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ABSTRACT

Experimental shielded metal arc (SMA) welding fluxes were manufactured

using sodium silicate (NajSiOg), potassium silicate (KjSiOj), silica (SiOj), iron

powder, calcium carbonate (CaC03), and calcium fluoride (CaF2). Eleven

experimental flux coating compositions were extruded onto alloyed core wires. Two

types of flux coating were investigated; in each tj^e of coating, the CaC03:CaF2 ratio

was varied from 0.25 to 2.0 while other ingredients such as K2Si03, Na2Si03, and iron

powder were held approximately constant. Six of the fluxes contained the previously
mentioned ingredients as well as Si02 additions, while 5 fluxes contained no Si02

additions. A constant heat input of 1.3 to 1.4 kJ/mm was used to produce single

pass bead-on-plate and bead-in-groove welds on a HSLA-100 base metal. The welds
were analyzed for chemical composition, bead morphology, microstructure,

macrohardnes, Charpy V-Notch toughness, weld metal diffusible hydrogen. The

investigation focused on the relationships between flux composition and the chemical,

physical, and mechanical properties of the resulting weld metals.

Weld metal oxygen and nitrogen levels were found to depend on the

decomposition of CaC03. Weld metal oj^gen levels were found to increase with

increasing CaC03, and nitrogen levels were observed to decrease with increasing

CaC03. Flux silica did not appear to strongly influence oxygen levels in the

experimental welds.

Bead-in-groove welds were used to produce sub-size (2.5-mm by 10-mm by 55-
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mm) CVN specimens. Three flux compositions produced weld metal with superior

toughness. These weld metals contained 320-370 ppm oxygen. Mixed microstructures

containing large amounts of acicular ferrite (50-70 vol.pct.) in addition to bainite and

martensite were observed to produce the toughest weld metals. Toughness decreased

in weld metals which contained more than 400 ppm oxygen because of coarse bainitic

microstructures.

Mixed microstructures of acicular ferrite, bainite, martensite, and primary

ferrite produced weld metals with estimated tensile strengths which ranged from 759

to 1024 MPa (110 to 148 ksi) and estimated yield strengths which ranged from 607

to 938 MPa (88 to 136 to 136 ksi). A baking schedule of 450 °C was found to to

produce very low levels (<2 ml H2 per lOOg weld metal) of diffusible hydrogen in

three of four coatings tested.
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1.0 INTRODUCTION

The Purpose of this Section is to give some background information with

regards to the scope of the project, shielded metal arc welding consumables, and weld

metal microstructural development.

1.1 Scope

Low carbon microalloyed steels with yield strengths greater than 690 MPa (100

ksi) are increasingly being used for structural applications such as ship building and
off-shore oil platform construction. Successful use of these steels require shielded

metal arc (SMA) consumables capable of depositing weld metal with high strength,

good toughness, and low diffusible hydrogen concentrations.

Commercial SMA electrode coatings are complex and often contain more than

ten different ingredients. These components must provide a stable arc, adequate slag

coverage and detachability, low weld metal diffusible hydrogen content, and weld

metal with good mechanical properties. The compositions of commercial coatings are

often developed using proprietary "cut-and-try" techniques. Fundamental
understanding of the influence of the many coating ingredients is lacking. The use

of "cut-and-try" techniques have proven to be successful in the development of

consumables used for lower strength applications. More fundamental understanding

of the effects of flux coating ingredients on weld metal properties is needed to

develop consumables for higher strength applications.

The scope of this investigation is best described in two stages; the work

performed in stage one by Fredrickson [Fredrickson 1992], and the work done in

stage two, which is presented in this thesis. Fredrickson used low heat input

submerged arc welding to simulate SMA welding conditions and evaluate 45 flux
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compositions from three CaC03-CaF2-Si02-K2Si03-Fe flux systems. The fluxes that

provided superior microstructures and mechanical properties were identified. The
ingredients of the above flux systems were chosen to emulate the major ingredients
typically found in basic low hydrogen electrode coatings.

Fredrickson's work showed that the dissociation of Si02 was the primary factor

controlling the introduction of oxygen into the weld metal, and that at low Si02
concentrations in the flux, the introduction of oxygen was controlled by the

dissociation of CaC03. Fluxes that provided superior properties and microstructures

contained low amounts of Si02 (<20 wt. pet.) and CaC03 (<20-30 wt. pet.) with high

amounts of CaF2. There was one exception to the above trends: a flux containing 40

wt. pet. CaC03, 30 wt. pet. CaF2, 10 wt. pet. K2Si03, and 20 wt. pet. iron powder
produced welds with superior mechanical and microstructural properties.

The objective of the second phase of this study was to determine if the trends

in microstructure, mechanical properties, and pyrometallurgical reactions observed

in the submerged arc welding (SAW) experiments could be directly applied to
SMAW fluxes. A matrix consisting of eleven flux compositions was used in the

experiments described in this thesis. Six fluxes in these matrices contained a constant
amount of Si02, silicate binder, and iron powder; the CaC03: CaF2 ratio was varied

from 0.25 to 2.0. Flux compositions that contained silica additions were designated

as the "Si" fluxes. Similarly, no silica additions were made to five additional fluxes.

In these fluxes, the CaC03:CaF2 ratio was varied from 0.25 to 2.0, and constant

amounts of silicate binder and iron powder were added. Flux compositions which

contained no silica additions were designated as the "NSi" fluxes. This matrix tested

the performance of the major ingredients typically found in SMAW electrode coatings

without additions such as slipping agents, arc stabilizers, etc., which may produce

synergistic effects. If the operation of SMAW electrodes is to be clearly understood,

the role the major flux ingredients must be characterized before other systematic

additions are made to the flux coating.



T-4286

1.2 Nature of Shielded Metal Arc Weldinp Consumables

Although the use of continuous welding processes such as gas metal arc

welding (GMAW) and fluxed core arc welding (FCAW) has increased within the past

10 to 15 years, the annual production of shielded metal arc electrodes remains high.

Shielded metal arc welding electrodes are used to weld many different materials.

Materials can also be welded in many locations that cannot be reached by wire fed

processes. It is difficult to move the tanks and power supply associated with wire fed

processes into tight areas. Out-of-position welding such as overhead welding is best

accomplished using SMAW. Unlike the GMAW process, the SMAW process is not

limited to indoor or protected areas which are free of cross-winds that may deflect

the shielding gas during welding. The versatility of SMAW makes the process

feasible when space constraints, out-of-position welding requirements, or climate

conditions (underwater welding) make higher deposition process unfeasible.

An illustration of the shielded metal arc welding process is shown in Figure

1.1. Typical commercial electrodes consist of flux coatings that are extruded onto

low carbon steel core wires (such as AISI 1008 steels). Alloying ingredients are

usually added to the flux coating. The function and composition of the coating and

core wire will be discussed later. Figure 1.2 shows the manufacturing steps for

shielded metal arc electrodes; note that it is more complex than the production of

SAW fluxes. As shown in Figure 1.2, the dry flux ingredients are weighed, dry mixed,

and combined with binder prior to extrusion. Binders are used to hold the dry flux

ingredients together and to bind flux mixtures onto the core wire during extrusion.

After extrusion, part of the flux is removed from the end of the electrode (for the

electrode holder) and the electrode is dried and baked. After baking, electrodes

receive identification marks and are packaged. Low hydrogen electrodes are typically

packaged in air tight containers to prevent the electrodes from re-absorbing water

before use.
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The flux coating performs many different functions during welding. The

primary functions of an electrode coating include: 1) providing a suitable atmosphere

for the arc and molten puddle, 2) refining of the molten weld pool, 3) establishing

a slag layer that protects the weld metal during welding, 4) improving arc stability,

and 5) lowering arc resistance. The terms "welding flux" and "welding slag" are

synonymous to some. The American Welding Society defines a flux as a material used

to prevent, dissolve, or facilitate removal of oxides or other undesirable substances

during welding. A welding slag is a fused, non-metallic residue produced from some

welding process.

Table 1.1 lists the functions of the flux coating. In addition to serving the

functions listed in Table 1.1, the coating must be extrudable and resist damage during

handling and shipping. Finally, the coating must maintain integrity during welding

and not deteriorate. Naturally occurring minerals are refined and used in the

coatings to reduce manufacturing costs. The different sources of these minerals will

greatly affect the chemical composition of the ingredients and the performance of the

electrode; minerals mined from one location may not produce the same effects as the

same mineral mined at another site. Commercial producers of electrodes are

generally willing to divulge the and amounts of certain ingredients added to the

coatings, but the source of ingredients (i.e. mine location) is generally kept secret.

Table 1.2 shows some ingredients typically used in the manufacture of electrode

coatings, the chemical composition of the minerals, and the function that the mineral

provides.

This list, which is by no means complete, shows the wide range of possible

components that can be used in the production of electrode coatings. To alleviate

synergistic effects, only six ingredients were used in the experimental electrodes.

Unlike ingredients used in the steelmaking process, many ingredients in arc

welding fluxes perform functions other than metal refinement. Coating ingredients

may be required to perform many functions. These functions can be divided into five
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general functions: 1) gaseous protection, 2) slag formation and viscosity control, 3)

arc stabilization, 4) binders and slipping agents, and 5) alloying additions.

Table 1.1 Functions of a Shielded Metal Arc Welding Flux. [Jackson 1973]

1. Provide suitable gaseous atmosphere for the arc and molten weld pool.

2. Stabilize the arc; liberate electrons to ionize the arc gap.

3. Form a slag that protects the weld metal during solidification.

4. Produce a slag with proper melting temperature to prevent slag

entrapment.

5. Produce low density slags (lower than metal).

6. Produce slags that are immiscible in liquid metal.

7. Produce proper slag viscosity for all positions of intended use.

8. Promote slag detachability.

9. Provide welds with desired aesthetic qualities.

10. Provide alloying elements to weld metal.

11. Flux or clean base metal to be welded and refine molten metal.

12. Permit AC or DC welding operation.

13. Produce arc behavior that reduces spatter and fume.

14. Control color of coating.

15. Extrude and adhere to core wire.

16. Maintain integrity during welding within the designated current range.
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Table 1.3 shows the published low-hydrogen (7018) coating compositions

reported by several authors. These types of coatings primarily contain CaCOj, CaFj,

iron powder, and binders. The limestone and flourspar additions comprise 60 to 70

percent of the coating in some electrodes. Bonizewski [Bonizewski 1979] suggests

that dolomite can also be used in place of limestone. A large amount of CaCOj in

the coating is required to produce the necessary volume of shielding gas according

to the following reaction:

CaCOj ̂  CaO + CO2

The decomposition of CaC03 will form a protective CO2 gas to shield the arc

and weld pool. Unlike the E6010 or E6011 type of electrodes, cellulose is not

typically used in the coating of low hydrogen electrodes. Cellulose decomposes

during welding according to the following reaction to produce hydrogen gas:

CeffioOs * 1^2 - 6CO + 5H2 1.2

Although a large volume of protective CO and hydrogen gas is generated, the

presence of hydrogen gas is imdesirable in high strength applications. CaF2 may
dissociate during welding and react with silicon or hydrogen to form SiF4 or HF

gases. Ingredients such as potassium silicate, sodium silicate, rutile, zirconium, and

potassium titanate stabilize the arc during welding. Arc stabilization ingredients help

start and maintain the welding arc by readily producing ions that act as an electrical

bridge of conductive gas over which electrons may flow freely. Arc stabilization

additions are required in direct current applications, but are especially important in

applications that use alternating current (AC) because the arc is extinguished up to
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60 times per second.

Table 1.3 Reported coating compositions (wt. pet.) for E7018-type low hydrogen

electrode coatings.

INGREDIENT Hoffman

[1976]

Jackson

[1973]

Reid Boniszewski

[1979]

CaCOjjMgCOj 15-30 20 36.4 25-50

CaFj 15-30 20 15-30

Fe Powder 25-40 24 27.4 0-35

K2Si03 5-10 12 16.6 0-10

NajSiOj 0-5

TiOj 0-5 4 3.6 0-10

Zr02 2.7

FeMn 2-6 10 4.6 8-15(varies)

FeSi 5-10 8 1.8

MnO 6.9

K2Ti03 0-5

AI2O3 2 0-4
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While the primary function of sodium and potassium silicates is to bind the

electrode ingredients to the core wire, they also stabilize the arc. Potassium silicate

is a more effective AC arc stabilizer than sodium silicate because potassium ionizes

at a lower energy than does sodium (Wjj=4.3 eV and W{^3=5.1 eV). Sodium silicates

are generally used to stabilize commercial DC electrodes because they are less

expensive and the stabilizing influence of potassium is not required.

As shown in Table 1.1, the physical requirements of a slag are numerous.

Silicates, aluminates, and titanates are known network formers that produce a

bonding network that can promote glass formation. [Olson 1992] Slags are a network

formed by silica tetrahedrons or alumina in which every silicon atom found at the

center of the tetrahedron and is surrounded by four oxygen atoms at the corners.

The introduction of slag modifying ingredients disrupts the network through the

breaking of silicon-ojq^gen bonds and the formation of metal-oxygen bonds or silicon-

fluorine type bonds.

A slag must have certain properties if it is to protect the weld pool from the

atmosphere. The slag must remain molten until after the weld metal has solidified,

and must have a lower density than the steel to reduce slag entrapment and ensure

a good surface appearance. The viscosity should be high enough to be impermeable

to atmospheric gases and prevent the slag cover from running away from the molten

weld pool. Slag viscosity should be low enough to allow gas evolution from the

molten metal (a slag that is not fluid enough will produce a weld with pitted surfaces

because the gas cannot escape).

The viscosity range of a given slag can be modified. Calcium fluoride is an

effective ingredient used to decrease the viscosity of the slag. Calcium fluoride

ionizes and breaks down the silica network. Titania and ferrous oxide are also

effective in reducing viscosity [Jackson 1978].
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Earlier researchers [Jackson 1973] attribute the ability of a slag to detach

from the solidified weld metal to be entirely dependent upon the difference in the

coefficient of thermal expansions for the slag and weld metal. Jackson states that the

thermal expansion coefficient of the slag can be controlled by adding ingredients that

have a different coefficient of thermal expansion than that of steel. More recent

work [Gotal'ski 1976,1977, Pokhdyna 1977, Olson 1992] suggests that poor slag

detachability can be attributed to the formation of a spinel phase near the slag/metal

interface. Olson et. al. suggested that improved detachability can be obtained by

increasing the AI2O3 content in the flux, and that if (Ca0)2Si02, Cr2Ti05 and FeTiOs

are present in the slag, enhanced detachability is observed.

The reduction of the hydrogen content of the weld metal has been a subject

of much attention. Many ingredients used in the manufacture of SMA electrodes are

hygroscopic. Use of hygroscopic ingredients should be limited when high strength

steels are to be welded. The moisture content of the electrode has been shown to

correlate directly with the weld metal hydrogen content. The relationship between

coating moisture and diffusible hydrogen is shown in Figure 1.3 [Evans 1982]. Weld

metal diffusible hydrogen will decrease with decreasing coating moisture. After

baking, the electrode will pickup moisture if exposed to the atmosphere. For

diffusible hydrogen levels below 5 ml H2 per lOOg weld metal, the coating water

content should be less than 0.2 wt. pet. The water in slipping agents such as CMC

(carbo-methyl-cellulose), talcs, and clays cannot be removed through the application

of a reasonable baking schedule and, if possible their use in low hydrogen fluxes

should be limited. Chew [Chew 1976] reported that a baking treatment of at least

450 °C for 1 hour was required to achieve very low levels of diffusible hydrogen.

Chew also showed that the silicate binders were primarily responsible for the

reabsorption of water after baking, and suggested that baking ovens be used for

critical welding applications. The hygroscopicity of a coating may be reduced by

using a mixture of potassium, sodium, and lithium silicate binders. While potassium
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silicate provides the best arc stability in AC welding electrodes, it also has a high

solubility in water relative to sodium silicate; water easily re-combines with the

binder. The use of potassium and sodium silicate binder mixtures is common in low

hydrogen electrodes. The use of lithium silicate, which is almost completely insoluble

in water, has been suggested to increase the resistance of the electrode coating to

moisture pick-up after baking.

In summary, the formulation of shielded metal arc electrode fluxes is complex

and is not entirely understood. The composition of consumables used to deposit weld

metals with lower strength (<80 ksi) has been well documented, but little literature

exists on electrodes for higher strength applications. Because high strength steels are

susceptible to hydrogen embrittlement, new methods of electrode production must

be investigated.
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1.3 Weld Metal Microstructural Development

Two prominent factors that influence the weld metal microstructure are

cooling rate and chemical composition. For a given weld metal alloy content and

cooling rate, variation of weld metal oxygen strongly influences the final weld

microstructure as shown in Figure 1.4. Because the final weld metal microstructure

will control the mechanical properties of the weld metal (specifically toughness) it is

important to identify factors that control high strength weld metal microstructural

development.

1.3.1 Hiph Strenpth Steel Weld Metal Microstructures

Ferrite refinement can produce a strength level of approximately 600 MPa

through a simple Hall-Petch relationship. An additional 100 MPa may be gained by

the precipitation of fine vanadium, niobium, or titanium carbo-nitrides commonly
present in HSLA base metals as shown in Figure 1.5. Solid solution strengthening
elements can also increase weld metal strength levels. Figure 1.6 shows that solid

solution strengthening of ferrite can be increased by silicon, manganese, copper, or

molybdenum additions. Strengthening mechanisms such as fine carbo-nitride

precipitation or solid solution strengthening are often not effective in weld metal

because the fine carbo-nitride precipitates are replaced by oxide inclusions. The

formation of bainite and martensite is promoted because of the high cooling rates

and increased hardenability.

High strength (yield strengths over 700 MPa) steel weld metal microstructures

containing a mixture of low carbon lath martensite, low carbon bainite, and acicular

ferrite have been reported to produce reasonable toughness [Ramsay 1989a, Ramsay
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1989b, Oldland 1989, Svensson 1988, Sugden 1988]. Steel weld metal microstructures

develop from solidification and subsequent austenite decomposition. Austenite

decomposition products that are commonly found in high strength steels include (but

are not limited to): martensite, bainite, acicular ferrite, Widmanstatten ferrite, and

grain boundary ferrite (listed in order of decreasing undercooling). The following

paragraphs present a brief description of the above phases and how they transform.

Martensite is a metastable phase that forms as the result of a displacive

transformation. The athermal transformation of martensite from the parent austenite

material is promoted by high hardenabilty weld metals and/or rapid cooling rates to

temperatures below the martensite start temperature, Ms- Two types of martensite

have been classified: plate martensite which forms in steels with high carbon

contents(>1.0 wt. pet. C), and lath martensite which is typically found in low carbon
steels. Packets of lath martensite are formed when large numbers of individual laths

(separated by low angle grain boundaries) have a parallel orientation in large areas
of the prior austenite grain. Most laths have widths that are less than the 0.5 fjiit
resolution of the light microscope and are usually identified with transmission electron

microscopy.

Bainite is a mixture of ferrite, and iron carbide or cementite. The morphology

of bainite will depend upon hardenability, transformation temperature, and cooling
rate. In upper bainite, cementite particles or thin regions of retained austenite form
between the ferrite laths with sufficient undercooling (500 ®C). When the

undercooling is increased, (~ 350 ®C) carbon precipitates as cementite or e-carbides

from the supersaturated ferrite to produce intralath carbides with similar orientation
relationships. This microconstituent is known as lower bainite[Porter 1983]. The

transformation mechanism of bainite is still unclear; researchers question whether

growth occurs by nucleation and shear-like growth and subsequent diffusion of

carbon into the surrounding austenite to produce carbides or whether the diffusion

of carbon controls the transformation. Bainite is typically nucleated at grain
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boundary surfaces with a K-S orientation relationship.

The beneficial effects of acicular ferrite in enhancing weld metal toughness

have been well documented. Acicular ferrite is a phase most commonly observed in

the transformation of austenite during the cooling of low alloy steel weld deposits.

The most consistent way to think of acicular ferrite is to consider it a diffusional

transformation similar in nature to Widmanstatten ferrite, with the exception that

acicular ferrite is nucleated on inclusions. Weld metals typically contain non-metallic

inclusions on which laths of acicular ferrite nucleate[Chuen 1984, Fleck 1984 ]. It has

been generally accepted that an inclusion size of 0.4 pm is highly desirable in
promoting the formation of acicular ferrite. Acicular ferrite laths are usually 1 to 2
lim thick with an aspect ratio less than 4:1. The factors affecting the formation of
acicular ferrite are complex. Many factors affecting the formation of acicular ferrite

have been identified. These factors include: 1) prior austenite grain-size, 2) size and

size distribution of non-metallic inclusions, 3) chemical composition of the inclusions,

and 4) crystallographic and thermal disregistry between the matrix and second phase
particles. A thorough discussion of the mechanisms of acicular ferrite formation is
presented by Edwards and Liu [Edwards 1991]

Widmanstatten ferrite, also known as side-plate ferrite, nucleates at the

interface between grain boundary ferrite and austenite, or along the austenite grain
boundary if no grain boundary ferrite is present. The growth of Widmanstatten

ferrite is controlled by carbon diffusion from the fi-ont to the side of the tips. The

K-S orientation relationship governs the growth of the ferrite needles (aspect ratios

of 10:1 are typical) from the parent austenite grain [Porter 1983]. Two forms of
proeutectoid ferrite are typically observed: allotrimorphic and polygonal ferrite.
Although the growth mechanisms are different, both types of ferrite are detrimental

to weld metal toughness. Allotrimorphic ferrite is nucleated on high angle grain

boundaries or at grain comers, and grows into the austenite with an incoherent or

semi-coherent interface. Hunt 1987] The growth rate of allotrimorphic ferrite is
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controlled by carbon diffusion into the austenite ahead of the interface. Polygonal

ferrite nucleates intragranularly and grows into the austenite behind an incoherent

planer interface. The nucleation and growth of polygonal ferrite occurs at lower

undercoolings than that of allotrimorphic ferrite.

Ramsay et. al [Ramsay 1989b] found that if sufficient hardenability was

present in highly alloyed steels so that allotrimorphic or grain boundary ferrite

formation could be suppressed at typical submerged arc temperatures, the

conventional practice of maintaining oxygen levels less than 200 ppm was not

necessary. Figure 1.7 shows their proposed toughening mechanism; the high oxygen

specimen will undergo less grain growth because of grain boundary pinning and upon

further cooling, acicular ferrite will nucleate on the oxide inclusions to subdivide the

grain and produce a smaller apparent grain size. After further undercooling,
martensite will form between the acicular ferrite laths. This mixture of acicular

ferrite and martensite will be effective only if grain boundary nucleated

microstructures such as bainite and grain boundary ferrite can be avoided. If bainite

forms, it will quickly dominate the interior of the grain and limit the formation of
acicular ferrite.
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1.3.2 Weld Metal Chemical Composition

Literature concerning optimal compositions of lower strength (<600 MPa)

weld metals is abundant [Abson 1986]. However, information concerning higher

strength weld metal is lacking. High strength steel weld metals typically contain 2 to

5 wt. pet. nickel, 0.5 to 1.0 wt. pet. molybdenum, 0.5 to 1.0 wt. pet. chromium and 0.6

to 1.5 wt. pet. manganese. The alloying levels used in SMA weld metals may be

considerably less than those reportedly used in submerged arc welding and gas metal

arc welding, because the high cooling rates will promote the formation of lower

transformation temperature products. This section discusses ranges of alloying

elements typically found in SMA weld metal to produce optimal toughness.

The chemical composition of lower strength steel weld metals has been the

subject of much interest over the past 10 to 15 years. In lower strength steel weld

metals, it is desirable to suppress the formation of grain boundary ferrite while

promoting the formation of acicular ferrite.

Carbon levels in weld metal deposits are kept low and within a narrow range

(~G.05 to 0.10 wt. pet.) to reduce the susceptibility to cold cracking and increase
weldability. Manganese is also added to increase the strength and hardenability of

steel. In C-Mn multiple-pass weld metals, the best impact properties were attained

at a manganese content of ~ 1.5 wt. pet. [Evans 1980]. Manganese may promote the
formation of acicular ferrite by the production of MnS inclusions which may act as

nucleation sites. Silicon, on the other hand, is considered to be detrimental to weld

metal toughness because it promotes the formation of martensite and bainite which

strengthen the weld metal. Silicon additions rarely exceed 0.5 wt. pet. in a balanced

weld metal. Copper, nickel, molybdenum, and chromium have been reported to

improve weld metal toughness [Grong 1986]. Copper and nickel are austenite

stabilizers which lower the transformation temperature of austenite to ferrite and

promote the formation of acicular ferrite. Evans [Evans 1989a] reported that adding
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up to 0.66 wt. pet. copper increased weld metal strength without decreasing toughness

in C-1.5 Mn weld metals. Hannerz [Hannerz 1986] reported that copper levels up

to 0.45 wt. pet. were not detrimental to weld metal properties. Evans also reported

[Evans 1989b] that increasing cleavage resistance was observed with increasing nickel

content at low manganese contents. Increasing nickel content of steels containing

high levels of manganese was deleterious to weld metal toughness. Optimal

manganese contents of 0.6 wt. pet. were reported for nickel contents greater than 1.0

wt. pet. The role of molybdenum and chromium is not fully understood, although it

is claimed that precipitation of molybdenum or chromium carbides can restrict the

formation of proeutectic ferrite by pinning or dragging effects. Chromium and

manganese have been reported to decrease weld metal toughness in C-Mn weld

metals.

Microalloying elements such as vanadium, niobium, titanium, and boron affect

the microstructure and properties of ferritic weld metals. Dolby et. al. [Dolby 1981]

reported that niobium promoted side plate structures in lean alloys and increased the
acicular ferrite content in higher alloyed weld metals.

Evans [Evans 1992] also reports that niobium levels should be minimized whenever
possible and that vanadium should be limited to around 200 ppm. Aluminum
contents that exceed 250 ppm in deoxidized SA weld metals have been reported to

be detrimental to toughness [Grong 1986].

Boron and titanium in steels have been shown to suppress the formation of

grain boundary ferrite formation and promote the formation of acicular ferrite. As

with other micro alloying elements, a correct balance of microalloying elements is

required to promote the formation of acicular without substantially increasing the

hardenability [Oh 1987]. Oh [Oh 1987] concluded that weld metals containing more

than 90 percent acicular ferrite could be achieved when boron concentrations were

maintained at 30 to 80 ppm and titanium concentrations were held to 300 to 600

ppm. At low weld metal aluminum contents, titanium plays an active role in inclusion
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formation by entering deoxidation reactions. Grong and Matlock [Grong 1986]

showed that a minimum of 0.0045 wt. pet. titanium is required for the production of

large amounts of acicular ferrite in SA welds.

Sulfur and phosphorus are tramp elements found in the core wire and base

metal and transferred to the weld metal during welding. There has been much

controversy concerning the role of MnS inclusions in promoting the formation of

acicular ferrite. No optimal sulfur composition is reported in the literature, although

sulfur levels should be maintained at less than 0.020 wt. pet. to avoid the potent grain

boundary embrittling effect. Like sulfur, phosphorus is never deliberately added to

steels because of its well-known tendency to reduce the toughness by embrittling the

boundaries. The average phosphorus concentration in weld metals is generally kept

to below 100 ppm, but solidification-induced segregation can raise local

concentrations to over 500 ppm. Recent work by Kluken et. al. [Kluken 1989,

Kluken 1990 ] suggests that segregation of phosphorous can increase the amounts of

acicular ferrite. The growth of delta-ferrite boundaries coincide with the phosphorus

rich regions, and that for some reason stimulates the formation of acicular femte.
When the austenite grain boundaries do not coincide with the phosphorus rich
regions, ferrite plates grow from the grain boundaries and consume most of the
austenite before acicular ferrite is nucleated.

Rare earth metal additions can increase the toughness of weld metals.

Nippon Steel Corporation [Nippon Steel UK Patent No. 1,549,674. 1979] patented
the use of calcium, barium, selenium, tellurium, and rare earth metals to improve

resistance to hydrogen cracking. Pechennikov [Pechennikov 1975] noted that rare

earth additions that exceed 0.10 wt. pet. impair toughness. Pechennikov also reported

that additions of 10 pet. cerium oxide coatings produced weld metal cerium levels of

0.01 wt. pet. which improved weld metal toughness. Cerium may react strongly with

oxygen and sulphur to modify inclusions [Kokabi 1979].

Nitrogen is introduced into the weld metal from the atmosphere and the
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coating additions during welding. Free nitrogen has consistently been found to be

detrimental to toughness, although the explanations vary. The detrimental effect of

nitrogen may be due to its combination with boron, which limits the effectiveness of

boron. Nitrogen concentrations in most SMA weld metals are expected to be

between 80 ppm to 200 ppm depending on the electrode, arc length, and coating

composition. It is interesting to note that Judson and McKeown [Judson 1983]

reported a reduction in free nitrogen contents down to <0.0001 wt. pet. by using an

undisclosed denitriding agent in the coating.

Weld metal oxygen has been shown by many authors to strongly influence weld

metal microstructures. Decomposition of flux ingredients and atmospheric

contamination are the two primary sources of weld metal ojgrgen. A more detailed

discussion on the sources of oxygen in welding follows in Section 1.3.3.
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1.3.3 Weld Metal Qxvgen Content

In lower strength steels (yield strength <600 MPa), low oxygen levels (200-

300 ppm) are required to limit the amount of grain boundary pinning and provide

inclusions for nucleating acicular ferrite. In higher strength steels (Yield strengths

>600 MPa), higher weld metal oxygen contents may be possible.

Christensen et. al.[Christensen 1949, 1953] performed the first systematic

welding flux pyrometallurgical investigation in which chemical equilibrium

thermodynamic concepts were applied. Jackson [Jackson 1973] reviewed the history

and development of flvixes in arc welding from the turn of the century to about 1972.

Coe [Coe 1978] extended Jackson's work and included information on slag-metal
reactions. Boinzewski [Boinzewski 1979] focused on the development of SMA

electrodes while Davis [Davis 1981] contributed to general guidelines for welding

fluxes which include SMA coatings. Olson [Olson 1992a] and Schwemmer et. al.

[Schwemmer 1977] have applied numerous fundamental concepts to welding while
investigating the effect of many flux systems on the physical an metallurgical
properties of weld metals. Although a reasonable understanding of the physical and
chemical characteristics of welding flxixes has been reached, some empiricism still

exists because of the complex nature of arc welding. Because of the complex

reactions that take place in the arc column and weld pool, it is difficult to define the
factors that control the transfer of individual elements and reliably predict the final

weld metal chemistry. Basicity index equations are empirical equations used to

characterize the chemical and physical properties of liquid oxide systems. The

concept of basicity was developed around the turn of the century in the steelmaking
industry as a sulfur refining index. Tulani et. al. [Tulani 1969] used the basicity index

shown in Equation 1.3 (All compositions are in wt. pet.) to show that higher basicity

fluxes generally produce cleaner weld metal.

A flux with BI between 1.0 and 1.2 is classified as neutral, while a flux with
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CaO+CaF^ +MgO+IC2O+Na^0+Li20+^ {MnO+FeO)
BI = 1.3

5i02 + 4 {Al^Oj+TiO^+ZrO^)

BI>1.2 is classified as basic. The basicity index has proved most useful in classifying

fluxes for the user; however, the usefulness of such equations in providing more than

a qualitative indication of chemical trends for the flux have been shown to be remote

by many authors [Natalie 1989, Blander 1986, Coe 1978, Eager 1991, Wegrzn 1974,
Potapov 1980, Palm 1972, Palm 1976, North 1978, Noor 1978] to be remote. Tulani

et. al. [Tulani 1969] noted that reasonable correlation existed between oxygen and

basicity for fluxes based on CaO, MgO, and 8102*, however, poor correlations were

observed in welds made with high concentrations of AI2O3, Ti02, Zr02, MnO, FeO,

and CaF2. Metallurgical thermodynamics is often used to analyze slag-metal
reactions and describe weld metal pyrochemical reactions. By determining the

chemical composition of the weld metal and slag, it is possible to consider reactions

such as:

xM + yQ = iM^y) 1 • 4

and

xM + yiFeO) = (Mj^Oy) + yFe

From which equilibrium constants can be written:

)
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^2 = 1.7

Many researchers question whether equilibrium is attained during welding.

Olson et. al. [Olson 1992b] concluded that equilibrium was not achieved because of

the short reaction times, large temperature and density gradients, and large electrical

currents. It is possible to assume that the high temperatures and high surface-to-

volume ratios allow thermodynamic equilibrium to be locally attained [Olson 1992b].

The equilibrium constants can be used to predict trends for the weld metal

pyrochemical reactions. The use of the above method is not always accurate in

predicting inclusion compositions. Recent work by Frost, et. al. [Frost 1992]

evaluates the influence of solidification on inclusion formation. They conclude that

the chemical equilibrium considerations are not valid because of the non-isothermal

nature of the welding process, and that analytically determined compositions are not

representative of the chemical compositions during solidification. They evaluate the
significance of solute distribution on the formation of weld metal inclusions. Eager
and Mitra et. al. [Mitra 1991] concluded that equilibrium thermodynamics do not

accurately predict the final chemical composition of the weld pool because factors
such as welding conditions, base metal and wire composition are not considered.

More recent research on predicting weld metal chemical composition has

focused on the chemical reactions between the slag and weld metal which take place

during welding. These chemical reactions are important because the compositional
changes that occur during welding will influence the structure and properties of the

weld metal. The sources of oxygen and the influence of oxygen on weld metal

composition, microstructure, and properties received a great deal of attention in the

late seventies to the mid 1980's [Christensen 1986, North 1978, Eager, 1978; Mitra

1984, Lau 1985, Grong 1986]. From these studies, two views concerning the

introduction of oxygen into the weld metal have evolved. Kim et. al, [Kim 1987a,
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1987 b, 1990] and Indacochia et. al. [Indacochia 1989] suggested that pyrochemical

and/or electrochemical reactions increased oxygen at the electrode tip which detached

and was further oxidized during transfer into the weld pool. Thermochemical

reactions subsequently decreased the oxygen concentration in the weld pool. Mitra

and Eager [Mitra 1991] recently observed high oxygen contents at the electrode tip.

When the droplet detached, no deoxidation occurred until the droplet enters the weld

pool. After detachment, deoxidation occurs through inclusion formation and
separation to the slag layer. In either case, it is generally accepted that high oxygen

levels (up to 2000 ppm) are produced by droplet reaction with the arc plasma at high
temperatures during welding.

Weld metal oxygen content will control the size and size distribution of oxide

inclusions in the weld metal. For a given heat input, base metal composition, welding

wire composition, and welding heat input, oxide inclusions will control the prior
austenite grain size, and the number of adequate sites available for the nucleation of
acicular ferrite. It is therefore necessary to determine the effect of flux composition

on weld metal oxygen concentration.

The mechanism of oxygen transfer in SMAW welding is unclear. Recent work

by Kim, Frost, and Olson [Kim 1990] suggests that for submerged arc welding, the
weld metal composition is controlled by chemical reactions in four separate areas

during welding: the melted electrode tip, the detached droplet, the hot portion of the
weld pool, and the cooling and solidifying portion of the weld pool. Electrochemical
reactions are expected to occur only at the melted electrode tip and in the hot pool
directly below the electrode. Electrochemical reactions result from the ionic
conduction of part of the welding current through the molten slag layer.

Thermochemical reactions are expected to occur in the surface of the detached drop

and in the cold portion of the weld pool that is no longer carrying current. Kim et.

al, observed that the anode and detached droplets contained higher levels of ojqrgen

than the weld pool, and concluded that substantial oxidation is expected at the anodic
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surface of the molten drop. The cathodic reactions include the reduction of metallic

cations from the slag and to some extent, the refining of non-metallic inclusions.

Thermochemical reactions cause more oxygen pickup at the melted electrode tip and

the detached droplet. Thermochemical deoxidation is expected to occur at the

cathodic weld pool and the degree of deoxidation would vary with travel speed.

Lau et. al [Lau 1985] performed similar experiments to determine chemical

reactions at the melted electrode tips and detached droplets and concluded that

oxygen enters the metal due to the plasma-metal reactions in the arc column. Lau

et. al [Lau 1985] also observed higher oxygen contents in the detached droplet than

the electrode tip for two types of flux and core wire at four different heat inputs.

They concluded that although atmospheric contamination occurred, the
decomposition of the flux and/or slag entrapment was the major source of oxygen

contamination in the droplet and weld pool.

Christensen and Grong [Christensen 1986] considered a model for the transfer

of oxygen from the flux to the metal. They proposed that, while oxygen was

introduced into the arc atmosphere from the decomposition of the flux ingredients,

subsequent deoxidation occurred in the turbulent part of the weld pool when acidic

and mildly acidic welding fluxes were used. They concluded that the rate of silicon

monoxide generation and oxygen absorption in the arc column and hot portion of the
weld pool, along with partial rejection of non-metallic inclusions in the turbulent
portion of the weld pool, were the steps that controlled weld metal ojqrgen content.

Eager et. al. [Eager 1979] also suggested the formation of volatile sub-oxides as a
mechanism of oxygen transfer. Christensen and Grong [Grong 1982] concluded that

the speed of the liquid/gas reactions was important, and that the reactions from these

sub-oxides introduced extremely high transient concentrations of ojqrgen into MIG

weld metal. Subsequent removal of oxygen would occur only in adequately stirred

portions of the weld pool.

The above authors proposed that oxygen content of the weld metal was
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controlled by both plasma-metal reactions in the arc column and by deoxidation

reactions occurring in the zone of the cooling and solidifying weld pool. It should be

noted that most of the above studies involved high heat input submerged arc welding

or MIG welding. Although the SMA welding process is quite different from SAW

or MIG processes, it is expected that a similar model of oxidation in the arc column

may apply. The constricted arc cavity created during submerged arc welding may

cause an increased partial pressure of oxygen-containing gas such as SiO. The

SMAW arc column is not constricted by a flux layer and the oxygen-containing gasses

should be able to escape to the atmosphere. Gas-metal reactions that occur in GMA

welding should be similar to those occurring in SMAW, but slag/metal reactions will

not occur. The extent of oxygen removal because of slag-metal reactions may also

be considerably less in SMAW compared with SAW because of the low heat inputs

and high cooling rates.

Transfer of oxygen at the gas/liquid interface will be influenced by droplet size

and by the speed of droplet transfer across the arc gap. Pokhodnya et. al.
[Pokhodyna 1985] measured short circuit time to relate droplet size to coating
composition. Pokhodyna also noted that droplet size decreased with increasing
amounts of CaCOj in the flux. The decreased droplet size was probably due to the

increased drag force on the droplet that corresponded to an increased carbonate

content in the flux.

According to Mitra et. al. and Lau et.al. [Mitra 1991, Lau 1985] the oxygen

content in the droplet within the arc column remains almost constant and is

essentially independent of welding parameters, flux and wire composition. When the
droplet enters the weld pool, it becomes diluted, and interactions with the slag layer

take place. Qjq'gen leaves the weld pool when oxide inclusions are created and
transferred to the slag during mixing. The degree of de-oxidation should depend

primarily upon weld pool solidification time and upon extent of slag-metal interaction

during this period.
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2.0 EXPERIMENTAL FRCX:EDURE

This section describes the ingredients, equipment, and techniques used in this

experiment.

2.1 Base Metal and Core Wire

An HSLA-100 steel base metal with chemical composition similar to the base

metal used in the submerged arc pre-screening experiments [Fredrickson 1992] was

supplied by U.S. Naval Surface Warfare Center. The 0.75-in. (19-mm) thick plate
was sectioned into 4-in. (102-mm) wide by 6-in. (152-mm) long test coupons. The test

coupons were blanchard ground on one side and degreased with acetone prior to
welding. The base metal composition used in the SMAW experiments is listed in
Table 2.1.

The Airco AX-140 wire used in the preliminary SAW experiments was

unavailable in 1/8-in. (3.2-mm) diameter wire. An alloy wire with a composition

which most closely matched the base metal composition was chosen. Alloyed 1/8-in.
(3.2-mm) ERlOOS-1 core wire conforming to the AWS A5.28 specification was used
in the SMAW experiments. The chemical composition of the wire is listed in Table

2.1.

A significant amount of drawing lubricant was present on the surface of the
as-received wire. The lubricant was not easily removed using acetone or dilute HCl

acid. The lubricant was effectively removed by placing the rods in a rod mill with

sand. The abrasive conditions in the rod mill completely removed the layer of grease.

The alloy core rods were recycled using this process if the extrusion of the coating

was unacceptable.
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Table 2.1 Core wire and HSLA-100 base plate compositions used in SMAW

experiments.

Element HSLA-100 ERIOO-Sl

C 0.053 0.061

Mn 0.78 1.35

Si 0.32 0.51

P 0.009 0.006

S 0.002 0.006

Ni 3.18 1.95

Mo 0.59 0.46

Cr 0.51 0.078

Cu 1.42 0.11

V 0.004 0.045

Ti 0.004 0.020

B 0.004 0.014
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2.2 Flux Composition

Eleven flux compositions were used in the SMAW experiments. Five flux

compositions were produced within the K2Si03/Na2Si03-CaF2-CaC03-Fe flux system

and six additional flux compositions were produced from the K2Si03/Na2Si03-Si02-

CaF2-CaC03-Fe flux system. The first flux system mentioned above contained no

silica powder (Si02) additions and was designated "NSi". The second system, which
contained silica additions was designated "Si". The CaC03/CaF2 ratio varied from

0.25 to 1.4 within the "NSi" and "Si" systems.

The "Si" flux compositions are shown in Table 2.2 and the "NSi" flux

compositions are shown in Table 2.3. The amount of binder shown is the amount of
binder which remained after baking (assuming a 50 wt. pet. loss in water). The flux

designation states whether or not the flux contains Si02 additions, and also indicates
the CaC03/CaF2 ratio. For example, a flux which contains Si02 powder additions
and a CqCO-JC^F2 ratio of 1:4 is designated "Si 25", while a flux which contains no

Si02 and has a 1:1 ratio is designated "NSi 100".

A 50:50 wt. pet. mixture of K2Si03 and Na2Si03 binders was used in the

formulation of initial electrodes. When AC welding performance was found to be

poor, a 2:1 mixture was substituted. Experiments were conducted to verify that the
change in binder composition did not alter weld metal chemical composition.
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Table 2.2 "Si" Flux Compositions (wt. pet.)

Flux I.D. CaCOj CaFj Si02 K2Si03 Na2Si03 Fe

Si 25 10.5 42.1 10.6 7.9 7.9 21.0

Si 50 20.4 40.7 10.1 4.2 4.2 20.4

Si 100 28.8 28.8 8.9 8.0 3.5 22.0

Si 133 33.5 25.1 8.8 8.8 3.8 20.0

Si 200 38.0 18.8 8.8 8.9 3.8 21.7

CB2 11.0 21.4 32.9 6.4 6.4 21.9

Table 2.3 "NSi" Flux Compositions (wt. pet.)

Flux I.D. CaC03 CaF2 Si02 K2Si03 Na2Si03 Fe

NSi 25 13.1 52.7 0 8.6 3.7 21.9

NSi 50 21.9 43.9 0 8.6 3.7 21.9

NSi 100 32.9 32.9 0 8.6 3.7 21.9

NSi 133 40.7 30.6 0 4.2 4.2 20.3

NSi 200 43.9 21.9 0 8.6 3.7 21.9
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2.3 Flux Preparation

Initially, the high purity flux ingredients used in the preliminary submerged arc

experiments [Fredrickson 1992] were used to produce flux coatings. However, the

very fine 100 percent -325 Tyler mesh (-45 lum) particle sizes produced a rough

coating surface which cracked upon drying. Coarser -100 to -200 Tyler mesh (150 pm

to 90 urn) particles were found to provide a superior coating surface, and were used

in all flux compositions.

The flux ingredients were weighed and combined into a dry mixing V-blender

with ceramic mixing balls. The dry flux ingredients were mixed for a minimum of 20

minutes to ensure complete mixing. After dry mixing, the K2Si03/Na2Si03 binder

mixture was gradually added to the dry flux and mixed by hand until an extrudable
consistency was obtained. The combined flux/binder mixture was compressed into

cylindrical slugs prior to extrusion.

2.4 Extrusion

The combined flux/binder mixture was placed into the bore of the extruder

and the cleaned wire placed into the wire feed hopper. A wire speed was selected

such that the coated electrodes could be handled at an acceptable pace during

extrusion. The wire feed was activated, and the ram speed adjusted to yield an

acceptable coating. Too low a ram speed relative to the wire feed rate gave a

cracked coating, while excessive ram speeds resulted in swollen and rippled coatings.

Coating eccentricity was measured, and the extrusion die adjusted relative to the rod

to obtain an uniform coating. A 0.21-in. (5.3-mm) diameter extrusion die was

selected to yield a coating factor of ̂o/^d of 1.68 (the coating factor is defined as the
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ratio of the combined coating and rod diameter to the diameter of the core rod).

After extrusion, approximately one inch (25-mm) of coating was removed from the

end of the electrode to allow a space for the electrode holder. The rods were

marked and allowed to air dry prior to baking.

7. S Ralrinp Procedure

The air dried electrodes were placed into a holder (the electrodes were not

allowed to touch) and baked at approximately 450 °C for one hour to remove the

water of hydration. The effectiveness of the baking schedule was tested by employing
standardized coating moisture specifications (AWS A5 Committee Specifications for

Covered Carbon Steel Arc Welding Electrodes, 1981). After baking, the electrodes

were placed into a holding oven at 180 °C until used.

7-fi Welding Operation

Bead-on-plate welds were made on the HSLA-100 base plate using the automated
shielded metal arc welding system shown in Figure 2.1. A constant linear heat input

of 1.3 to 1.4 kJ/mm was maintained by using a Hobart CT-300 constant current

power supply, and the automatic voltage controller slide attached to a submerged arc
welding carriage. All welds were made using the DC reverse polarity configuration.

The voltage controller is a Vol Con unit (model AVC) manufactured by Arcon

industries of Fort Collins. This equipment was originally designed for high quality

TIG and plasma welding requiring precise control of arc voltage. The slide was

modified for shielded metal arc welding by extending the slide length and by adding

a high speed stepping motor. The automatic voltage controller uses real-time arc
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voltage sensing with arc length correction. The exact voltage can be pre-set to one-
tenth of a volt, although the voltage fluctuations observed were slightly larger.
Further discussion of the automatic voltage controller operation can be found in the

Discussion section of this thesis.

Bead-in-groove specimens were prepared to provide weld metals which could

be evaluated in terms of impact fracture energies. The groove was machined to a

2.0-mm depth with an included angle of 60 degrees to provide the depth required for
the machining of all-weld-metal sub-size (2.5-mm by 10-mm by 55-mm) Charpy
impact specimens. Manual welds were made because the automatic voltage
controller was unable to produce acceptable welds. The voltage, current, and travel

speed were observed to produce a heat input between 1.3 and 1.4 kJ/mm. Bead-in-
groove welds were produced manually with the electrode in the vertical position and
no weave was used.

All bead-on-plate welds were produced using the automatic voltage controller.

The voltage, current, and travel speeds were set so that a constant heat input of 1.3
to 1.4 kJ/mm was maintained. All bead-on-plate welds were sectioned in a similar

manner to ensure consistent results.

7-7 rhemical Analysis

Chemical analysis of the welding wire was verified using an independent

laboratory. Chemical analysis of the weld metal specimens was obtained using an

ARL optical emission spectrometer. The weld bead reinforcement was ground off
to provide the flat surface required for emission spectrometry. Prior to the analysis
of the weld metal, five NIST 1200 series calibration standards were analyzed and a

calibration curve was plotted manually to allow for more precise determination of the
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chemical composition. In addition to the chemical analysis done in the CSM
laboratory, an outside vendor was employed to confirm chemical compositions of the
weld metal. Carbon and sulfur compositions were measured using a Leco CS-244

analyzer. Oxygen and nitrogen compositions were measured using an Leco TC-136
analyzer. The diluted portions and weld bead reinforcement were cut from the
HSLA-100 base plate, and any undiluted weld metal was removed with a belt sander.

2.8 Mechanical Testing

The weld metal mechanical properties were determined using hardness,

microhardness, and all weld metal sub-size charpy impact specimens. CVN samples

were machined from the bead-in-groove weld samples as shown in Figure 2.2. The

all-weld-metal sub-size (2.5-mm by 10-mm by 55-mm) impact specimens were

machined following ASTM Standard E23 (1991). The welding centerline and
direction were identified by a light 2 vol. pet. nital etch. The notches were oriented

to cause crack propagation along the centerline of the weld metal in the welding
direction. Testing was conducted over a temperature range from -1% °C to 25 °C
to establish complete transition curves. Macrophotographs were taken of the impact
specimen fracture surface to measure the area of brittle fracture. All specimens were
broken on the instrumented charpy machine.

2.9 Metaliographv

The weld metal specimens were sectioned transverse to the welding direction,

mounted, and polished through 0.5 pm. Macrographs were taken after the welds
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were ground, polished, and etched with a 10 vol. pet. nital solution. The dilution of

the bead-on-plate welds was determined using a Leco Image analyzer. The weld

samples were then re-polished and etched with a 2 vol. pet. nital solution and

analj'zed on the Neophot metallographs.

The volume fractions of FS[A]- ferrite with aligned second phase (bainite or

Widmanstatten ferrite), AF- acicular ferrite, FS[NA]-ferrite with non-aligned second

phase (polygonal ferrite or isolated laths of acicular ferrite), PF-primary ferrite (grain
boundary ferrite), and M-martensite were determined by point counting according to
IIW Standard IIW-IX-1533-88. One hundred points were counted in ten fields (one

thousand points) to quantify the microstructure at 800X.

Micro-hardness measurements of specific microstructural features were used

to help in the identification of the various microconstituents.

2.10 Hydrogen Measurements

Diffusible hydrogen was collected according to the AWS Standard Collection

of Diffusible Hydrogen for Ferritic Arc Welding (1988). Hot rolled test coupons and
run off tabs were baked at 625 °C in an argon atmosphere for one hour to remove

residual hydrogen. The scale was removed and the samples identified. The coupons
and run off tabs were placed in a copper block with copper foil to protect the chill
block. All welds were made using the automatic voltage controller to ensure

repeatable results. Within five seconds after extinguishing the arc, the welded coupon

and run off tabs were quenched in ice water for 25 to 30 seconds prior to immersion

in liquid nitrogen. All welding was completed within 45 minutes.

After all samples were welded, the slag was removed and the weld bead was

power-brushed to remove the thin oxide coating associated with the slag-metal

interface. Samples were out of the liquid nitrogen bath for no longer than one
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minute. After the samples were out of the bath for one minute, they were placed

into the liquid nitrogen bath for longer than two minutes prior to further cleaning and
deslaging. The clean samples were warmed to room temperature in a water bath and
rinsed with acetone, dried, and inserted into the eudiometer tubes. Diffusible

hydrogen was collected for 72 hours at 45 °C. The volume of hydrogen collected was
measured and converted to standard temperature and pressure. The samples were

weighed and the results reported in units of ml H2/100g weld metal. Figure 2.3 shows
a picture of the diffusible hydrogen measurement equipment.
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3.0 RESULTS AND DISCUSSION

The purpose of this section is to give a detailed description and interpretation

of the experimental results obtained during this investigation.

3.1 Welding Characteristics

3.1.1 Effects of Particle Size

The extrusion of flux coatings onto core wires is a complex process. The

production of an adequate flux coating requires the proper selection of flux particle
sizes, binder additions, ram pressure (speed), wire speed, and proper centering of
core wire to produce a uniform coating. Selection of a proper particle size
distribution is necessary to ensure ease of extrusion, coating toughness, and a pore

structure which permits immediate and uniform drying.

Fine, high purity CaCOj, CaFj, and iron powders used in the submerged arc welding
experiments [Fredrickson 1992] were initially used in the formulation of SMA fluxes.
The fine CaCOj and CaFj powders contained particle size distributions that were 100
percent -325 Tyler mesh. The fine iron powder was also 100 percent -325 Tyler
mesh. Maximum plasticity and extrudability can be achieved by using fine particle
sizes, but coatings produced using the fine high purity powders cracked during air

drying. These coatings also were often rippled and deformed easily upon handling,

possibly because of the excessive binder required. Furthermore, it is doubtful that
these electrodes could be vmiformly dried because of the small pore sizes.

Cracking in the electrode coating was eliminated and the coating surface
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quality improved by the utilization of coarser particles. The coarser particle size

distributions used to reduce cracking ranged between -60 mesh and -I- 200 mesh. The

use of coarser flux ingredients produced coatings of high quality. These coatings were

less extrudable than those produced using the fine powders, but did not require the

addition of slipping agents such as talc, mica, kaolin, etc. Slipping agents were not

used in these experiments because they often contain chemically bound water that

cannot be removed at reasonable baking temperatures. The use of slipping agents

is often necessary in high production commercial extrusion presses.

Particle size may also indirectly control the weld metal oxygen contents,

electrode bum off rates, and alloy recovery. Oxidation of the fine iron powder (and

alloy powder if added) would increase ojq'gen levels and decrease alloy recovery,
because a large particle surface area to volume ratio is present when fine particles

are used. Electrode bum-off rate, (the rate at which the electrode is consumed) may

be strongly influenced by CaCOa particle sizes. Large particle sizes would cause a
slower burn-off rate than small particles. There are no data in the literature

conceming the effect of particle size distribution on extmsion, bum-off rate, and alloy
recovery. The effect of particle size is an important factor in the development of
SMA electrodes and deserves further investigation.

3.1.2 Welding Operation

Experimental bead-on-plate single pass welds were produced using an

automatic voltage controller(AVC). The automatic voltage controller was used to

provide some degree of experimental reproducibility without relying on welder skill.
Experiments were conducted to verify that the use of the automatic voltage controller

made consistent reproducible welds. Nearly identical welds were produced using the

automatic voltage controller under identical conditions (electrodes and heat inputs).
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Proper selection of welding current and voltage was essential in the successful use of

the automatic voltage controller. If the set voltage was lower than the operating

voltage of a given electrode, the automatic voltage controller would sense that a

smaller arc gap was necessary, reduce the arc gap, and eventually drive the electrode

into the weld pool. Electrodes with eccentric coatings also performed poorly when

the automatic voltage controller was used; the coating burned off unevenly, causing

the electrode to drag on the base plate or increase the chance of slag entrapment.

The automatic voltage controller was incapable of producing bead-in-groove welds

or multiple pass welds. Weld metal oxygen contents in bead-on-plate welds were

higher compared to oxygen concentrations in bead-in-groove welds produced by hand.
Weld metal oxygen content will be discussed in a later section. The first
experimental electrodes required welding voltages in excess of 40 volts, even when

the electrodes were driven into the weld pool. Reducing the coating thickness

reduced the operating voltages in the first experimental electrodes to approximately

28 volts. Electrodes were initially produced using a coating factor of 0D/0d=2.O.

(The electrode coating factor is defined as the ratio of the coating diameter and core
wire diameter <f>D to the core wire diameter ̂ d). Typical commercial coating factors

range from 2.1 to 1.5 depending on coating type and application. The welding
voltage was reduced from over 40 V to 28 V by using a 0.207-in. (5.25-mm) diameter
extrusion die to produce a coating factor of 1.68.

Basic electrode coatings tend to have a low thermal conductivity, and the

coating does not melt as rapidly as the core wire. Thus, the coating forms a cup or

arc barrel around the core wire as shown in Figure 3.1. A reduction in the coating

thickness resulted in a reduction in the coating cup depth, and thus a shorter arc gap

and voltage were obtainable. In addition to providing a shielding gas, vaporization

and ionization of the electrode coating provides stabilizing ingredients (NajSiOj and

K2Si03 in this experiment) to produce a more conductive pathway for the current

flow. Vaporization and ionization of the coating are energy absorbing processes, and



thin cdating

ARC BARREL

CORE WIRE

L

DIFFERENCE IN ARC GAP

H
I

N)
00
ON

Figure 3.1 Effect of coating thickness on arc gap. Dashed lines represent dimensions of a thicker coating.
VO



T-4286

the necessary energy is taken from the arc plasma. Removing energy from the arc

to decompose the coating ingredients lowers the temperature of the plasma and thus
the plasma conductivity drops. Since plasma conductivity is inversely proportional to
the plasma resistance, a higher arc resistance (and operating voltage) will result if
more coating material must be dissociated, as with a thicker coating.

Welding voltage was observed to be a strong function of coating composition.
Coatings with lower amounts of CaCOj, such as the coating designated Si 25, were
capable of operating effectively at voltages of 24 V or less. When the CaCOj in the
coating increased, the operating voltages increased to values of approximately 28 V.

3.1.3 Slag Properties

Slag composition will influence slag viscosity, melting point, gas permeability,
and density. All of these factors influence refinement of the weld pool, position of
electrode use, surface appearance including bead shape and contour, and slag
detachability. Since slags are made up primarily of a glass network, additions that
break up this network are expected to decrease slag viscosity. As slag viscosity
decreases, the weld will become wider and shallower. Basicity has also been used to

describe trends in weld bead morphology. A flux with a low basicity index is expected

to be relatively viscous while a highly basic flux is expected to be relatively fluid.
Although no slag viscosity measurements were taken, slag viscosity appeared

to increase with increasing CaC03 and decreasing CaF2 additions. Slag coverage in
welds made with fluxes containing no sihca (NSi fluxes) decreased with increasing

CaFj flux additions, as shown in Figure 3.2. The slag covered the entire weld when
the high CaFj fluxes were used, but slag coverage decreased when CaCOj was
increased at the expense of CaF2. The high CaC03 fluxes such as NSi 100 produced

slags that did not sufficiently cover the weld. If the high CaC03 fluxes were to be
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developed further, viscosity reducing additions such as potassium or sodium titanate

should be considered.

The apparent decreases in flux viscosity with increasing CaFj additions and

decreasing CaCOj additions are associated with a breakdown of the silicate network.
The size of chill marks on the weld bead surface decreased with increasing silica flux

content. This decrease in chill mark size may be the result of a change in slag

melting temperature or viscosity. No references were available to explain this
behavior.

Slag detachability is influenced by the difference in thermal contraction
between the weld metal and the slag. Olson et. al. [Olson 1992b] report that slag

detachability is influenced by the formation of a spinel layer between the solidified
slag and surface of the weld bead. Good slag detachability is important when making
multiple pass welds or in situations that require high production rates. All welds
made in this investigation had acceptable detachability.

3.1.4 Weld Bead Morpholoev

Weld bead morphology in steel weld metals is considered to depend primarily
upon the welding machine operating parameters. However, for a given machine
setting and base metal composition, many authors [Schwemmer 1979, Farrera 1975,
Liu 1982, Olson 1983] have shown that an increase in flux viscosity, arc stability, and
decrease in surface tension between the flux and liquid weld metal results in deeper

weld metal penetration for many different submerged arc flux systems. The
relationship between flux composition and bead morphology is complex and
dependent upon many variables. Thus, it is difficult to determine a fundamental
understanding of the relationship between bead morphologies and flux compositions.

If the effects of arc stability and surface tension are neglected, increasing slag
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viscosity is expected to cQuse a decreased weld bead width, increased weld bead

depth, and increased weld metal dilution. Carmona and Janzen [Carmona 1979,
Janzen 1977] showed that the viscosity goes through a minimum and then increases

with increasing calcium ion additions. This work indicates that a complex relationship

between flux composition and viscosity exist and that factors other than silica network

breakdown are occurring and influencing slag viscosity. Slag viscosity is expected to

decrease with increasing CaF2 additions, since CaF2 breaks down the Si02 glass

network. Similarly, slag viscosity is expected to increase with increasing Si02
additions.

Figure 3.3 a-c shows the effect of increasing basicity index on weld bead width,
width-to-depth ratio, and weld metal dilution. The basicity of the welds was relatively

high and ranged from 10.5 to 16. Weld bead width increased to a maximum with
increasing basicity and then decreased as shown in Figure 3.3a. Increasing basicity
index resulted in decreasing width-to-depth ratios which reached a minimum at

BI=13 and then increased as shown in Figure 3.3b. As flux basicity increased, the

welds became shallower and wider as expected until a minimum was reached. The

weld metal dilution decreased with decreasing basicity index and approached a

minimum at BI= 13 before increasing as shown in Figure 3.3c. Slag viscosity behavior

is complex it is difficult to predict weld bead morphologies from this understanding
alone. Although these results are consistent with the findings of Carmona and
Janzen, [Carmona 1978, Janzen 1977] it should be noted that the NSi 200 flux
performed poorly during welding (hard to weld-excessive spatter).

Figure 3.4 shows the effect of basicity on weld bead width, width-to-depth
ratio, and dilution for the welds produced with fluxes which contained Si02 additions.

Si02 bearing fluxes were, of course, less basic than the fluxes which contained no
silica additions. The basicity index of the Si02 containing fluxes ranged from 3.3 to

4.2. No clear trend was observed between basicity index and weld bead width as

shown in Figure 3.4a. The width-to-depth ratio and weld metal dilution go through
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welds made with fluxes which contain SiOj (Si Fluxes).
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a maximum at BI=3.6 before decreasing as shown in Figures 3.4b-c. The behavior

of these fluxes is contrary to those containing no Si02 additions. This again indicates

the complex nature of the relationship of basicity index and weld bead morphology.

This mavimiim may be the result of complex compound formation in the slag

[Carmona 1978, Janzen 1977]. Although the basicity of these welds is lower than the

basicity of the welds produced without silica additions, the weld bead widths fell

within the same range. The increased scatter of data in Figure 3.4 suggests that there

may be synergistic effects associated with the addition of SiOj to the flux.

Decreasing the CaFj/CaCOj ratio (increased CaCOj at the expense of CaFj)

in silica-free fluxes (NSi fluxes) resulted in welds with decreased bead width, as shown

in Figure 3.5. However, this correlation did not hold for welds made with silica-

containing fluxes (Si fluxes), as shown in Figure 3.6. Weld metal dilution increased
with increasing CaC03 additions (and decreasing CaF2 additions) for both types of

fluxes as shown in Figure 3.7. The absence of a correlation between the silica

content of the flux and weld bead width or dilution suggests that synergistic effects

occur when Si02 is added to the flux. Welds produced with silica containing (Si
fluxes) would follow the same trends as the NSi welds but would be narrower,

deeper, and have greater dilution if apparent flux viscosity was the only important
factor.
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'K 7 TJffe^ nf Fliir rnmpnsitioti on Weld Metal Chemical ComDOsition

3.2.1 Weld Metal Chemical Composition

Tables 3.1 and 3.2 show the systematic changes in the bead-in-groove and

bead-on-plate weld metal compositions that were produced using the various fluxes.

An effective carbon equivalent equation is often used to relate the effect of alloy

elements in weld metals to the transformation products produced. The carbon

equivalent can be used as a hardenability index which ranks the influence of various

alloying elements on steel transformation behavior compared with carbon. The

carbon equivalent formula often used in the USA and Europe was developed by Sub-

commission IX-G of the International Institute of Welding:

Mn . Cr + Mo + V ̂  Cu + Ni 3.1
^  6 5 15

The IIW carbon equivalent applies to steels with carbon contents greater than 0.18

weight percent. Several other variants have been developed depending upon the
alloy content of the steel [Hrivnak 1978]. The Ito-Bessyo expression is more widely

used in lower carbon steels:

p  - ̂  , gj , Afo -H CX + Cu ^ itf-i ^ Mo ̂  y ^ c:d 3.2
30 20 60 15 10
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Table 3.1 Bead-in-groove weld metal composition (wt. pet.).

Flux Si25 Si50 SilOO Sil33 81200 NSi25 NSi50 NSilOO NSil33 NSi200 Cll

p 0.225 0.212 0.185 0.221 0.203 0.188 0.204 0.194 0.208 0.181 0.234

c 0.042 0.031 0.039 0.049 0.044 0.040 0.041 0.037 0.041 0.042 0.044

Mn 0.62 0.54 0.58 0.69 0.57 0.55 0.64 0.60 0.71 0.45 0.52

P 0.011 0.010 0.010 0.010 0.010 0.010 0.007 0.008 0.007 0.007 0.010

S 0.006 0.008 0.004 0.007 0.010 0.008 0.003 0.005 0.004 0.003 0.006

Si 0.45 0.32 0.25 0.25 0.20 0.17 0.15 0.12 0.13 0.05 0.38

Cr 0.33 0.35 0.17 0.15 0.13 0.17 0.19 0.12 0.15 0.03 0.36

Ni 2.60 2.71 2.49 2.46 2.52 2.49 2.47 2.52 3.04 2.52 2.78

Mo 0.54 0.55 0.52 0.47 0.48 0.46 0.42 0.52 0.57 0.52 0.55

Co 0.014 0.013 0.024 0.010 0.015 0.017 0.017 0.016 0.011 0.016 0.011

B — —

... ...

— — — —

... ... ...

V 0.003 0.006 0.002 0.001 0.003 0.002 0.002 0.002 0.003 0.003 0.002

Nb 0.013 0.011 0.007 0.006 0.006 0.007 0.006 0.006 0.010 0.006 0.012

Ti 0.002 0.002 0.004 0.003 0.004 0.004 0.004 0.002 0.002 0.004 0.003

Cu 0.83 0.88 0.49 0.62 0.87 0.65 0.90 0.78 0.62 0.73 1.0

A1 0.006 0.005 0.007 0.004 0.003 0.007 0.006 0.006 0.006 0.008 0.006

O 343 372 440 476 575 323 454 695 843 865 627

N 167 174 208 200 196 271 157 119 195 203 177
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Table 3.2 Bead-on-plate weld metal composition (wt. pet.).

Si25 8150 SilOO 81133 81200 NS125 N8150 N81100 N81133 N81200 Cll

^cm 0.202 0.212 0.201 0.199 0.217 0.228 0.219 0.223 0.231 0.233 0.231

C 0.055 0.050 0.048 0.057 0.049 0.070 0.062 0.054 0.059 0.062 0.054

Mn 0.45 0.52 0.45 0.41 0.47 0.55 0.54 0.61 0.54 0.56 0.49

P 0.011 0.010 0.010 0.010 0.010 0.010 0.007 0.007 0.006 0.007 0.013

S 0.010 0.006 0.008 0.007 0.006 0.009 0.003 0.003 0.006 0.005 0.007

Si 0.37 0.26 0.13 0.12 0.14 0.012 0.013 0.09 0.07 0.07 0.52

Cr 0.14 0.14 0.14 0.12 0.16 0.15 0.12 0.14 0.16 0.15 0.15

Ni 2.67 2.72 2.95 2.32 2.96 2.81 2.84 2.77 3.17 3.01 3.22

Mo 0.49 0.51 0.51 0.50 0.58 0.51 0.54 0.53 0.54 0.52 0.51

Co 0.020 0.018 0.010 0.019 0.019 0.020 0.018 0.02 0.019 0.019 0.020

B ... ... ... ... ... ... ... ...
... ... ...

V 0.008 0.010 0.004 0.011 0.003 0.015 0.010 0.009 0.011 0.010 0.012

Nb 0.020 0.010 0.010 0.010 0.010 0.008 0.010 0.010 0.008 0.010 0.010

Ti 0.002 0.003 0.003 0.003 0.004 0.003 0.002 0.002 0.002 0.003 0.002

Cu 0.55 0.72 0.73 0.78 0.88 0.76 0.73 0.94 0.92 0.96 0.79

A1 0.0090 0.010 0.010 0.008 0.011 0.009 0.012 0.010 0.01 0.008 0.012

O 495 490 894 896 905 400 764 895 942 934 766

N 419 522 494 329 441 426 426 352 230 172 425
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Bhadeshia and Larsson [Bhadeshia 1992] point out that the Ito-Bessyo expression has

a greater tolerance for the presence of allo)nng elements than the IIW expression. At
lower carbon contents, the kinetics of transformations becomes so rapid that increases

in alloy content do not greatly affect hardenability. Values for the Ito-Bessyo

equivalent are given in Tables 3.1 and 3.2.

Ito-Bessyo carbon equivalents for the HSLA-lOO base metal and ER-lOOSl

core wire used in this experiment were calculated to be 0.292 and 0.289 respectively,

while IIW carbon equivalents were found to be 0.70 and 0.54 respectively. The
Ito-Bessyo carbon equivalents for the experimental welds ranged from 0.181 to 0.235
while the IIW equivalents ranged from 0.44 and 0.56. It is obvious the values which
the two expressions yield differ significantly and it is imperative to specify specific
form of the equation used.

The above carbon equivalent expressions do not account for the type of steel

used (other than a broad statement on applicability depending on carbon content)
and do not appear to effectively consider the type of strengthening mechanism used.
For example, Ramsay [Ramsay 1989] used HY-130 steel base metal and Airco AX-
140 welding wire in experiments to determine the influence of oxygen and non-
metallic inclusions on high strength steel weld metal microstructures and properties.

The carbon equivalents of the base metal used in Ramsay's experiment were
calculated using Equations 3.1 and 3.2, and gave values of 0.751 wt. pet. and 0.283
wt. pet. respectively. As expected, the IIW carbon equivalent was higher for the HY-
130 base metal (0.751 wt. pet.) than for the HSLA-lOO base metal used (0.70 wt. pet.)
in these experiments. It is interesting to note that while there is a 30 ksi difference
in the yield strengths of the two base metals, the Ito-Bessyo expression does not

indicate that HY-130 (0.283 wt. pet.) steel base metal should have a higher strength

than the HSLA-lOO base metal (0.292 wt. pet.) used in these experiments. The

inability of the Ito-Bessyo values to suggest differences in strength levels of these two

base metals suggests that extreme care be used when comparing weld metals based
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on simple expressions of carbon equivalent.

3.2.2 Weld Metal Oxygen

Weld metal oxygen content is known to play an important role in controlling

the competitive phase transformations in steel weld metal. Several authors [Liu 1986,

Ramsay 1989a] have suggested that the optimal oxygen content of the weld metal

should be between 300 and 400 ppm. These oxygen concentrations can promote the

formation of acicular ferrite without loss of toughness due to an excess of inclusion

volume fraction. It is therefore necessary to determine the effect of flux composition

on weld metal oxygen concentration. Many authors have used basicity index to

correlate flux composition to weld metal oxygen content. Figure 3.8 shows the

empirical relationship between weld metal oxygen content and flux basicity index
reported by Fredrickson [Fredrickson 1992]. Although Fredrickson found a good
correlation in basicity, this expression breaks down when applied to low silica fluxes

and has been generally rejected by the welding community as a reliable means of
predicting weld metal oxygen concentration. Figure 3.9 shows the empirical
relationship between the weld metal oxygen content for the fluxes used in this
experiment. Apparently the basicity index does not provide a reasonable correlation
between flux composition and weld metal oxygen content. It is possible that the

functional form of the basicity index is incorrect for SMA welding and should

consider the decomposition of CaCOs in the expression.

Although the mechanism of ojtygen transfer from the flux to the weld metal

is unclear, it is expected that weld metal oxygen levels will be controlled by the

decomposition of the flux ingredients during welding. For example, it was shown

from Fredricksons experiments that the decomposition of SiOj controlled oxygen in

weld metals produced using fluxes which contained high levels of SiOj [Johnson
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1992]. When the amount of SiOj in the flux was decreased, the decomposition of
CaCOj appeared to control the introduction of the oxygen into the SA weld metal.
Calcium carbonate will decompose during welding to provide a protective CO-CO2

shielding gas. The effects of increasing CaCOa content in the flux on SMA arc weld
metal oxygen content for the bead-on-plate welds and bead-in-groove welds are

shown in Figures 3.10 and 3.11. Although the welding joint configuration and dilution
were different for each type of weld, weld metal oxygen clearly increases with

increasing CaCOa concentrations in the flux. The bead-on-plate Si and NSi welds
yielded similar weld metal ojq^gen contents, while bead-in-groove welds made with
silica containing fluxes (Si Fluxes) contained lower oxygen contents than weld metals
produced with silica free fluxes. The lower oxygen in the welds produced from the
silica containing flvixes may result from the higher CaCOa levels in these fluxes.

The results discussed above are consistent with the findings of many

researchers, who have concluded that, although atmospheric contamination may have

also occurred, the decomposition of the flux and/or slag entrapment was the major
source of oxygen contamination in the droplet and weld pool. Grong, Olson, and
Christensen [Grong 1985b] investigated carbon oxidation in hyperbaric SMA welding
by making a series of welds with electrodes of differing deoxidation capacity. They
proposed that the pick-up of carbon and oxygen from the arc atmosphere could be
described by the overall reactions:

2C0{g) ̂  Q + CO^{g) 3.3

co^ig) ̂  Q + CO(g) 3.4

The arc atmosphere in basic electrodes consists primarily of carbon monoxide

CO(~77 vol. pet.), carbon dioxide (~19 vol. pet.), and small amounts of and HjO.
[Grong 1985b] Although dissociation occurs in the arc column, molecular
components can be considered if equilibrium is maintained at temperatures where
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the species is stable. It is generally accepted that the following reaction will control
the ojqrgen level in the arc column and during the initial stages of cooling when
temperatures are above 1700 °C:

CO(g) Q ̂ Q. 3.5

Because carbon boil has been observed in SMA welds, this observation suggests that

heterogeneous nucleation of CO is kinetically feasible. Grong et. al. [Grong 1985b]
suggested that possible nucleation sites for CO gas bubbles were present in the
macroscopic slag layer covering the metal. It is also possible that carbon boil can

occur within the molten droplet at the electrode tip as noted by Lancaster [Lancaster

1987]. Lancaster noted that the formation, growth, and subsequent bursting of these
bubbles may be responsible for explosive transfer of droplets. It is probable that the
reaction shown in Equation 3.5 will take place in both the arc column and weld pool.

The decomposition of CaCOj can be expressed in many different ways. One
possible scenario is as follows:

Fed) + Q + CaCO^is) ** CaO (1) + CO^ig) + FeO(l) 3.6

and

COzig) ̂  Q + COig) 3.7

and

CO(g) ̂  £ + Q 3.8

which gives the overall reaction:
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Fed) + CaCO^is) ̂  CaOd) + FeOd) +Q + Q 3.9

If the transfer of oxygen into the weld metal is similar in nature to electrical

current flow through parallel electrical resistors, the path of least resistance will

introduce the most oxygen into the weld pool. The CO reaction shown in Equation

3.8 is expected to occur at high temperatures and may control the introduction of
oxygen. The formation of iron oxide has been shown by several authors [Blander
1985, Natalie 1989, Eager 1978] influence the oxygen content of the weld metal and

form FeO in the slag. If the FeO reaction proceeds such that FeO is formed.
Reaction 3.9 is possible.

If the solid state chemical compositions are considered to be the consequence

of the interaction between carbon and oxygen in contact with carbon monoxide of

partial pressure P^o at elevated temperatures. If the CO reaction occurs at high
temperatures and controls the introduction of oxygen into the weld metal, an
equilibrium expression can be written from Equation 3.8 as follows:

K = to] 3.10
^CO

where K is the equilibrium constant for the reaction of Equation 3.8. If the partial
pressure of carbon monoxide is proportional to the amount of CaCOj in the flux
coating, another expression can now be written:

M = 3.11
[CaCOj]
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The expression shown in Equation 3.11 is not an equilibrium expression thus

a proportionality constant M is used instead of k.

Figure 3.12 shows the product [C]*[0] as a function increasing CaCOj
concentrations in the flux for the bead-in-groove and bead-on-plate welds. The linear

behavior of the data suggests that that the mechanism of oxygen introduction into the

weld metal occurs according to Equation 3.11. If the introduction of ojq^gen into the

weld pool were due only to oxygen transfer in the arc column, and was independent
of base metal composition, heat input, dilution with the base metal, and slag-metal
interactions, the lines shown in Figure 3.12 would superimpose. It is apparent that

the bead-on-plate welds have a somewhat higher [C]*[0] product, which is probably
due to the higher dilution of the bead-on-plate welds compared with that of the bead-
in-groove welds. Clearly, factors such as dilution and slag-metal reactions can play
a role in determining the final weld metal composition.

Transfer of oxygen at the gas/liquid interface will be influenced by droplet size

and speed of droplet transfer across the arc gap. A decrease in droplet size was
observed with increasing CaCOj additions in the coating for electrodes used in these
experiments. This observation was consistent with the findings of Pokhodnya
[Pokhodyna 1985], who measured short circuit time and concluded that droplet size
decreased with increasing concentration of CaC03 in the flux. The decrease in
droplet size was probably due to the increased drag force on the droplet, which
corresponded to an increased carbonate content in the flux. If the gas/liquid
interfacial area is important, it is reasonable to expect that an electrode which
produces smaller droplets will cause higher weld metal oxygen contents because of
the increased surface area. The combination of decreased droplet size and increased

partial pressure of oxygen in the arc column should result in an increased droplet
oxygen content.

Very low weld metal oxygen contents (<200 ppm O) have been obtained in

SAW using high heat inputs and basic fluxes. In sharp contrast to SAW, the lower
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limit to weld metal oxygen content in SMAW appears to be approximately 300 ppm

when short arc lengths and basic electrodes are used. This large difference may be

due to the different nature of the process; a SAW arc will be more protected from

the atmosphere than a similar SMAW arc because of the creation of an arc cavity

within the SAW flux during welding. While atmospheric contamination is important,

the most probable reason for the difference between SAW and SMAW weld metal
oxygen contents is the different heat inputs and solidification rates for the two

processes. The higher heat inputs (3-5 kJ/mm) used in the SAW experiments

reported in the literature will result in lower weld metal oxygen contents compared

with the lower heat inputs (<1.5 kJ/mm) of the SMAW process for the following

reasons: 1) the solidification time for welds made by SAW will be longer, and thus

more time for slag/metal reactions and inclusion separations to the slag are possible,

and 2) the slag/metal area is larger for the larger SAW beads; the transfer of ojq^gen

and alloying elements through the interfacial area can be more extensive.
In summary, the decomposition of CaCOj appeared to control the weld metal

ojqrgen for the simple flux compositions used in this experiment. While the weld
metal oxygen may been influenced by atmospheric contamination, the decomposition
of CaCOj appeared to control the introduction of oxygen into the weld metal
according to Equation 3.8; similar behavior has been observed in hyperbaric welding
using SMA electrodes [Grong 1985b, Ibarra 1990, Sanchez 1992]. The decreased
droplet size and increased ojqrgen partial pressure caused a higher droplet oxygen
content. Upon entering the weld pool, the oxygen was diluted and the observed weld
metal oj^gen content depended upon the extent of slag/metal interactions and the
propensity of oxide inclusions to float into the slag. SiOj additions did not appear

to control the oxygen levels was observed in the SAW experiments [Fredrickson

1992]. The CaCO, oiq^gen control is contrary to the findings of Fredrickson and what

was expected and cannot be easily explained.
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3.2.3 Weld Metal Nitrogen

High levels of nitrogen in weld metal can be detrimental to weld metal

toughness [Grong 1988, Ito 1979, Abson 1986, Van Nassau 1989]. The formation of
nitride-based inclusions will decrease the impact toughness, and deplete microalloying

elements such as boron, titanium, and niobium that play an essential role in the

formation of acicular ferrite.

The earth's atmosphere consists primarily of nitrogen and ojQ^gen. Air at one

atmosphere contains approximately 78 percent N2 and 21 percent O2 by volume.
Entrapment of nitrogen in the welding arc will depend upon the amount and flow
conditions of the protective gases generated by the protective coating. Nitrogen
absorption in the arc column will depend upon the partial pressure of nitrogen in the
arc column. Wegrzyn and Apps [Van Nassau 1989] reported that weld metal
nitrogen levels were decreased from 0.0120 wt. pet. to 0.006 wt. pet. when the welding
atmosphere was switched from air to 100 percent CO2. Similar effects were observed
when argon was used instead of CO2. Lau et. al. [Lau 1985] also concluded that
nitrogen contamination occurred because of exposure to the atmosphere in
submerged arc welding.

Nitrogen pickup can also come from alloy additions to the flux, as shown in
Table 3.3. The transfer of nitrogen from these sources is very effective. Current

trends in consumable manufacture include the use of manganese additions instead

of ferromanganese additions to reduce the weld metal nitrogen additions. No alloy
additions except iron powder were made to the coating in these experiments. Figure
3.13 shows the effect of increasing CaCOj additions on weld metal nitrogen content

for bead-in-groove and bead-on-plate welds. As shown in Figure 3.13, the bead-on-

plate welds contain higher levels of nitrogen than the bead-in-groove welds. Bead-on-
plate welds were made with the automatic voltage controller, and the bead-in-groove
welds were made by hand. A larger arc gap was observed when the automatic
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voltage controller was used relative to arc gaps observed when welds are made

manually.

Table 3.3: Typical nitrogen content of electrode coating components[Van Nassau].

Component Nxotai (ppm)

Fe powder 20-140

Ferromanganese 600-900

Ferrosilicon 100-260

Ferrochromium <350

Manganese <200

Chromium <300

Ferrotitanium 15

Silicates, binders,minerals trace

Rimmed steel core wire 60-80

The bead-on-plate weld metal nitrogen content appeared to decrease with
increasing CaCOg additions above about 30 wt. pet. The bead-in-groove welds
maintained nearly constant nitrogen levels, regardless of CaCOj level in the flux. The

weld metal nitrogen has been shown by several researchers to be drastically affected

by arc length. For example, Schmidt [Schmidt 1970] showed that for arc lengths of

2,4, and 10 mm, the nitrogen levels in SMA weld metal were 250 ppm, 410 ppm, and

430 ppm respectively when rutile type electrodes were used. The weld metal nitrogen
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contents for the experimental bead-in-groove welds of this study were well within the

110-180 ppm nitrogen levels typically obtained using commercial basic electrodes.

The effect of oxygen and other elements in the arc atmosphere on the absorption

mechanism of nitrogen has not been well documented. Van Nassau [Van Nassau

1989] suggested that NO formed more easily than atomic nitrogen, and thus the

reaction of NO at the weld droplet surface can be written as follows:

NO + Fe H + FeO 3.12

Figure 3.14 shows that no clear relationship between weld metal ojgrgen and

weld metal nitrogen existed. The presence of strong nitride formers such as titanium

and aluminum should have an effect on the weld metal nitrogen concentration. The

mechanism for nitrogen absorption is unclear, although factors such as droplet size

and surface area, arc gap, and arc stability have a pronounced effect as discussed

earlier.

The main causes of weld metal nitrogen pickup have been shown to be

atmospheric contamination and alloy additions made to the coating. Since no alloy

additions were made to the coatings of the experimental electrodes (with the

exception of iron powder) it can be concluded that the main source of nitrogen pick

up is atmospheric contamination. The nitrogen levels in welds made with the

automatic voltage controller were higher than in welds made manually, because the

arc gap was generally longer when the automatic voltage controller was used. The

mechanism of nitrogen absorption was not resolved, and no trend between weld

metal nitrogen and oxygen contents was observed.
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3.2.4 Weld Metal Alloying Elements

The main factors controlling alloy content in the weld pool are the base metal

composition, electrode composition, and alloy concentrations in the flux. However,

weld metal oxygen content can significantly influence the final weld metal alloy

content. The depletion of alloying elements can occur in the weld pool according to

the following reactions:

xM + yQ - iM^Oy) 3.13

and

xM + yiFeO) = (M^Oy) + yFe 3.14

As discussed earlier, weld metal carbon equivalent Pen, can be used as an

indicator of the weld metal alloy content. Figure 3.15 shows that there was no well

-defined trend between carbon equivalent and weld metal ojq^gen content in the

bead-on-plate welds. The NSi fluxes appeared to create a higher Pen, equivalent in

the weld metal than the Si fluxes. Figure 3.16 shows the effect of ojqrgen on carbon

equivalent for the bead-in-groove welds. Again, there was no clear trend between

oxygen and carbon equivalent, and no appreciable difference between the Si and NSi

fluxes was observed. The Pgn, values appeared to remain constant or to decrease with

increasing oxygen.

This type of behavior contradicts the results of prior researchers. A

significant decrease in carbon equivalent was expected with increasing weld metal

oxygen content. Fredrickson [Fredrickson 1992], for example, observed a strong

decrease in weld metal carbon equivalent with increasing oxygen content. Most

previous researchers used higher heat input submerged arc welding to obtain their

results. The longer solidification time and slower cooling rates in SAW will greatly
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affect final weld metal chemical composition.

In contrast to submerged arc welding, shielded metal arc welding uses lower

heat inputs (generally less than 1.5 kJ/mm) and does not have a thick insulating slag

and flux layer. The cooling rates for SMAW are higher than those observed in SAW.

According to Chvorinov [Flemmings 1974], the time needed to solidify a simply

shaped casting is proportional to the square of the volume/surface area ratio. If a

weld is considered a simple casting, the solidification time will be proportional to the

square of the transverse cross-sectional area divided by the fusion line length. In

general, SA welds would be expected to take more time to solidify than SMA welds,

because SA welds tend to have a greater superheat, larger insulating flux layer, and

larger fusion line.

If the solidification time was significantly shorter for SMA welds and the

corresponding cooling rate significantly higher than those observed in higher heat

input processes, the constant carbon equivalent can be justified. If solidification of
the weld pool is rapid, insufficient time is provided for the oxide inclusions formed
in the weld pool to separate to the slag layer. With increasing oxygen content,

increasing amounts of alloying elements are oxidized according to Equations 3.13 and
3.14 to form non-metallic inclusions. Thus, if a sufficiently fast cooling rate is present,

the inclusions will not be removed to the slag layer, and the apparent alloy content

of the weld metal remains approximately constant.

The effect of weld metal oxygen on weld metal carbon content is shown in

Figure 3.17. The bead-on-plate weld metal carbon contents were somewhat higher

than those observed in the bead-in-groove weld metals, possibly because of dilution

effects.

No clear trend in manganese content with increasing oxygen content was

observed as shown in Figure 3.18. The absence of a clear trend may be the result

of the formation of manganese silicate inclusions and subsequent entrapment during

solidification. Figure 3.19 shows a decrease in weld metal silicon content with
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increasing oxygen content for both the bead-on-plate welds and the bead-in-groove

welds prepared with the Si fluxes. Only a slight decrease in weld metal silicon

content was observed when the NSi fluxes were used. The decrease in silicon with

increasing oxygen content may be due to increasing oxidation of silicon in the weld

pool and recombination with the Si02-based slag.

Weld metal chromium concentrations were observed to decrease with

increasing ojqrgen concentration as shown in Figure 3.20. Weld joint geometry and

flux silica content did not appear to influence the chromium content.

Many researchers have investigated the effectiveness of a particular flux in

transferring or protecting alloying elements. Weld metal alloying elements can come

from three sources: the base metal, the welding wire, or the flux. In this study, no

alloy additions were made to the flux. Interstitial elements such as ojgrgen and

nitrogen can come from the above three sources as well as from atmospheric

contamination. The change in the measured composition of any element compared

to that calculated for the weld metal (based on initial concentrations and known

dilutions) will assess whether that element was transferred to or from the flux during

welding:

^ ̂  ~^MBASaRBD ~ ̂ NCtaNAL 3 • 15

Here, Xmeasured is found from emission spectroscopy or wet chemical analysis, and

the nominal composition X^ominal would be the concentration present if the element

X were simply transferred from its sources without interaction. X nominal can be

calculated as follows:

^IKXilNAL ~ i ̂  *^WIRE ~ ̂ *^BA3EMETAL 3 • 16
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In Equation 3.16, X^ire is the concentration of element X in the welding wire, Xq^se

METAL i^ the concentration of element X in the base metal, and D is the dilution of
the weld bead. A positive value of AX suggests that a particular element was

transferred from the flux or atmosphere to the weld metal after being reduced during

the welding process. A zero value of AX indicates that no net transfer occurred,

while a negative value of AX indicates that elemental transfer from the weld metal

to the slag or atmosphere (metal vaporization) has occurred during welding.

Figure 3.21 shows both positive and negative values for the transferability of

carbon. Weld metals produced using NSi fluxes picked up carbon from the flux or

the atmosphere while welds produced with the Si fluxes lost carbon to the slag or to

the atmosphere. The negative values observed when the Si fluxes were used may be

the result of synergistic effects associated with the dissociation of SiOj. Several

authors [Grong 1985a, Kuwana 1989] have found that increasing silicon

concentrations in weld metal resulted in decreasing weld metal carbon concentrations.

No suitable explanations were found to explain this behavior. Figures 3.22 and 3.23
show increasing losses of weld metal manganese and chromium with increasing

nominal concentrations of these elements. This tj^e of behavior is expected because

these elements tend to oxidize readily. The silicon loss appears to remain constant

with increasing nominal silicon concentrations until a nominal concentration of 0.42

wt. pet. silicon is reached. Beyond that point, silicon losses decrease with increasing
nominal silicon contents, as shown in Figure 3.24. The decreased loss of silicon at

high nominal weld metal silicon concentrations was, of course, confined to weld
metals made with the silica containing fluxes only.
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33 Microstructure Analysis

The final weld metal microstructure depends on two parameters: cooling rate

and chemical composition. The microstructure of the weld metal controls mechanical

properties such as strength and toughness. Weld metal microstructures were

characterized using the guidelines for quantitative metallography developed by the

International Institute of Welding (IIW) [Abson 1988]. The basis of this classification

is the identification and quantification of microstructural features that control weld

metal toughness. Five primary classifications were used: primary ferrite (PF), ferrite

with aligned second phase (FS(A)), ferrite with non-aligned second phase FS(NA),

acicular ferrite (AF), and martensite (M).

Weld metal hardness, microhardness, and optical microscopy were used to

identify the microstructures present in the experimental welds. The above phases

were defined and identified as follows: 1) PF or primary ferrite. Primary ferrite may

be grain boundary ferrite that is associated with prior austenite grain boundaries or

individual grains of intragranular polygonal ferrite which are three times larger than

the average width of surrounding grains. 2) AF or Acicular ferrite. Acicular ferrite

consists of small non-aligned ferrite grains that typically have a length-to-width-ratio

of less than 4:1, and are found within prior austenite grains. 3) FS(A) or aligned

ferrite. This microconstituent is generally identified as Widmanstatten ferrite or

bainite, where two or more laths with aspect ratios greater than 4:1. 4) FS(NA) or

non-aligned ferrite. This microconstiuent is defined as ferrite which surrounds

equiaxed and random microphases or isolated laths of acicular ferrite. 5) M or

martensite. Martensite is often difficult to identify with light microscopy. Figure 3.25

shows the microconstituents identified in an optical micrograph.

The identification of microstructures in steel weld metals with tensile strengths
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less than 80 ksi (550 MPa) is easily done with the use of optical microscopy.

Identification of high strength (>80 ksi) microstructures using optical microscopy has

proven to be difficult. The fine nature of the microstructure requires that higher

magnifications (>500X) be used, and the magnifications required for proper

identification of the microstructural components often exceed the limits of optical

microscopy. Obtaining a random and representative evaluation of the microstructures

is often difficult because of the small field size sampled at the higher magnifications.

Abson [Abson 1992] recently conducted a round robin experiment which quantified

the microconstituents present in high strength steel weld metals. Abson concluded

that current methods of microstructural evaluation were inadequate for high strength

steel weld metals, and that current methodologies did not produce acceptable results.

Figure 3.26 shows micrographs of the bead-in-groove welds produced using the silica

containing. The microstructure became increasingly coarse with increasing amounts

of CaCOj in the flux. Figure 3.27 shows the results of the quantitative microscopy.

The Si 50 weld contained the most acicular ferrite (74 vol. pet.) in the Si weld series

followed, by the Si 25 (51 vol. pet.) weld. The amount of acicular ferrite decreased

drastically in the remaining welds, all of which contained less than 10 vol. pet. acicular

ferrite. The Si 25 and Si 50 weld metals contained only 26 and 16 vol. pet. of second

phase ferrite (FS(A) and FS(NA)) while the remaining welds contained over 70 vol.

pet. of second phase ferrite. The FS(A) observed was probably bainite instead of

Widmanstatten ferrite. A small amount of martensite was observed in the Si 200

weld metal. Welding with the Si 200 electrode was difficult because of the large

amount of spatter produced. The presence of martensite may be due to

inconsistencies in the welding process which caused an increased cooling rate.

The NSi weld metal micrographs shown in Figure 3.28 are similar to those of

the Si weld metals. Figure 3.29 shows the results of the quantative light microscopy

for the bead-in-groove NSi welds. The NSi 25 weld contained 64 vol. pet. acicular

ferrite and the NSi 50 weld metal contained 41 vol. pet. acicular ferrite. The NSi 25
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and NSi 50 welds contained 21 and 40 vol. pot. of second phase ferrite respectively.

The NSi 100 and NSi 133 welds contained 70 and 85 vol. pet. of second phase ferrite.

The NSi 200 weld contained 55 wt. pet. second phase ferrite and 37 vol. pet. primary

or grain boundary ferrite. Similar trends in microstructure are observed in the bead-

on-plate welds as compared to the bead-in-groove welds.

Although the oxygen levels in the experimental welds ranged from 300-370

ppm, reasonable levels of acicular ferrite were observed. Bainitic microstructures

were observed in welds that contained more than 400 ppm ojqrgen. Figure 3.30

shows that weld metals with less than 400 ppm had significant levels of acicular

ferrite. This observation is consistent with the observations made by many

researchers. Figure 3.31 shows that weld metals which had ojq^gen concentrations

greater than 400 ppm contained bainitic microstructures.

There are several explanations for the microstructure coarsening found in

welds that contain more than 400 ppm oxygen: Microalloying elements such as

titanium and boron become depleted through inclusion formation and may still be

necessary in high strength steels to prevent the nucleation of grain boundary products.

The low heat inputs and high cooling rates of SMA may promote the

formation of lower temperature transformation products not typically observed in

welds made with higher heat input welding processes, even with weld metals of

moderate alloying concentrations. The time for weld metal to cool between the

temperatures of 800 °C and 500 °C (At8.5) significantly affects the final weld metal

microstructure. Small values of At8.5 correspond to a high cooling rate. Calculations

show that At8.5 is four seconds and seven seconds for 1.0 kJ/mm and 1.5 kJ/mm bead-

on-plate welds made on 3/4-in (19-mm) thick metals respectively. Heat inputs for

SMA welding typically range from 1.0 to 1.5 kJ/mm. Higher heat inputs of 2 to 4

kJ/mm are typically observed when the SAW or GMAW processes are used. Welds

made with heat inputs of 2,3, and 4 kJ/mm under the same conditions outlined above
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yield At8.5 times of 15, 30, and 55 seconds respectively. Because of the accelerated
cooling rates associated with low heat input SMA welding, significant alloy levels may

not be necessary to prevent the formation of higher transformation temperature

products such as primary ferrite.
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3.4 Mechanical Properties

The mechanical properties of the experimental weld metals are discussed in

this section. Weld metal strength levels were estimated using hardness

measurements. Sub-size Charpy impact specimens were used to evaluate weld metal

impact toughness.

3.4.1 Weld Metal Hardness

The hardness and corresponding carbon equivalents of all welds made are

shown in Tables 3.4 and 3.5 below:

Table 3.4 Hardness and carbon equivalents of bead-on-plate Si and NSi welds

Si Fluxes NSi Fluxes

Flux Hardness Pern Flux Hardness Pom

I.D (Rc) (wt. pet) I.D. (Rc) (wt. pet.)

Si 25 29.2 0.202 NSi 25 32.6 .228

Si 50 29.5 0.208 NSi 50 27.1 .219

Si 100 28.5 0.201 NSi 100 27.0 .224

Si 133 27.2 0.199 NSi 133 26.7 .231

Si 200 28.3 0.217 NSi 200 24.3 .233

CB2 30.8 0.231 - - -
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Table 3.5 Hardness and carbon equivalents of bead-in-groove Si and NSi weld

metals.

Si Fluxes NSi Fluxes

Flux Hardness Pcm Flux Hardness p̂
 cm

I.D. Rc (wt. pet.) I.D. Rc (wt. pet.)

Si 25 28.5 0.225 NSi 25 29.7 0.187

Si 50 28.0 0.212 NSi 50 26.9 0.204

Si 100 27.2 0.202 NSi 100 26.2 0.194

Si 133 25.7 0.203 NSi 133 25.3 0.208

Si 200 27.4 0.187 NSi 200 21.3 0.181

CB2 30.5 0.234 - - -

The data in Tables 3.4 and 3.5 are plotted in Figure 3.32. Although there is

no well-defined trend, the weld metal hardness generally increased with increasing

carbon equivalents as expected. Welds Si 25, Si 50, and NSi 25 had higher hardness

than other bead-in-groove welds and had significant amoimts of acicular ferrite.

Estimated tensile and yield strengths were compiled using Leco hardness-strength

relationship scales. The estimated tensile strengths of the bead-on-plate welds ranged

from 759 to 1024 MPa (110 to 148 ksi) and the yield strengths ranged fi-om 607 to

816 MPa (88-118 ksi). Estimated tensile strengths of the bead-in-groove welds

ranged from 759 to 938 MPa (110 to 136 ksi) and the yield strengths ranged firom 607

to 750 MPa (88-108 ksi). The higher strengths and hardness observed in the bead-
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on-plate welds may be due to the greater alloy contribution from the base metal

because of the greater dilution.

The upper strength of acicular ferrite microstructures is approximately 90 ksi

(620 MPa). Mixtures of acicular ferrite, martensite, and bainite observed in the
experimental welds are capable of producing weld metals with yield strengths greater

than 100 ksi (690 MPa)

3.4.2 Charpv Impact Energy Measurements

The results of the individual Charpy tests can be found in Appendix A. The

results obtained were surprisingly good, considering that the test specimens were sub-

sized and machined from weld metal. Welds produced with the Si 25, Si 50, and NSi

25 fluxes produced superior impact properties. The temperature at which a 6 ft-lb
(8.4 J) energy was absorbed was extracted from each graph, and plotted as a function
of weld metal oxygen content and acicular ferrite content, as shown in Figure 3.33
and Figure 3.34. The 6 ft-lb temperature increased with increasing ojqrgen and
decreased with increasing acicular ferrite as expected. Figures 3.35 and 3.36 show

the impact energy absorbed at a test temperature of -80 °C (this impact energy was

also extracted from the impact energy curves shown in Appendix A). The impact

energy absorbed at -80 °C decreased with increasing oxygen content, while the -80 °C
impact energy increased with increasing acicular ferrite content.

The effects of ojq^gen and microstructure cannot be easily separated because

of the large role which oxygen plays in the development of the final microstructures.

It is well recognized that upper shelf impact energies of weld metals (where the

fi-acture mode is microvoid coalescence) are strongly influenced by the volume

fraction of inclusions. Increasing weld metal ojQ^gen concentration caused an

increased weld metal inclusion content. An increase in inclusion concentration is
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expected to correspond to a decrease in upper shelf energies as shown in Appendix

A. High weld metal oxygen contents have direct and indirect effects on the transition

and lower shelf regions. Large inclusions can initiate cleavage fracture in weld metals

tested in the lower shelf and transition regions. High oxygen concentrations can

decrease the weld metal alloying levels, thus promoting coarser microstructures.

Coarse microstructures increase the transition temperature and decrease the lower

shelf impact energies. It can be concluded that the best impact energies were

observed in weld metals that contained more than 50 vol. pet. acicular ferrite and

possessed weld metal oxygen contents less than 400 ppm.

The results obtained from sub-size impact energy specimens cannot be related

to those obtained from full size specimens. McNicol [McNicol 1%5] tested a wide

range of Charpy bar sizes on four materials, and concluded that even when the data

was normalized with respect to width, there was no correlation between sub-size and

full-size specimens. When sub-size specimens are used, the transition temperature

shifts to lower temperatures and the impact energy decreases.

3.5 Weld Metal Diffusible Hvdrogen

Hydrogen induced cracking is a problem in weld metals with yield strengths greater

than 70 ksi. To reduce the susceptibility of hydrogen damage, weld metal diffusible

hydrogen levels should be reduced to levels less than 5 ml Hj per 100 g weld metal
and/or a pre-welding heat treatment and a post-welding heat treatment should be

used. Figure 3.37 shows the results of the diffusible hydrogen tests for welds Si 25,

Si 50, NSi 133, and CB2. All welds except for weld CB2 produced very low hydrogen

values of less than 2 ml Hj per lOOg weld metal. A higher volume of 7.8 ml Hj per

lOOg weld metal was obtained using flux CB2. The higher volume of diffusible
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hydrogen may be the result of either: 1) the inability of the slag to properly cover

the molten weld pool during welding, or 2) the low levels of CaC03 in the flux

coating. CaCOj generates CO and COj during welding which effectively reduce the
partial pressure of hydrogen in the welding arc; if insufficient levels of CaCOj are
used in the flux, hydrogen can enter the arc column from the atmosphere.

The low volumes of diffusible hydrogen found can be attributed to a proper

baking cycle and to the absence of hygroscopic materials such as clay, mica, cellulose.
These materials contain water which will dissociate during welding and increase weld

metal diffusible hydrogen. The results obtained in this experiment agree well with

those reported by Chew [Chew 1976], who observed that the levels of diffusible

hydrogen depended strongly on the baking temperature and time for basic electrodes.
Some authors [Eager 1978] have suggested that the presence of CaFj in the

slag is capable of reducing the amount of diffusible hydrogen according to the
following reaction:

CaFj + H2O CaO + 2HF 3 • 17

A relationship between CaFj content in the flux and weld metal diffusible hydrogen
would be difficult to measure with experimental electrodes used in this experiment;

an observable change in hydrogen volume at the low levels obtained would be less

than the experimental error.

These experiments show that low diffusible hydrogen levels can be obtained

if a proper baking schedule is followed and if hygroscopic materials are omitted from
the coating.
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4.0 CONCLUSIONS

1. Coarse -100 to -200 Tyler mesh (150 to 90 iim) flux ingredients were

required to produce acceptable coatings which did not crack or deform upon

drying.

2. Electrode coatings which contained more than 40 wt, pet. CaFj and less than

20 wt. pet. CaCOj (i.e. the NSi 25, NSi 50 and the Si 25 and Si 50 flux
compositions) produced the best welding characteristics and superior weld

metals.

3. Electrodes made with fluxes that contained more than 30 wt. pet. CaCOj

produced large amounts of spatter and were difficult to use.

4. Weld metal ojqrgen content was found to increase with increasing CaCOj
concentrations in the flux regardless of SiOj content in the flux.

5. Weld metal nitrogen content decreased with increasing CaCOj concentrations

in the flux.

6. Significant portions of acicular ferrite (>50 wt. pet.) were observed in weld

metals with ojqrgen contents less than 400 ppm. Increasing weld metal oxygen

content resulted in a coarser microstructure which consisted primarily of

aligned phases such as bainite.

7. Estimated tensile strengths ranged from 759 to 1024 MPa (110 to 148 ksi) and

tensile strengths ranged from 607 to 938 MPa (88 to 136 ksi). Welds which
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contained high amounts of acicular ferrite produced the strongest welds.

8. The best impact properties were observed in weld metals which contained

more than 50 vol. pet. acicular ferrite and less than 400 ppm oxygen.

9. Very low levels (<2 ml H2 per lOOg weld metal) of weld metal diffusible
hydrogen can be obtained when waterglass binders are used if electrodes are

baked at temperatures above 400 °C for one hour.
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Figure A1 Results of sub-size CVN experiments for welds made with flux Si25.
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Figure A2 Results of sub-size CVN experiments for welds made with flux Si50.
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Figure A3 Results of sub-size CVN experiments for welds made with flux SilOO.

(0

D
O
-3

>N
CP
L.

Q)
C

UJ

o
od
Q.

E

100

N)
00
OS

u>



12

9 -

I

u.

>N
CD

® 6
UJ

o
cd
a.

E

3 -

□ S 133

0
-200 -100 0

Test Temperature (OC)
Figure A4 Results of sub-size CVN experiments for welds made with flux Si 133.
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Figure A5 Results of sub-size CVN experiments for welds made with flux SiZOO.
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Figure A7 Results of sub-size CVN experiments for welds made with flux NSi25.

in

o

D
O

>s

L.

<D
C

UJ

o
cd
Q.

E

100

N>
00
a\

00



o NSlOO

(0

i?
u

o

CP
L.

0)
c

LU

a
cd
Q-

E

-200 -100 0

Test Temperature (^C)

Figure A8 Results of sub-size CVN experiments for welds made with flux NSi50.
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Figure A9 Results of sub-size CVN experiments for welds made with flux NSilOO.
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Figure AlO Results of sub-size CVN experiments for welds made with flux NSil33.
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