metal 

oxygen content must be handled collectively, as the effect of one on the other is of 

primary importance in the development of weld metal properties. Characteristics 

of the effect of the weld metal oxygen content on the weld metal alloy content will 

be discussed in relation to the law of mass action (Figure 1.3). Competitive 

reactions between alloying elements with oxygen are also considered as to the role 

that these interactions have on the final outcome of the weld metal alloy and 

inclusion content.

The weld metal oxygen content as a function of welding electrode for the
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primary electrodes is shown in Figure 4.5. As was desired, with the exception of 

the weld metal oxygen content for the A420 welding electrode, there was a 

successive decrease in oxygen as the electrodes were formulated. The A420 

welding electrode had a high ferric oxide content and was expected to increase the 

weld metal oxygen content, with the intent of removing the hematite in subsequent 

steps with the addition of ferromanganese and ferrotitanium.

The decrease in weld metal oxygen was intended to be from the high 

oxygen regime (greater than 600 ppm of weld metal oxygen) to the low oxygen 

regime (less than 300 ppm of weld metal oxygen). The Alxx series electrodes all 

had a weld metal oxygen content of greater than 600 ppm, and the final 

electrodes, the A9xx series, deposited a weld metal with an oxygen content of 

approximately 300 ppm. A review of the subsequent microstructures is done in 

Section 4.1.3.

Figure 4.6 shows the plot of weld metal manganese as a function of weld 

metal oxygen resulting from all the electrodes made. The significant electrode 

weld metal compositions are labeled. The shape of the curve is similar in form to 

that of Figure 1.3, suggesting that the initial ideas of thermodynamic equilibrium 

trends in the weld metal was correct. Figures 4.7 and 4.8 show the plot of weld 

metal silicon as a function of weld metal oxygen and weld metal titanium as a 

function of weld metal oxygen, respectively. Again, we note the characteristic 

shape of equilibrium behavior. This correlation indicates the direct effect of
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E l e c t r o d e

Figure 4.5 Plot of the weld metal oxygen content for the primary electrodes.

The trend is for a decrease in oxygen with the formulation of each 

new series of electrodes.
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Figure 4.6 Plot of weld metal manganese content as a function of weld metal

oxygen content.
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Figure 4.7 Plot of weld metal silicon content as a function of weld metal

oxygen content.
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Figure 4.8 Plot of weld metal titanium content as a function of the weld

metal oxygen content.
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deoxidation in the weld deposit. Reducing the weld metal oxygen content means 

less oxidation of the hardenability agents. Using what is known of the behavior of 

specific flux ingredients, the weld metal chemical content can be adjusted to yield 

the desired result. As an example, consider that for a given situation it is desired 

to have a titanium content of 200 ppm. For this type of electrode, the oxygen 

level in the weldment must be in the region of 300 to 500 ppm. To remove 

titanium from the weld metal, it would be desirable to have an electrode that left 

over 600 ppm of oxygen.

The discrepancy of the results of the weld metal alloy content as a function 

of the weld metal oxygen content could partially be due to competitive reactions 

occurring in the weld pool. Three examples of these reactions are:

S iO a + 2Ma — S i  + 2MnO 4 • 1

T iO a + 2Ma -  T i  + 2itnO 4 • 2

S i0 2 + T i +* S i  -*■ TiO z 4  • 3

for which the equilibrium constants are:
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k _ £aitt|j2 4  . 4
Caaj] [Sjteo] 2

^  4 . 5
[#rf] [aJ6i<J 2

J a ^ H a ^  4 .6
[â5i] [âT10ii]

The graph of each of the respective functions is shown in Figures 4.9, 4.10, and 

4.11. The activity of the elemental form of each of the alloys is taken to be unity, 

and the activity of the oxides is, in this situation, equal to the respective 

concentration. Using the concentration for the determination of the equilibrium 

constant is only valid for ideal circumstances, and it should be understood that the 

use of these concentrations does not imply that equilibrium is being achieved, but

instead allows for the determination of the extent that the reactions are going

towards equilibrium. For each of the reactions, a correlation is shown between 

the competitive reactions that are present in the weld metal. The expected 

relation between the concentration plots of the data is linear with the slope of the 

graph corresponding to the equilibrium constant for the reactions. With these 

competitive reactions taking place, it is expected that there will be a widening of 

the plot of the equilibrium behavior of the weld metal alloy content and the weld 

metal oxygen content. The increase in activity of one of the elements will
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Figure 4.9 Plot of the equilibrium relationship for the manganese-silicon 

interaction.
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Figure 4.10 Plot of equilibrium relationship for the manganese-titanium 

interaction.
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decrease the activity of a second component and change the behavior of that 

element in the weld pool.

4.1.4 Delta Quantity

A flux coating may be characterized by the effect that it has on the alloying 

of the weldment. As may be recalled from the experimental procedure, the wire 

composition was closely matched to the base metal composition so as to better 

understand specific flux coating variations on alloy content variation. The way in 

which a flux system will alter the chemical content of the weld metal will be 

indicative of the reactivity of the elements in the system.

A graph of the weld metal delta quantity as a function of oxygen content of 

the weld metal for manganese, silicon and titanium are shown if Figures 4.12, 4.13, 

and 4.14, respectively. For the three elements considered, the rutile electrode 

lead to the greatest loss of alloying elements to the flux. This effect is due to the 

abundance of oxygen that is in the weld metal during solidification. This oxygen 

will form oxides with the alloying elements and subsequently move to the slag. As 

the amount of oxygen in the weld metal decreased, the delta quantity was found 

to go to zero, implying that the flux coating in the more basic electrodes removed 

fewer of the elements from the weldment.

In the A5xx series, ferromanganese was added to the flux to increase the 

weld metal manganese to a level comparable to that of the wire. The weld metal
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Figure 4.12 Weld metal delta quantity of manganese content as a function of

weld metal oxygen content.
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Figure 4.13 Weld metal delta quantity for silicon as a function of weld metal

oxygen content.
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manganese content, delta quantity, and ferromanganese additions are shown in 

Table 4.1 for the A5xx series. As is predicted, the addition of ferromanganese to 

the flux coating lead to an increase in the weld metal manganese content.

In the Alxx and A6 xx series electrodes, ferrotitanium was added to the 

coating. As was done for the A5xx electrodes, the ferrotitanium additions, weld 

metal titanium content, and delta quantity are listed in Table 4.2. As is expected, 

the addition of ferrotitanium to the flux led to an increase in the weld metal 

titanium content. This effect is further enhanced by the removal of hematite from 

the coating as ferrotitanium is added. The removal of the hematite will decrease 

the weld metal oxygen and lead to less removal of alloying elements. In contrast, 

if we consider the Alxx series electrodes, the delta quantity is less evident as 

ferrotitanium additions are made. This observation implies that a weld metal 

deposited with a basic electrode will have larger variations in the weld metal alloy 

content as ferroalloy additions are made. Lower oxygen levels found in the welds 

deposited by basic levels will be directly related to the larger variations in alloy 

content. If Figure 4.8 is considered, it is noticed that for additions of titanium to 

the weld metal, the oxygen will have little effect in the low oxygen regime. The 

steepness of the slope of the equilibrium relation would indicate that almost all of 

the titanium additions made to the weld pool will stay in the elemental form due 

to the small amount of oxygen available for reaction.

Figure 4.13 illustrates the silicon delta quantity as a function of oxygen.
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Table 4.1 Ferromanganese additions, weld metal manganese content, and 
manganese delta quantity for the A5xx electrodes.

A5xx Welding Electrode

Electrode
Designation

Ferromanganese 
Addition (Wt. Pet.)

Weld Metal 
Manganese Content 

(Wt. Pet.)

Manganese 
Delta Quantity 

(Wt. Pet.)

A420 2 . 2 0.26 -0.79

A510 4.2 0.39 -0 . 6 8

A520 6 . 2 0.64 -0.45

A530 8 . 2 0.83 -0.24

Table 4.2 Ferrotitanium additions, weld metal titanium content, and delta 
quantity for the A6 xx series electrodes.

A6 xx Series Electrodes

Electrode
Designation

Ferrotitanium 
Addition 
(Wt. Pet.)

Weld Metal 
Titanium Content 

(Wt. Pet.)

Titanium 
Delta Quantity 

(Wt. Pet.)

A530 0 . 0 0.007 -0 . 0 0 2

A610 2 . 0 0.017 0.007

A620 4.0 0 . 0 2 1 0 . 0 1 1

A630 6 . 0 0.029 0 . 0 2 0

A640 9.0 0.036 0.027
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This result will be a better measure of the effect of the flux coating on the weld 

metal alloy content, since silicon was not added to the flux in the form of 

ferroadditions. As the oxygen in the weld metal decreases, the silicon delta 

quantity approaches zero, which is as desired, and indicates that a null point in the 

system is being obtained.

In general, the delta quantity for the alloying elements of the weld metal 

approached zero as the oxygen was decreased. This finding is the desired result, 

considering the initial selection of the wire. However, the alloy content of the 

weld metal may not yield the best microstructure for the welding process, given 

that the thermal cycle will be different from that of the steel making process. A 

tuning of the weld metal alloy content that considers final weld metal properties is 

finally needed to create a welding electrode that deposits a suitable weld metal. 

The best place to alter the final alloy composition of the weld metal is to alter the 

alloy wire composition. Consideration of the effects of the flux on the alloy 

content of the weld metal will assist in the selection of the wire used in the SMA 

welding process.

A major concern in welding is the effect on the deposited weld metal when 

more than one pass is made. Alloy composition in the weld metal will tend to 

become more dilute as multiple passes are made on top of previously deposited 

weld beads. The concern over dilution effects is especially important when 

alloying plays such a major role in the transformation of austenite to desirable
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phases in the weldment. For this work, only single pass welds were made, but, 

considering the delta quantity and alloy composition of the weldment, multi-pass 

weldments can be considered. The initial alloy composition of the wire and base 

metal were matched to be similar. For the later electrodes in the series, the delta 

quantity was found to be zero, meaning that there was no loss of alloy elements 

from the system. The fact that the desired weld metal phases were achieved with 

this configuration implies that on the next pass for the weld, the weld metal should 

have the same characteristic alloy content, and thus, the same weld metal 

microstructure.

4.1.5 Microstructure

Point counting was performed on the weld specimens prepared with the 

Alxx, A 6 xx, and A9xx series electrodes and the results are listed in Table 4.3.

The weld metal microstructure was made to be predominately acicular ferrite by 

the addition of titanium to the steel weld metal in the A6 xx series. It was decided 

that boron, in the form of ferroboron, was not needed to help reduce the grain 

boundary ferrite, since the desired microstructure was achieved with the 

ferrotitanium additions alone.

The largest discrepancy in the point counting is seen between the Alxx 

electrodes and the A6 xx electrodes. In both instances, the titanium content of the 

weld metal was altered by ferrotitanium additions, and as was discussed earlier,
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Table 4.3 Results of point counting for the welds deposited with the Alxx, 

A6 xx, and A9xx series electrodes.

Electrode
Designation PF AC FS(A) FS(NA) M

A1 1 2 18 33 37 -

A100 28 - 54 18 -

A110 18 1 2 49 2 1 -

A120 15 6 36 43 -

A130 16 14 47 23 -

A140 15 24 40 2 1 -

A610 1 59 9 - 31

A620 3 57 - - 40

A630 3 57 - - 40

A640 - - - 31 69

A910 - 54 1 2 6 28

A920 - 44 13 3 40

A930 - 26 7 - 67

PF - Primary Ferrite
AC - Acicular Ferrite
FS(A) - Ferrite with Aligned Second Phase
FS(NA)- Ferrite with Second Phase Non-Aligned
M - Martensite
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the addition of ferrotitanium should lead to an increase in the amount of acicular 

ferrite seen in the weld metal. However, for similar levels of titanium, the amount 

of acicular ferrite present is veiy different from the Alxx series electrodes to the 

A6 xx series electrodes.

Micrographs (20Qx) of the weld metals deposited by each of the electrodes 

selected as the predecessor to the next series are shown in Figure 4.15.

Weldments made with the A100 series electrode had microstructures that 

predominately exhibited grain boundary and side plate ferrite. This type of weld 

microstructure was also the case for the deposits made with the A230, A310, and 

A420 series electrodes. The A420 electrode demonstrated the most side-plate 

ferrite, and considering that the highest levels of oxygen were found in this weld 

metal, the shift of the side-plate ferrite phase field in Figure 1.1 is confirmed. For 

these electrodes, the desired result was the reduction of the oxygen potential of 

the flux and comparison to welding rod useability, and the microstructure was of 

little importance. The weld metal alloy content was to be addressed in later 

electrodes.

For the A530 electrode, attention was given to the weld metal 

microstructure, with the first attempt at refinement being done with the addition 

of ferromanganese to the flux coating. Manganese, a hardenability agent, was 

expected to decrease the amount of grain boundary ferrite and promote the 

formation of bainite and acicular ferrite. As was suggested earlier, the target
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Figure 4.15 Representative micrographs (200x) for selected weld deposits

made with the corresponding welding electrode, a) A100 b) A230.
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Figure 4.15 (cont.) c.) A310 d.) A420
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Figure 4.15 (cont.) e.) A530 f.) A610



Figure 4.15 (cont.) g.) A710 h.) A840
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Figure 4.15 (cont.) i.) A910 j.) A920
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value of manganese was 1.0 to 1.3 wt. pet. (23). The weld deposits ranged in 

value from 0.39 wt. pet. for the weld metal deposited with the A510 electrode to a 

value of 0.83 wt. pet. for the weld metal deposited with the A530 electrode. The 

micrograph of the weld metal deposited with the A530 electrode shows a 

significant decrease in the amount of primary ferrite in comparison with the weld 

metal deposited with the A420 electrode which had a weld metal manganese 

content of 0.26 wt. pet. The side plate ferrite also decreased in the A530 weld 

deposit and there is a corresponding increase in bainite. A small amount of 

acicular ferrite was also detected in the weld metal deposited with the A530 

electrode. These results suggest that manganese does indeed suppress the ferrite 

start temperature, leading to the formation of the harder phases that form at 

lower temperatures as was suggested by Harrison and Farrar (5) and indicated in 

Figure 1.2.

Likewise, ferrotitanium in the A610 series electrodes led to an increase in 

the titanium content of the weld metal which made further refinements in the 

weld metal microstructure. The long needle-like intragranular ferrite has been 

replaced by acicular ferrite, an aspect ratio of less than 3 t o i ,  and martensite. 

Grain boundary ferrite has been almost completely eliminated from the weld 

metal.

The A710 series electrode deposited a weld bead that was also primarily 

acicular ferrite, although a small increase was evident in the amount of grain
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boundary ferrite and bainite. The removal of mica and kaolin from the flux 

system had no effect on the weld metal microstructure. The use of iron powder 

instead of ferric oxide did not reduce the oxygen as expected in the weld made 

with the A720 electrode, and this composition change was not investigated further.

The microstructure of the weld deposited with the A840 electrode had a 

microstructure that also was predominately acicular ferrite. Grain boundary 

ferrite again has been significantly eliminated. The oxygen content of the welds 

made with the other A8 xx series electrodes increased and there was a noticeable 

increase in the amount of grain boundary ferrite. Although the A840 welding 

electrode performed poorly from the respect of the slag deposit, the 

microstructure of this weldment was clearly superior to those of the welds 

deposited by the other electrodes in this series, that the A840 electrode 

formulation was used to begin the A9xx series.

The A910 and A920 electrodes also had the desired microstructure, 

although the weld metal for the A920 electrode begins to exhibit the longer ferrite 

needles suggesting that bainite was forming at the expense of acicular ferrite.

In general, it is of note that the grain size was refined as the electrodes 

moved from rutile to basic in nature. The first electrodes deposited weld metal 

that was high in proeutectoid ferrite and side-plate ferrite. As the weld metal was 

refined, phases that were characterized by small interlocking needles (acicular 

ferrite) became predominate, which leads to better mechanical properties.
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4.2 Rffect of Titanium Additions

Ferrotitanium additions were made to the flux in the Alxx and the A 6 xx 

series electrodes. The additions were 0.0 to 3.0 wt. pet. of ferrotitanium in the 

Alxx series electrodes and from 0.0 to 9.0 wt. pet. of ferrotitanium in the A 6 xx 

series electrodes. Addition of titanium at these two stages of the formulation 

process allowed for comparison of the effect of a rutile and basic electrode on the 

influence of ferrotitanium additions on the weld metal chemistry and the weld 

metal phase transformations.

An important consideration in the addition of ferro-alloys in fluxes is the 

recovery of the elements. The recovery of elements can be determined by plotting 

weld metal alloy content as a function of alloy component additions in the flux. 

Figure 4.16 shows a plot of the weld metal titanium content as a function of the 

ferrotitanium additions to the flux for the Alxx and A6 xx series electrodes. The 

basic electrode (A6 xx series) presented better recovery than the rutile electrodes, 

demonstrated by the slopes of the two lines representing the recovery of titanium 

in Figure 4.16. At 4.0 wt. pet. ferro-titanium addition, approximately 200 ppm of 

titanium was recovered in the weld metal.

4.2.1 Hardness and Strength

Hardness was measured for all the welds made. Specific additions in the 

Alxx, A5xx, and A6 xx series electrodes were done to determine the effect of
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Figure 4.16 Plot of the weld metal titanium content as a function of flux

coating ferrotitanium additions. This graph is representative of 

the recovery of titanium in the Alxx and A6 xx series electrodes.
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several alloying elements on the hardenability of the weld metal. The addition of 

titanium to the weld metal via ferrotitanium additions to the flux was done in both 

the Alxx and A6 xx electrodes. Table 4.3 lists the hardness values (HRC) for the 

welds deposited by these electrodes plotted as a function of weld metal titanium 

content. The measured hardness varied dramatically for the A6 xx series 

electrodes in spite of the fact that the Pcm values were relatively close. For these 

high values of Pcm it is expected that the weld metal would exhibit high hardness, 

as seen in the A640 electrode. However, for the A610 and A620 electrode, the 

hardness is lower than expected. This result suggests that titanium at the levels 

found in these electrodes is advantageous to the reduction formation of hard 

phases in the weld metal, as was seen in the microstructure. The ineffectiveness 

of the titanium to adjust the Alxx series electrodes suggests that in a high oxygen 

environment, the titanium is ineffective in altering the phase transformations in 

the weld metal, although it should be noted that the formation of acicular ferrite 

did increase with increasing titanium, although the formation of grain boundary 

and side plate ferrite dominated the microstructure.

A further illustration of the effect that titanium has on the hardness can be 

seen in Figure 4.17, which illustrates the P ^  value as a function of the measured 

hardness for all electrodes. With the transition from the A5xx and A 6 xx 

electrodes there is an increase in the P ^  value for the weld metals, although there 

is no change in the hardness. This result is different than for the rest of the
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Table 4.3 Calculated values for designated welds with hardness data.

Sample p *cm Hardness

A1 0.175 24

A100 0.176 2 2

A110 0.178 23

A 1 2 0 0.176 25

A130 0.176 24

A140 0.177 26

A610 0.235 32

A620 0.253 31
A630 0.261 34

A640 0.280 39
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welds, where we see a constant increase in hardness with the increase in the P ^ . 

This change in behavior is consistent with the addition of titanium to the weld 

metal. The lack of a term in the Pcm expression for titanium, which even in small 

amounts has a significant effect on the weld metal microstructure, results in the 

discrepancy of the data with predicted results. The addition of titanium to the 

weld metal promotes the formation of acicular ferrite which is a softer phase than 

the martensite and bainite that are predominate in the A5xx weldments.

However, the titanium is only effective between the levels suggested (150 to 250 

ppm), since we see a significant increase in the hardness for the welds deposited 

with the A630 and A640 electrodes which have higher titanium contents.

Tensile and yield strength data was estimated from the hardness data using 

the Leco tables of conversion. The results of these conversions are listed in Table 

4.4 for the welds deposited with the A6 xx electrodes and the A9xx electrodes.

The HRC values are also listed for reference. The desired yield strength for the 

weld metal, as suggested by the SP-7 panel, is 115 to 120 ksi. The weld metal 

deposited by the A610, A620, and A630 welding electrodes falls within this 

category. Again, this optimization is due to the fact that the microstructure 

optimizes both the strength and toughness of the weld metal. The 2:1 ratio of 

acicular ferrite to martensite augments the mechanical properties of the weld 

metal.
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Table 4.4 Tabulation of the tensile and yield strength for the welds 

deposited with the A6 xx and A9xx welding electrodes.

Electrode
Designation

Hardness
HRC

Tensile Strength 
(MPa)/(ksi)

Yield Strength 
(MPa)/(ksi)

A610 32 1021/148 817/118

A620 31 994/144 795/115

A630 34 1056/153 845/122

A640 39 1221/177 977/142

A910 35 1083/157 866/126

A920 37 1145/166 916/132

A930 42 1339/194 1071/155
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4.2.1 Toughness

Charpy-V-Notch data was obtained for the A6 xx series electrodes and the 

energy absorbed at -60 °C is illustrated in Figure 4.18 as a function of weld metal 

titanium content. Optimum toughness was found when the titanium level was 150 

ppm. A slight increase in the weld metal titanium content was found to 

significantly decrease the impact toughness at -60 ° C. However, after a certain 

level, the titanium no longer is advantageous in the weld metal and the transition 

temperature for the impact specimens increases.

The weld metal that exhibited the highest toughness was found to be 

associated with an increase in the acicular ferrite content of the weld metal. The 

weld metal that produced the highest toughness consisted of a microstructure that 

was 60 percent acicular ferrite and 30 percent martensite.

A scanning electron microscope was used to examine the fracture surface 

for the A6 xx weldments and the images are shown in Figure 4.19. Each of the 

photographs were taken in the same spot of the fracture surface at the center of 

the root of the crack. The A610 fracture surface is covered completely by 

dimples, evidence of ductile fracture. Contrary to this observation, the fracture 

surface of the weld deposited with the A640 electrode is a cleaved surface, 

characteristic of brittle fracture. The intermediate fracture surfaces are marked by 

both cleaved and porous fracture surface. This result implies that the weld metal 

for the A620 and A630 electrodes are in the transition stage of the Charpy curve.
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electrodes.
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Figure 4.20 SEM images of fracture surfaces for welds deposited with the 

A530 and A6xx electrodes, a.) A530 b.) A610
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Figure 4.20 (cont.) c.) A620 d.) A630
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Figure 4.20 (cont.) e.) A640
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The decrease in transition temperature for the A610 electrode marks it as the 

weld metal with the best toughness, also corresponding to the weld metal with the 

required strength levels.

4.3 Effect of Moisture fHvdrogenl

For the A6xx welding electrodes, a sodium silicate binder was used instead 

of a potassium silicate binder. Also, a combination of sodium silicate and 

potassium silicate was used. Sodium silicate is less hygroscopic than the potassium 

silicate and is expected to better reduce the weld metal hydrogen. The results of 

this experiment are shown in Table 4.5.

As is shown, there was no significant change in the weld metal hydrogen for 

the two binders used. From this data, it is evident that the decrease in hydrogen 

should be done in the selection of flux ingredients. Although the hydrogen is a bit 

high in these welds to be classified as a low hydrogen electrode, subsequent 

changes in the flux in the A7xx, A8xx, and A9xx series electrodes should have 

reduce the hydrogen to acceptable levels.

In general, there was no evidence of hydrogen assisted cracking during 

welding. All welds were sectioned several times for specimen analysis of chemical 

composition, weld metal microstructure, and weld metal oxygen content, and 

during this time were inspected for weld metal cracking, of which none was 

evident.
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Table 4.5 Effect of type of binder on diffusible hydrogen pick-up.

Electrode Binder Type Hydrogen (g/100g 
weld)

A630 KSi03 7.8 + 0.4

A630.1 Ksio3+NaSi03 8.5 + 0.4

A630.2 NaSi03 7.6 + 0.5
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4.4 Slap Properties

The useability of a welding electrode for out-of-position welding is directly 

linked to the properties of the slag. A qualitative discussion of slag properties is 

discussed below that will focus on the characteristics of the slag that will facilitate 

all-position welding. Photographs of the primary electrodes were taken 

immediately after welding as well as after subsequent slag removal. These 

pictures are shown in Figure 4.20. A qualitative discussion of the slag properties 

follows that makes reference to these photographs.

4.4.1 Slag Viscosity. Detachabilitv. Electrode Usability

The viscosity and detachability of the slag is discussed in qualitative terms 

with respect to observations made during and after welding. Each series of 

electrodes had specific changes to the welding flux that altered the slag 

characteristics.

The Alxx series electrode had excellent viscosity. The high viscosity is 

evident in the way that the slag remained whole, even as the tail end of the slag 

lifted from the weld surface indicating excellent detachability. This slag behavior 

was also evident in the A2xx series electrodes. Both fluxes were high in rutile and 

alumina, both network formers that contribute to slag viscosity.

The viscosity of the welding slags formed during welding with the A3xx 

electrodes began to deteriorate as alumina was removed from the system. The
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Figure 4.20 Photographs of welds made with the primary electrodes with the lag 

detached and with subsequent slag removal, a.) A100, A230
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Figure 4.20 (cont.) b.) A310, A420
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Figure 4.20 (cont.) c.) A530, A610
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Figure 4.20 (cont.) d.) A710, A840
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Figure 4.20 (cont.) e.) A910, A920
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texture of the slag became more glassy and the slag ran more to the edges of the 

weld bead, indicated by the increase in width of both the weld bead (Sec 4.1.2) 

and the slag (Figure 4.20b). The slag no longer contracted and lifted from the 

weld bead, which will have an effect on the cooling rate of the weld bead, 

although there is no significant evidence in the weld metal microstructure. The 

microstructural effects will be the increase in primary and side-plate ferrite as the 

cooling curve is pushed to further times. However, the amount of primary ferrite 

was already high in the welds deposited by the A3xx series electrodes, so the 

affects would be minimal. The slag detachability was poor for these electrodes. If 

Figure 1.8 is considered, the resulting layer of slag left on the weld bead is due to 

the formation of spinel at the slag metal interface.

The slag became even more fluid for the welds deposited by the A4xx 

series electrodes. The increase in ferric oxide at the expense of rutile lead to a 

breaking of the networks that were formed and reducing the viscosity. Instability 

became significant in the welding arc, characterized by an erratic weld bead and 

uneven slag coating. Slag detachability was still poor for these electrodes.

With the addition of ferromanganese in the A5xx welding electrodes, the 

slag remained fluid, but the arc was less erratic, most likely due to the reduction 

of ferric oxide. The slag was still too fluid, evident by the width of the slag 

covering the weld bead.

Ferrotitanium additions in the flux coating of the A6xx welding electrodes
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further reduced the hematite in the flux coating, and the arc became less erratic. 

The slag was slightly more viscous, and still exhibited a glassy look. Slag 

detachability was better for the A6xx series electrodes. No change was noted in 

arc characteristics for either of the alterations in the A7xx flux coating.

Calcium carbonate and calcium fluoride were adjusted in the A8xx series 

electrodes in an attempt to fine tune the viscosity of the slag. For all the welds 

made within this series, the slag was still to fluid, and modification of the flux 

needed to be considered with the addition of network formers such as alumina. 

The slag detachability still remained difficult. The arc created excessive fumes for 

the A840 welding electrode, due to the high CaF2 content. In spite of this poor 

behavior, the weld metal exhibited a microstructure that was desired above the 

weld metals deposited by the other electrodes in this series.

In an effort to improve slag detachability and viscosity, alumina was added 

to the flux. The addition of alumina did indeed increase the slag viscosity and 

detachability, although the reduction of ferric oxide lead to low levels of weld 

metal oxygen.

4.4.2 Arc Stability

The voltage of the primary electrodes was monitored and a correlation to 

arc stability was made that considered the changes in the voltage as a function of 

time as welding progressed. The data contains many pieces of information which
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require extensive analysis to extract specific results. Results of the arc stability is 

given in Appendix C with limited (preliminary) analysis and discussion.

4.5 Results of Round-Robin Testing 

The A910 and A920 welding electrodes were sent to two independent 

shipyards for evaluation (Ingalls Shipbuilding and Bath Iron Works). Sent with 

the electrodes was an evaluation sheet that was to guide the welder in 

summarizing the performance of the electrode. The individual comments made by 

the testers is shown in Appendix D. A discussion of the results follows that 

explains the behavior of the electrodes.

Of the performance notes evaluated, only the arc initiation received good 

marks. The largest problem with the electrodes was in the eccentricity of the rod 

within the coating. The erratic arc would be due to the uneven bum rate of the 

rod as thinner coating on one side of the electrode was melted and entered the 

arc column ahead of the thicker coating. This removal of thinner coating would 

initiate the arc column to the side of the electrode that was burning more quickly. 

An uneven slag could also be the result of an even coating. Different amounts of 

slag would form with varying amounts of coating that travelled across the arc.

The weld ripple pattern is a direct consequence of the slag formation. The weld 

puddle would solidify differently under varying slag constraints.

For further studies of the electrodes, it is important that the eccentricity be
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minimized. The large volume of electrodes produced for this weldability study 

made quality control a problem. As a note, experimental electrodes used 

throughout the study were very carefully selected to avoid these problems of 

eccentricity and it is felt that the results discussed are from electrodes that, for the 

given flux system studied, deposited a weld that would characterize the effects of 

the flux system used and not be a result of poor quality welding rods.

4.6 Summary of Results

A general overview of the analysis will be given in this section, with 

attention being given to the significant results of the research. The abundance of 

information gained in this investigation, and presented previously, requires a 

focused discussion on the results as they pertain to the welding of HSLA-100 steel. 

This discussion is in addition to a series of conclusions that is given in the 

following section.

The experiment was characterized by the transformation of a flux coating 

system from rutile to basic in composition. The changes in the weld metal 

metallurgical properties as well as the characteristics of the welding slag were 

considered. The discussion of the changes resulting from the flux transformation 

was made in consideration of a selected electrode from each of the series 

formulated (Figure 3.1).

The high oxygen potential of the early welding electrodes lead to a large
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loss of alloying elements to the slag as is indicated by the delta quantity of the 

electrodes shown in Figures 4.12, 4.13, and 4.14. With subsequent alterations of 

the flux to an electrode that was basic in nature, there was a reduction in the delta 

loss of alloying elements to the slag, until a delta quantity of zero was achieved. 

Consideration of the metal-oxide equilibrium reactions allowed for a tuning of the 

alloy elements to the desired levels (Figures 4.6, 4.7, and 4.8). Further 

consideration of the competitive reactions occurring in the weld pool indicated 

that equilibrium considerations for the weld pool were indeed true (Figures 4.9, 

4.10, 4.11).

With the guide of previous research, the weld metal microstructure that 

was desired was one high in acicular ferrite combined with harder phases. The 

original electrodes were high in oxygen, leading to a high inclusion content, 

smaller prior austenite grain size, and subsequently a large amount of grain 

boundary and side-plate ferrite. The reduction in oxygen lead to a reduction in 

the amount of grain boundary ferrite, but acicular ferrite was still absent from the 

microstructure. The high manganese content of the welds deposited with the A5xx 

welding electrodes significantly reduced the amount of primary ferrite and lead to 

the formation of bainite. With the addition of ferrotitanium to the welding flux in 

the A6xx series, acicular ferrite was formed in the weld metal. Mechanical testing 

of these weld metals lead to the conclusion that the microstructure consisting of 60 

pet. acicular ferrite and 30 pet. martensite exhibited the best properties. This dual
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phase microstructure was found with weld metal contents of 150 ppm titanium, 1.0 

wt. pet. of manganese, and oxygen levels of 400 ppm. Subsequent changes in the 

welding flux allowed for altering the slag properties, with little change in the weld 

metal microstructure.

For the weld metal, it is important to remember that changes in any of the 

alloys can greatly effect the resulting microstructure. For the A9xx series 

electrodes, the weld metal oxygen content was lowered to below 300 ppm, and a 

resulting microstructure that was predominately martensite was formed. The 

resulting change in manganese and titanium alloy content was insignificant, leading 

to the recognition of the importance of balancing each of the components.

The slag properties changed significantly with the alterations in the welding 

flux. The Alxx series electrodes were characterized by excellent slag detachability 

as well as slag viscosity. The slag appeared more glass-like, and detachability 

decreased as the slags became more basic. This detachability problems were 

related to the formation of perovskite as indicated in Figure 1.7, the intermediate 

slag between CaO and TiOz. The final slag had adequate detachability, made so 

by the additionof alumina to the flux system, although the viscosity was too low to 

facilitate out-of-position welding.
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5.0 CONCLUSIONS

The extensive electrode formulation done in this work has led to an 

understanding of the formulation of electrodes for HSLA-100 steels. The 

conclusions drawn from this work are as follows:

1.) A methodology was established to study flux coating formulations as the 

nature of the flux was taken from rutile to basic. Specific alterations in the 

system allowed for characterization of individual affects of components on 

both the welding consumable function as well as on the weld metal 

chemical composition.

2.) An understanding of the equilibrium type relations that occur in the weld 

metal during solidification and slag formation lead to knowledge of the 

controlling reactions in the determination of the final weld metal chemical 

composition.

3.) A microstructure that was 60 pet. acicular ferrite and 30 pet. martensite 

was found to exhibit the strength and toughness requirements for a HSLA- 

100 steel weldment. This microstructure was brought about by a specific 

amount of alloying elements as well as weld metal oxygen content.

4.) A flux formulation was established that allowed for welding in the flat 

position and deposited a weld metal that had significant mechanical
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properties. This electrode was basic in nature and used ferromanganese 

and ferrotitanium additions to balance the weld metal alloy content which 

lead to the reduction of grain boundary and side plate ferrite and promoted 

the formation of acicular ferrite, bainite and martensite.
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Table A l. Chemical composition of Alxx welding electrodes (Wt. Pet.)

A1 A100 A110 A120 A130 A140

Alumina 2.7 2.8 2.7 2.8 2.7 2.6

Feldspar 6.7 7.0 6.8 6.9 6.7 6.6

Calcium
Carbonate

12.2 12.7 12.3 12.5 12.1 11.9

Ferro-
Manganese

2.2 2.2 2.2 2.2 2.1 2.1

Potassium
Titanate

10.8 11.2 10.8 11.0 10.7 10.5

Titanium
Dioxide

46.5 48.3 46.8 47.5 46.1 45.4

Silica 8.4 8.7 8.4 8.5 8.3 8.2

Mica 2.7 2.8 2.7 2.8 2.7 2.6

Kaolin 4.3 4.4 4.3 4.4 4.2 4.2

Calcium
Fluoride

- - - - - -

Iron
Oxide

- - - - - -

Iron
Powder

- - - - - -

Ferro-
Titanium

3.0 - 3.1 1.6 5.0 6.2

Ferro-
Boron

0.8 - - - - -

A R T H U R  LAKES LIBRARY 
COLORADO SCHOOL O F  MINES 
G C lD E N ,  CO 8040)
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Table A2. Chemical composition of A2xx welding electrodes (Wt. Pet.).

A210 A220 A230

Alumina 5.6 11.2 22.2

Feldspar 7.0 7.0 7.0

Calcium
Carbonate

12.7 12.7 12.7

Ferro-
Manganese

2.2 2.2 2.2

Potassium
Titanate

11.2 11.2 11.2

Titanium
Dioxide

45.5 39.8 28.6

Silica 8.7 8.7 8.7

Mica 2.8 2.8 2.8

Kaolin 4.4 4.4 4.4

Calcium
Fluoride

- - -

Iron
Oxide

- - -

Iron
Powder

- - -

Ferro-
Titanium

- - -

Ferro-
Boron

- - -
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Table A3. Chemical composition of the A3xx welding electrodes (Wt. Pet.).

A310 A320 A330

Alumina 11.2 5.6 -

Feldspar 7.0 7.0 7.0

Calcium
Carbonate

12.7 12.7 12.7

Ferro-
Manganese

2.2 2.2 2.2

Potassium
Titanate

11.2 11.2 11.2

Titanium
Dioxide

28.6 28.6 28.6

Silica 8.7 8.7 8.7

Mica 2.8 2.8 2.8

Kaolin 4.4 4.4 4.4

Calcium
Fluoride

11.2 16.8 22.4

Iron
Oxide

- - -

Iron
Powder

- - -

Ferro-
Titanium

- - -

Ferro-
Boron

- - -
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Table A4. Chemical composition of the A4xx welding electrodes (Wt. Pet.).

A411 A410 A421 A422 A420

Alumina 11.2 11.2 11.2 11.2 11.2

Feldspar 7.0 7.0 7.0 7.0 7.0

Calcium
Carbonate

12.7 12.7 12.7 12.7 12.7

Ferro-
Manganese

2.2 2.2 2.2 2.2 2.2

Potassium
Titanate

11.2 11.2 11.2 11.2 11.2

Titanium
Dioxide

26.1 23.6 21.1 16.1 13.6

Silica 8.7 8.7 8.7 8.7 8.7

Mica 2.8 2.8 2.8 2.8 2.8

Kaolin 4.4 4.4 4.4 4.4 4.4

Calcium
Fluoride

11.2 11.2 11.2 11.2 11.2

Iron
Oxide

2.5 5.0 7.5 12.5 15.0

Iron
Powder

- - - - -

Ferro-
Titanium

- - - - -

Ferro-
Boron

- - - - -
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Table A5. Chemical composition of the A5xx welding electrodes (Wt. Pet.).

A510 A520 A530

Alumina 11.2 11.2 11.2

Feldspar 7.0 7.0 7.0

Calcium
Carbonate

12.7 12.7 12.7

Ferro-
Manganese

4.2 6.2 8.2

Potassium
Titanate

11.2 11.2 11.2

Titanium
Dioxide

13.6 13.6 13.6

Silica 8.7 8.7 8.7

Mica 2.8 2.8 2.8

Kaolin 4.4 4.4 4.4

Calcium
Fluoride

11.2 11.2 11.2

Iron
Oxide

13.0 11.0 9.0

Iron
Powder

- - -

Ferro-
Titanium

- - -

Ferro-
Boron

- - -
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Table A6. Chemical composition of the A6xx welding electrodes (Wt. Pet.)

A610 A620 A630 A640

Alumina 11.2 11.2 11.2 11.2

Feldspar 7.0 7.0 7.0 7.0

Calcium
Carbonate

12.7 12.7 12.7 12.7

Ferro-
Manganese

8.0 8.2 8.2 8.2

Potassium
Titanate

11.2 11.2 11.2 11.2

Titanium
Dioxide

13.6 13.6 13.6 13.6

Silica 8.7 8.7 8.7 8.7

Mica 2.8 2.8 2.8 2.8

Kaolin 4.4 4.4 4.4 4.4

Calcium
Fluoride

11.2 11.2 11.2 11.2

Iron
Oxide

7.0 5.0 3.0 -

Iron
Powder

- - - -

Ferro-
Titanium

2.0 4.0 6.0 9.0

Ferro-
Boron

- - - -



T-4389 143

Table A7. Chemical composition of the A7xx welding electrodes (Wt. Pet.).

A710 A720

Alumina 11.6 11.6

Feldspar 11.1 11.1

Calcium
Carbonate

13.2 13.2

Ferro-
Manganese

8.6 8.2

Potassium
Titanate

11.4 11.4

Titanium
Dioxide

14.3 14.3

Silica 8.3 8.3

Mica - -

Kaolin - -

Calcium
Fluoride

11.6 11.6

Iron
Oxide

7.4 -

Iron
Powder

- 7.4

Ferro-
Titanium

2.5 2.5

Ferro-
Boron

- -
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Table A8. Chemical composition of the A8xx welding electrodes (Wt. Pet).

A810 A820 A830 A840

Alumina 11.6 11.6 11.6 11.6

Feldspar 11.1 11.1 11.1 11.1

Calcium
Carbonate

18.6 16.6 8.2 6.2

Ferro-
Manganese

8.2 8.2 8.2 8.2

Potassium
Titanate

11.4 11.4 11.4 11.4

Titanium
Dioxide

14.3 14.3 14.3 14.3

Silica 8.3 8.3 8.3 8.3

Mica - - - -

Kaolin - - - -

Calcium
Fluoride

6.2 8.2 16.6 18.6

Iron
Oxide

7.4 7.4 7.4 7.4

Iron
Powder

- - - -

Ferro-
Titanium

2.5 2.5 2.5 2.5

Ferro-
Boron

- - - -
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Table A9. Chemical composition of A9xx welding electrodes (Wt. Pet.).

A910 A920 A930

Alumina 14.1 16.6 19.0

Feldspar 11.1 11.1 11.1

Calcium
Carbonate

6.2 6.2 6.2

Ferro-
Manganese

8.6 8.6 8.6

Potassium
Titanate

11.4 11.4 11.4

Titanium
Dioxide

14.2 14.2 14.2

Silica 8.3 8.3 8.3

Mica - - -

Kaolin - - -

Calcium
Fluoride

18.6 18.6 18.6

Iron
Oxide

4.9 2.4 -

Iron
Powder

- - -

Ferro-
Titanium

2.4 2.4 2.4

Ferro-
Boron

- - -
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Figure B l. Graph of Charpy impact data for welds deposited with the A530

electrode.
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Figure B2. Graph of Charpy impact data for welds deposited with the A610

electrode.
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Figure B3. Graph of Charpy impact data for welds deposited with the A620

electrode.
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Figure B4. Graph of Charpy impact data for welds deposited with the A630

electrode.
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Figure B5. Graph of Charpy impact data for welds deposited with the A640

electrode.
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Arc Stability

A DAS-1600 series analog-to-digital board from Keithley-Metrabyte was 

used with a PC computer to allow for the monitoring of the voltage of the 

welding arc. Characterization of the voltage across the welding arc contains 

information about the welding process that is beneficial in the formulation of 

electrodes. Acquisition of voltage data for welds made in the fiat and vertical 

down configuration will lead to a better understanding of the difference in metal 

transfer in the two methods and to a qualitative assessment of transfer efficiency. 

For this discussion, the A100 welding electrode and A420 welding electrode were 

selected for their obvious disparity in arc voltage signal characteristics. In the 

conclusions, the A610 electrode is discussed.

The ideal characteristic of the voltage across a welding arc using a 

constant current power supply is a constant potential drop, corresponding to a 

constant distance between the tip of the welding electrode and the work piece.

As this distance varies, the welding voltage will also vary. The voltage will 

increase as the distance between the electrode tip and the work piece is 

increased. This arc gap will vary in several ways, with each of these variations 

discussed below: material transfer across the arc, variation of the electrode tip 

to work piece distance by the user, and noise generated by the power supply.

The welding process is characterized by melting of the electrode tip and
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subsequent transfer of this melted material to the base plate. As a droplet is 

detached from the tip of the electrode, the distance across the arc is increased by 

the diameter of the droplet. Transfer happens at short intervals and the signal 

will vary rapidly as the droplets are transferred. The size of the voltage variation 

will be indicative of the size of the drops being transferred. Considering Figure 

1, the arc voltage has long spikes that show a decrease in this voltage. This is 

due to melting at the tip, and large droplets extending into the arc, decrease the 

arc gap. When these droplets detach, the voltage quickly climbs to a value 

higher than the apparent average. Two examples of this are the spikes at 0.10 

seconds and 0.30 seconds.

Changes in the arc signal will also be due to the movement of the 

electrode by the user. The working in and out of the electrode by the welder as 

constant arc gap is maintained will show up in the signal as long period voltage 

variations as shown in Figure C.l. After the droplet has detached (at 0.10 

seconds), the voltage is higher than the preset value. The stepping motor drives 

the electrode towards the baseplate, shown as a decrease in the arc voltage.

When the droplet detaches, the process begins again. These changes will also 

show up as long period changes, as the sampling of the welding arc by the 

monitor has a long period, and the response of the stepping motor to the 

changes in arc gap is also slow compared to the high frequency changes of the 

arc voltage due to metal and flux transfer.
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The voltage output of the welding machine will also be apparent in the 

welding signal. The power supply manipulates the line voltage to give a welder 

selected output. In the case of the welding machine used in this work, the 60 Hz 

line signal was rectified and smoothed and a 120 Hz signal appears in the 

voltage data. This AC component has a peak-to-peak value of approximately five 

volts. The periodicity of this component makes it easy to identify in the 

voltage/time plots and is shown in Figure C.2.

Voltage as a function of time was plotted for several electrodes and the 

results are graphed in the following figures. Each graph is designated with a 

number xAyyyz. Each of these has the significance as follows: 

x - the number of the weld being made with the specified electrode or if this 

designation is V, this is a weld made in the vertical down configuration. 

Ayyy - the electrode designation, 

z - the number of the sampling within each weld.

As an example, 1A1001 is the first weld made with electrode A100 and this 

graph is the first of three separate acquisitions during this weld. A designation 

of VA1001 is a weld made in the vertical down configuration with the A100 

series electrode, this being the first of three samples made along the weld length.

First, we will consider the A100 welding electrode. Figures C.3 and C.4

are plots of the voltage as a function of time for the fiat and vertical down

configuration, respectively. There appears to be little difference in the arc signal
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1 A 1 0 0 3
4 0

3 5

3 0

2 5

20  -

1 5  -

0.0 0 . 2 7 0 . 5 3  0 . 8 0

T i m e  ( S e c o n d s )

1 . 0 7 1 . 3 3

Figure C.3. Plot of arc voltage as a function of time for welds made with the

A100 welding electrode in the flat position.
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V A 1 0 0 3
4 0  M i ■ ■ , — % : t i —? —"f— i l l i ' | i r — t " i
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T i m e  ( S e c o n d s )

Figure C.4. Plot of the arc voltage as a function of time for the welds made

with the A100 electrode in the vertical down configuration.
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between the two plots. The arc characteristics for both positions is almost 

identical.

Secondly, and conversely, we will consider the arc voltage signals for the 

A420 welding electrode shown in Figures C.5 and C.6 (flat and vertical down, 

respectively). For the flat position, there are large downward spikes 

corresponding to the transfer of large drops to the weld pool. Considering Figure 

6, we do not see the same number of downward spikes as are evident in Figure 

5, although there are large jumps in the voltage that would correspond to a large 

drop release. With the configuration of the welding rod, the large drops would 

be drawn by gravity and removed from the arc before their influence is seen in 

the arc signal. This implies that material is not being transferred across the arc 

and leads to poor functionality of the welding rod in the vertical down position.

This type of signal analysis is only useful when discussing the transfer 

characteristics of the welding electrode. The final weld metal properties will be 

governed by more than just the transfer efficiency of the arc. However, efficient 

transfer of material to the weld pool is the first step in the control of weld metal 

properties out-of-position.

In conclusion, it is apparent that the A100 welding rod had better welding 

characteristics than the A420 electrode. The difference in material transfer is 

apparent in the large variations in the A420 electrode compared to the A100 

welding electrode. When the electrodes are used in the vertical down
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Figure C.5. Plot of the arc voltage as a function of time for a weld made

with the A420 electrode in the flat position.
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Figure C.6. Plot of the arc voltage as a function of time for a weld made

with the A420 electrode in the vertical down configuration.
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configuration, this will lead to a loss of material during transfer from the 

electrode tip to the weld pool and will result in poor weld metal properties. 

Figure C.7 is a plot of the arc voltage as a function of time for the A610 

electrode in the flat position. As per the previous discussion, the amount of large 

sized material transfer is decreased, leading to the conclusion that the transfer 

characteristics for welding out of position with the A610 welding electrode 

would be superior to that of the A420 electrode, although not as efficient as the 

A100 electrode.
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1 A 6 1 0 3
4 0

3 5

3 0

2 5

20

1 5

10
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T i m e  ( S e c o n d s )

Figure C.7. Plot of the arc voltage as a function of time for a weld made

with the A610 electrode in the flat position.
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APPENDIX D



Litton_________
Ingalls Shipbuilding P O Box 149 

Pascagoula, Mississippi 
39568-0149

WE-93-376 
19 November 1993

department: of Metallurgical 
m d  Materials Engineering
ATTENTION: Stephen Liu, Ph.D.
Colorado School of Mines 
Solden Colorado 80401-1887

bear Stephen:

We have finished the evaluation of your SMAW electrodes. W. J. Bryant and 
7. M. Stamp ley performed the evaluation and have filled out the enclosed forms. 
iach have had many years of experience in welding with low hydrogen electrodes and 
>rovide an excellent opinion of the overall performance.

Following is a list of comments describing the performance of the electrodes:

1. The arc initiation was excellent, however, if the arc was broken before
the electrode was completely deposited, reinitiation was very difficult. 
The electrode consumed at a faster rate than the coating. As a result, 
the electrode would require a very forceful strike to remove enough 
coating to expose the end of the electrode.

2. The arc is extremely erratic which makes the puddle extremely difficult 
to control.

3. The slag detaches easily in the flat position and is more difficult to 
remove in the vertical position. The electrode does not provide a slag 
cover with a consistent thickness in either position.

4. Most of the electrodes generated an excessive amount of spatter.

5. The fumes are excessive and emit a very unpleasant odor.

6. The coating is not uniform which causes the electrode to consume 
unevenly. Large pieces of the electrodes coating break off during 
welding and fall into the weld puddle.

7. The weld ripple pattern is not consistent along the length of the 
deposited bead. The bead shape changes in thickness and width.

1 of 2
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8. A bead can be deposited in the flat position, but 
evaluate in the vertical down position. The electrode 
that is excessively fluid and slow to solidify which 
for vertical position applications.

9. Pin holes are generated at different times during the 
bead.

We hope that our evaluation will further assist you in your 
these electrodes.

Sincerely,

INGALLS SHIPBUILDING,

W. McClellan, 
Welding Engineer 
Welding Laboraotry

RWM/enp

is impossible to 
produces a puddle 
makes it unusable

deposition of the

effort to develop

Inc.

Enclosure



Electrode Evaluation Form

Shipyard:

Welder: 
Phone No.:

Date Tested:

Electrode Series: ^À9j3yA920 (Circle One)

Recommended 
Welding Current

150 A
Vertical Down

100 A

Pleas* rate tfm expérimentai electrodes on a  scafe of 1 to 5, being t the best and 5 the worst* in 
the categories listed in the table below* The rating should be  performed by comparing the ex
perimental electrodes with commercial £1001$ type electrodes, if the performance of the ex
perimental electrodes is equal to that of the commercial etecirode$t the rating should b e  t> Use 
anew  cotumn for each of the electrodes that you test You may duplicate this form as needed.

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number1 2 3 4 5 6 7 8 9 10
Arc Initiation a z J. X X A X X : X
Arc Stability S' S' S’ H- s S’ sr <r s '
Slog Deiachabifity i I ! / / i / t i / Illl
Deposition Behavior S’ S S' S s s 6" 5" s '
Spalt^hg ■ s iÉlll■ S S’ r s 111■ S'
Fume Generation s' s S’ <r S' S' S' S' £ S'
Coating Integrity 
During Welding s ' s s S' £ s Ml sr S' IH
Weld Ripple Pattern 3 H 3 3 V 3 A r S' ¥
Electrode Performance 
(OveraB) S' S’- S' i l l l i i s S' X S '
Actual Welding Current 
Recorded (A) I f r f i /S oft fpk/y*fi / f e n
Actual Weidin Speed 
Recorded (tom) %53S»t7J?h w f û S

*XP>)
7 .?  
Z*» :TSjh

7
Xem

y

Additional Comments:



Electrode Evaluation Form

Shipyard: 15

Welder: 77 ^ T A A f f / Æ y  
Phone No.:

Electrode Series: <A9U);'/A920

Recommended 
Welding Current

150 A

Date Tested:

(Circle One)

Vertical Down
100 A / / -  f-3

PJ&as& rate the expérimentai electrodes On a  scale of 1 lo being 1 the best and 5 the worst, in 
the categories listed in the table below* The rating should b e  pelf aimed by comparing the ex~ 
perimentai electrodes wîth commercial E100}$ type electrodes. If the performance of the ex
perimental elecfrodes is equaf to that of ihe commerclal electrodes, the rating should b e  l> Use 
a  new column for each of the electrodes that you test You may duplicate this form as needed.

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 4 5 6 7 8 9 10

Arc Initiation
2 - 1 : x . I t- : 2 -* 2 ~ ! ^

Arc Stability
d T S ’ S " jT 4 4 j r jT 4,

Slag Deiachabifity
5 ^ X - ; £ . x . 2 - 3 x-

Deposition Behavior _r S ' s jr 4 4 jT S jr 4
Spattering

•JT' s S' 4 4 s S 3" 4
Fume Generation jT _s~ s s r jr s s 3" «S'
Coating Integrity 
During Welding s ~  ;S '  \s r f 4 s s j "  ^ 4
Weld Ripple Pattern

2- / 3 3 3 3 4 4 3
Electrode Performance 

KOveraB) 4- s s 4 ! 4 4 s jr 4
Actual Welding Current 
Recorded (A) /44A /4 0 A /do ft /4 0 A /4b<\ »
Actual Weidin sp e e d  
Recorded (iom) tBTfM ftlfAf Ÿ4&
Additional Comments:



Electrode Evaluation Form

Shipyard: .ZTn^/PY/ 5>

Welder: IaJ  
Phone No.:

Date Tested:

Electrode Series: (^9T0)fA920 (Circle One)

Flat Vertical Down
/A -Recommended 

Welding Current
150A <gOA)

,

Pleas&rafe the experimented electrodes on a scale of I to 5, being I the best and 5 the worst, in
the categories listed in the table below* The rating should be performed by comparing the ex -  
perimentai electrodes with commercial £1001$ type electrodes. If the performance of the ex~ 
perimentai electrodes is equal to that of the commercial elecfrodest the rating should b e  ?. Vse 
anew  column for each of the electrodes that you test You may duplicate this form as needed.

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 4 5 6 7 8 9 10

Arc Initiation .2 X X \x X : A A X A A....

Arc Stability
S ' s s 6" s S 5 < r

sj Slag Defachability r S ' s s s $ s s III!
Deposition Behavior

S ' s jT s s s' 6 £ S' s'
Spattering r S is ■ S ' - s df i i i H ■ 1
Fume Generation S S' s S' s s S s S
Coating Integrity 
During Weldina s s s s r s S ' s s
Weld Ripple Pattern s s s s s 6 S s 6 "
Electrode Performance : 
(Overall) sr sr s' :S' r : s , H S’ s
Actual Welding Current 
Recorded (A) /£>&#- /25>tZSfi/̂ 5ft l i e n /S sn / U n I3SH
Actual Weidin Speed 
Recorded (iom) tm Fm /Ür ;

'■

t% /«- / /
Z f m if j t f jr??*} \s

S f/n
t û 4

Additional Comments:

— — -j—

j



Electrode Evaluation Form

Shipyard: jr*Sq*l\£

Welder: '/T  pjCjEy  Date Tested:
Phone No.:

Electrode Series: CA9iB̂ A920 (Circle One)

Flat Vertical Down
/ / —/Recommended 

Welding Current
150 A cS qa>

.
Ple&s&rafe th& experimental electrodes O n  a  scale Of J to 5, b e in g  7 the best and 5 the worst, in 
the categories fisted in the table below. The rating should be performed by comparing the ex
perimental eiecfrodes with commercial £1007$ type electrodes, if the performance of the ex~
psmimenfaf electrodes is equal to ffiaf of the commercial eieclrodest the rating should be  7> Use 

I a new column for each of the electrodes that you test You may duplicate this form as needed

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 4 5 6 7 8 9 10

Arc Initiation : -z^ 3 5 / : ^ £ ' 3 / :
Arc Stability

jT jT j r S ' 4- . r £ j r 4
Stag Deiachabifity

S ' < S ' r \ S ’ S ~ JT £
Deposition Behavior

s~ 5~ sr f S’ 4 4
Spattering jr & £ sr £ s S ' S’ £  \ s
Fume Generation jr S S r s s £ £ s
Coating integrity 
During Welding sr : s ' IHMBIH £ £ sr £
Weld Ripple Pattern JT S’ S' j- S ' £ f r 4-
Btectrode Performance 
{Overall) . jr S' ■ <r s x .\s S 4- £ 4
Actual Welding Current 
Recorded (A) /3Sfl 13fft )S A /&> ft HZ A IBS’# ifffi-
Actual Weidin Speed  
Recorded (lorn) fsttr, •tzSM ff -ffJy wm tZ2/4ffSXAfr
Additional Comments:

-------1—



Electrode Evaluation Form

Shipyard:

Welder: 'T^STA/̂ PUEy 
Phone No.:

Electrode Series: A910/^921/ (Circle One)

Date Tested:

Recommended 
Welding Current

150A
Vertical Down

100 A It- Z3

PJea$& rote the experimental electrodes <>n a  scale Of 7 to 5, being 1 the best and$ the worst. In 
the categories fisted In the table below, the rating should be performed by comparing the ex- 
perimentai electrodes with commercial £1001$ type electrodes. If the performance of the ex- 
perimentai eiecfrodes is equal, to that of the commercial electrodes, the rating should b e  1. Use 

I anew  column for each of the electrodes that you test You may duplicate this form as needed* 1

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 4 5 6 7 8 9 10

Arc Initiation 3- 1 / I i : t f ? i : t
Arc Stability

f 3 3 3 3 3 4 4 4
Stag Defachabilify 2- A JL , 1- Z s
Deposition Behavior

f f 3 4 3 3 3 4 4 4
Spattering

* 3 3  :■ 3 3 4 4 4~ 4
Fume Generation

j r S ~ jT y S ' S S ' S S S
I Coating Integrity 
During Welding 4 3> 4 3 3 3 4 4 4
Weld Ripple Pattern

4 3 4 3 3 3 3 3 4
Electrode Performance 
(OveraB) X f  !_3 4 4 4 4 4 4 4
Actual Welding Current 
Recorded (A) /S f f i rfefi !S0f\ JScrfl ISDft
Actual Weidin Speed 
Recorded (Iom) IftfJ'/jjrf/H a&w 'ttxpdtL r̂/Ai /MX*
Additional Comments:



Electrode Evaluation Form

Shipyard: f t  //S

Welder: UJ. X, Date Tested:
Phone No.:

Electrode Series: A910/^92g) (Circle One)

CffiD Vertical Down I
Recommended 
Welding Current

150A 100 A / / -  / / -  y j?

.

Pi&as&rafe th& experimental electrodes On a scale of I to 5, being I the best and 5 the worst. In 
I the categories M ed in the table below, the rating should b e  performed by comparing the ex
perimental electrodes with commercial Bfôûl$ type electrodes. If the performance of the ex
perimental electrodes is equal fo that of the commercial electrodes, the rating should be  ?. Use 
anew column for each of the electrodes that you test You may duplicate this form as needed.

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 4 5 6 7 8 9 10

[Arc Initiation
/ / / / / : / i t / : i

Arc Stability
X j T y vT j T H y y Y

I Slag Dotachability
â A ■ A I B B oL A a a

Deposition Behavior
S ’ S jT s J T y Y Y H *

Spattering
3 y J 9 H I I B ! 3 S ' M l

Fume Generation
S s s y j T S X j T s

Coating Integrity .. . . 
During Welding s s S ' s s  \ y H Y

Weld Ripple Pattern
y y y H H H y Y v - H

Electrode Performance 
(Overall) < r s s '  ' S ' s '  : X H Y y
Actual Welding Current 
Recorded (A) / S s f t M , / S r / } / s s a / n s a /Sàfi z r o A / S o p
Actual Weidin Speed 
Recorded (lorn)

I I
s f m

t t yo+ S \ü t t ü
s m

:■ ff.iT 
S f m t f ’/ v

/e >
I » .

n

0 0 %
/ 0 -

j r / ^ 9
Additional Comments:

-------1—



Electrode Evaluation Form

Shipyard: 115 
M  tftfy/9A/I

Date Tested:
Phone No.:

Electrode Series: A910/^920? (Circle One)

Flat (Vertical Down
/ / -  / ^ -  ^Recommended 

Welding Current
150A 100 A

,
Pleas&rate th& expérimenta} et0Gtrode$on a  scale ûf I to 5, being / the best and 5 the worst, in 
the categories listed in the tabte below. The rating should be performed by comparing the ex- 
perimentai electrodes with oommerclai £1001$ type eiecfrodes. If the performance of the ex~ 
perimentai electrodes is equal to that of the commercial electrodes, the rating should be t- Use 
anew column for each of the electrodes that you test You may duplicate this form as needed.

Category: 
Flat/Vertical Down 

(Circle One)

Electrode Number
1 2 3 A 5 6 7 8 9 10

BArc Initiation / / \ \ I / : t / f / /
| Arc Stability 3 3 S 3 s s s
Stag Deiachabifity

\ r s < \ ^ s s ,  , s
Deposition Behavior

s H s d T s jT jT s s
Spattering 3 3 H I 3 ■ 3 MM 3 3 3 3
Fume Generation S' S s S S s S S s S
Coating integrity 
During Welding Ï s f s s s s s s
Weld Ripple Pattern

V H s H- s y H V H 4-
Electrode Performance 
(Overall) s ' S ': s s s s 3 " S s
Actual Welding Current 
Recorded (A) /S o ft t / s p /■VfA t v s  ft /YJ-ftJSSft/Vo/» W0̂
Actual Weidin Speed  
Recorded (iom)

ts*
X fM

ts
ZfM

Ids
jrftm

yv
xfm

/V
%?#)xrm

tH
jcr/'W? AT 

2 ft*
/&

fKT, JTfflX
Additional Comments:

----1-



Electrode Evaluation Form

Shipyard:

Welder: £u' Date Tested:
Phone No.:

Electrode Series: A910/^929 (Circle One)

Flat (Vertical Dawr?
/ / -  / r - r jRecommended 

Welding Current
150A 100 A

.

PJ&as&rate /h eexperimental electrode?on asccde Of I to 5, being J the best and5 the worst, m
the categories listed in the table below* The rating should b e  performed by comparing the ex- 
perimentai electrodes With commercial B1001$ type electrodes* If the performance of the ex- 
perimentai electrodes is equal fo that of the commercial eiecfrodes, the rating should be 1. Use 
a  new column for each of the electrodes that you test You may duplicate this form as needed.

Category; 
Flat/Vertical Down 

(Circle One)

Electrode Number1 2 3 4 5 6 7 8 9 10

Arc initiation 1 / : I | ) } 1 / 1 t : t.
Arc Stability

f 3 3 jr S' s jT 4 3 f
Stag Defachability £ 3~ K r \s~ 3^ S'
Deposition Behavior f 4

\

4 s s ' S ' 4 .£ .....
Spattering

» 3 3 3 4 4, jr # 3 3
Fume Generation iT S ' S' S ' jr- <r~
Coating integrity 
During Welding f 3 3 \S ' 4 f 5^ 4 3 f
Weld Ripple Pattern 4 4 4 4 4 !T 4 4 f
Electrode Performance 
(Overall)................ S ' 4" 4 S ' S ' -jr o r S ' jr 3"
Actual Welding Current 
Recorded (A) IA6&fjfrfl Mpf) /&#
Actual Weidin Speed 
Recorded (ipm> ISXfrt IliEia x M /4 .V*. mmWÊÊÊÈY4*f4t
Additional Comments:

*}


