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A New Method for the Design of 
Welding Consumables 

An innovative approach using physical and numerical models was investigated to 
develop welding consumables 

BY D. 8. TORDONATO, J. C. MADENI, 8. BABU, 8. LIU, AND P. MENDEZ 

ABSTRACT 

This work presents a novel approach for the development of welding consumables 
with the potential of being much faster than standard practice. It is based on the combi- 
nation of a physical model of the welding process using an arc button melter and the use 
of thermodynamic and microstructural evolution mathematical models. In the proposed 
methodology, only small batches of controlled alloys are produced instead of manufac- 
turing an entire spool of wire. The results are then interpreted with existing mathemat- 
ical models. Another unique aspect of this work is the simulation of welding of 
microalloyed steels using an arc button melter. This required the controlled addition of 
small amounts of alloying elements while accounting for their recovery and the control 
of the oxygen level in the chamber. The microstructure of the button melts was tested for 
repeatability and compared with published literature. Metallographic examination 
showed acicular ferrite to be the dominant microconstituent in both the physical model 
samples and the welded sample; however, the acicular ferrite microstructure in button 
melted samples was coarser and contained fewer and larger inclusions compared to that 
of weld metal samples. This research indicates that the button melting technique can ef- 
fectively represent the microstructural evolution during welding, but improvements are 
necessary to more accurately reproduce inclusion characteristics. 

Introduction 

Developments in high-strength low- 
alloy and microalloyed steels have allowed 
significant improvements in their proper- 
ties with just marginal increases in mate- 
rial costs. As base metal strength level 
increases, the weld metal strength must in- 
crease while maintaining adequate tough- 
ness; consequently, new welding methods 
and consumables are also needed. Devel- 
opment of new welding consumables is 
typically a slow process, which can take 
many years. The reason is that, tradition- 
ally, welding consumables have evolved in- 
crementally as a result of minor 
adjustments to alloying components. How- 
ever, as more complex, controlled mi- 
crostructures are required, it becomes 
increasingly more difficult to optimize 
consumable    composition    simply    by 
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"tweaking" the composition of existing 
filler metals. The goal of this project was 
to produce a new methodology suitable for 
developing welding consumables for a 
wide variety of applications, especially 
those requiring microstructures signifi- 
cantly different from the existing ones. 
This new methodology should avoid the 
long and expensive process of iterative 
fabrication of welding wires of different al- 
loys. The above statements lead to the fol- 
lowing questions: Is it possible to use a 
physical model to accurately reproduce 
the weld microstructure of a specified 
chemical composition? Is it possible to use 
existing computational models to gain new 
insight into the expected nonequilibrium 
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weld microstructures? A new approach to 
consumable development utilizing a com- 
bination of an arc button melt process and 
computational thermodynamics was ex- 
plored in this project to address these 
questions. 

In the arc button melter, a sample is 
melted in a chamber filled with an atmos- 
phere of controlled composition using a 
manually controlled gas tungsten arc weld- 
ing (GTAW) electrode. This method was 
chosen for its ability to rapidly melt and 
solidify small samples allowing many can- 
didate alloys to be evaluated in a short 
time. 

Others have also used a similar melting 
process. Alexandrov and Lippold used an 
arc button melter in combination with a 
single thermocouple to characterize phase 
transformations during cooling, but this 
work did not involve the creation of new 
alloys using the technique (Refs. 1,2). An- 
derson and Dupont examined solidifica- 
tion modes in stainless steel alloys, in 
which the effect of oxygen on microstruc- 
ture is smaller than in microalloyed steels 
(Ref. 3). 

The button melt technique for mi- 
croalloyed steel is a novel approach to 
physically simulating the welding phe- 
nomena and presents several challenges. 
First, the technique must accurately re- 
produce the cooling rates experienced 
during welding. Second, the alloy compo- 
sition must be finely controlled to gener- 
ate repeatable results with microalloys. 
Finally, oxygen must be introduced into 
the button in a controlled manner so that 
inclusions of the proper size, composition, 
and dispersion are formed. Although in- 
troduction of oxygen into the weld metal 
has been studied extensively for the 
GMAW and GTAW processes (Refs. 
4-22), introduction and control of oxygen 
during the button melt process is new. 

This research evaluated the feasibility 
of using an arc button melter to reproduce 
microstructures and inclusion characteris- 
tics of the submerged arc welding process. 
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f;g. 7 —Arc button melter apparatus schematic. Fig. 2 — Cooling curves for three mild steel buttons. Melting conditions - 
150 A, double melted, 20-s melt time, shielding gas flow rate 17.5 ft3Ik. 
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In this research, the ability to control the 
melt compositions through the addition of 
various wires, granules, and the addition 
of oxygen into the shielding gas was inves- 
tigated. To validate the button melt tests. 

Table 1 —Welding Parameters for Sample Ti 
13 H (Ref. 23) 

Weld Process SAW 
Current 310 A 
Voltage 35 V 
Travel Speed 4.4 mm/s 
Heat Input 2.45 kJ/mm 
Plate Thickness 12.7 12.7 mm 

The expected cooling rate is AtX = 30-35 s. 

weld microstructures studied before in de- 
tail by Liu (Refs. 23, 24) were compared 
with simulated welds in the button melter. 
Furthermore, the results for each sample 
were analyzed and compared with predic- 
tions made by a numerical model devel- 
oped by Babu (Ref. 25). 

Experimental Procedure 

In Liu's study (Ref. 23), several welds 
were produced with the submerged arc 
welding process using various combina- 
tions of wire, flux, and heat input. Sample 
Ti 13 H was selected for comparison be- 
cause of the high fraction of acicular fer- 
rite in the weld metal. The parameters for 
this weld are listed in Table 1, and the weld 
bead composition is in Table 2. 

Table 2 — Comparision of Measured Composition for SAW Samples and Target Composition for 
Button Melt Samples 

SAW Sample (Ti 13 H) Button Melt Samples 
Measured Composition Target Composition 

wt-% wt-% 

C                                                   0.131 0.131 
Mn                                                  0.94 0.94 
Si                                                   0.34 0.34 
P                                                   0.011 0 
S                                                    0.003 0 

Cu                                                  0.230 0 
O (ppm)                                           325 325 

Cr                                                  0.120 0.120 
Ni                                                   0.14 0.370 
Mo                                                  0.010 0 
Nb                                                  0.140 0.140 
Ti                                                   0.0033 0.0033 
Al                                                   0.009 0.009 
Zr                                                  0 0 

B (ppm)                                             0.0006 0.0006 
CE                                                  0.395 0.393 

The IIW carbon equivalent is calculated for each composition. 

This composition was the target for the 
final composition of the button with some 
minor changes: no phosphorus, sulfur, zir- 
conium, or molybdenum was added inten- 
tionally. Phosphorus and sulfur are 
typically regarded as impurities and 
molybdenum and zirconium were present 
only in small amounts in the sample com- 
position. Furthermore, for simplicity, ad- 
ditional nickel was substituted for copper. 
While copper and nickel will have differ- 
ent corrosion protection effects in high- 
alloy compositions, for the purposes of this 
experiment, they are considered inter- 
changeable as they are both face-centered 
cubic alloy additions with similar atomic 
weights and sizes, and they function as 
solid-solution strengtheners and austenite 
stabilizers. They also yield an identical car- 
bon equivalent number of 0.393 according 
to the IIW formula (Ref. 26). 

Controlling the composition so that the 
button melt chemistry is close to the tar- 
get chemistry presented a challenge. The 
additions of some elements, such as boron, 
are exceedingly small; also, in the presence 
of oxygen, elements may oxidize and float 
to the button's surface. Furthermore, 
some elements may vaporize in the molten 
pool. It is necessary to account for these 
changes by accounting for recovery of the 
ingredients. Recovery is defined as the 
weight fraction of element in the button 
after the melting process (present in solu- 
tion or as a precipitate) divided by the 
weight fraction of element present in the 
charge. In this work, the expected recov- 
ery for each element was taken from pre- 
vious experiments conducted with the arc 
button melter (Ref. 27). These previous 
button melt experiments indicated that re- 
covery of strong deoxidizing elements, 
such as titanium and aluminum, is de- 
pendent on the amount of oxygen present 
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in the button. To achieve the target values, 
the charge of each ingredient was deter- 
mined as the target value divided by the 
expected recovery. A total of five samples 
(labeled A-E) were prepared, each with 
the same nominal target composition to 
assess repeatability. 

Melting Process 

A schematic showing the arc button 
melt apparatus is shown in Fig. 1. In this 
system, the melting torch consists of a 
tungsten electrode held in place by a 
water-cooled copper sheath attached to a 
wooden handle. The electrode is mounted 
in a plastic ball and socket joint, allowing 
it to rotate, and slide up or down while 
melting. The sample is placed on a water- 
cooled copper crucible, which is held in 
place by a set of clamps. Two types of en- 
closures were used in the experiments: a 
sealed glass cylinder, and a glass cylinder 
with a small port for thermocouple 
insertion. 

Initial experimental work was under- 
taken to develop a melting process to yield 
repeatable melting, mixing, and cooling 
characteristics (Ref. 27). The resulting 
procedure is detailed in the Appendix. 
During the melting process, the raw mate- 
rials formed a completely molten pool, 
which was approximately 20 mm in diam- 
eter and 10 mm in height. The arc size was 
maintained at roughly the same size as the 
molten button by adjusting the tip-to-work 
distance. The button was flipped and a 
second melting cycle was performed to en- 
sure adequate mixing of the ingredients. 

Experimental trials were performed to 
examine cooling characteristics of this par- 
ticular process. The At % time was meas- 
ured to be 32-35 s based on data recorded 
using a bare wire thermocouple har- 
pooned into the button during solidifica- 
tion. Time-temperature profiles for three 
trial runs are shown in Fig. 2. The cooling 
rate is a function of the melting process 
and the experimental apparatus including 
the water-cooling copper crucible. The 
measured At % time is representative of a 
submerged arc welding (SAW) process 
and the welds created by Liu. 

The target oxygen content of 350 ppm 
was obtained by using 145 cm3/min of O2 
and 17.5 ft3/h of argon. This is in accor- 
dance with correlations developed in ini- 
tial trials (Ref. 27). Early attempts to use 
oxidized iron in various sizes and quanti- 
ties to control oxygen content were unsuc- 
cessful as little oxygen was transferred to 
the button. 

Chemical Analysis 

Three types of chemical analyses were 
performed for the melted buttons to eval- 
uate the as-solidified composition: gas fu- 
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Fig. 3 — Sectioning diagram for analysis of buttons. 

Fig. 4 — Comparison of results from chemical analysis of four identical buttons with the 
target composition with error bars showing the standard deviation. 
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sion for oxygen and nitrogen determina- 
tion (LECO Model TC-436), infrared de- 
tection for carbon and sulfur (LECO 
Model CS-400), and inductively coupled 
plasma atomic emission spectrophotome- 
try (ICP-AES) for the remaining compo- 
nents. Details concerning the ICP process 
can be found in Ref. 28. 

Arc button melt samples were sec- 
tioned for analysis as indicated in Fig. 3, 
and chemical analysis using inductively 
coupled plasma was performed on sam- 
ples A, C, D, and E to determine compo- 
sition. A portion of sample B's contents 
was lost during the digestion process and 
no results were reported. After melting, 
the buttons were ground to remove the 
oxide layer on the surface, and then sec- 
tioned for analysis and digested using a 
two-step process. The first digestion step 
used a dilute nitric acid/deionized water 
solution. This process dissolved the matrix 
but left behind a significant amount of 
second-phase particles, such as oxides. 
The contents were filtered, and the filtrate 
was subsequently dissolved in a second 

step with a stronger solvent consisting of 
reagent grade nitric acid, hydrogen perox- 
ide, and sulfuric acid. Because each solu- 
tion was analyzed separately, the results 
provide some insight into the chemical 
composition of oxides or other second- 
phase particles. One blank sample, i.e., a 
solution containing no digested metal, was 
analyzed with ICP to give a baseline for 
each element. The results of the blank 
sample were subtracted from the other 
samples. This was done to correct for any 
possible error resulting from dissolution of 
the glassware. 

Following the wet chemical analysis, 
each of the five samples was analyzed for 
carbon, sulfur, oxygen, and nitrogen using 
the LECO determinator instruments. Fig- 
ure 4 summarizes the results of the chem- 
ical analysis of all of the buttons. Table 3 
shows a comparison of the expected and 
measured recovery fractions for each ele- 
ment. The error bars in Fig. 4 indicate the 
variability of each element between the 
four buttons; each bar is plus or minus a 
single standard deviation. Variability is 
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Fig. 5 — Sample micrographs at various positions within sample E. 
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Fig. 6—Averaged results of quantitative metallography by position. The area fraction ob- 
served for each microconstituent is shown as a function of position. 

Table 3 — Expected Recovery of Alloying Additions in Button Melt Process (percentage) 

Expected Recovery Average Recovery (Measured) Standard Deviation 

C 
Mn 
Ni 
Cr 
Ti 
Si 
AI 
Nb 
B 

0.93 
0.85 
1 
0.8 
0.5 
0.8 
0.5 
1 
0.9 

0.57 
0.80 
0.90 
0.87 
0.61 
0.86 
0.25 
0.82 

15.93 

0.050 
0.008 
0.002 
0.007 
0.211 
0.017 
0.015 
0.124 
3.788 

negligible in most of the alloying additions 
with the exception of titanium, nitrogen, 
and oxygen. No attempt was made to con- 
trol nitrogen in the system. In most cases, 
the measured compositions were within 
10% of the target range. Oxygen and alu- 
minum, however, were significantly lower 
than expected. The aluminum was likely 
lost due to deoxidation and formation of a 
surface slag. No attempt was made to 
characterize the surface slag of these par- 
ticular samples. Boron exhibited very low 
variability, an indication of good experi- 
mental control; however, the mean meas- 
ured value was approximately ten times 
greater than the target value. In previous 
trials (Ref. 27), the level of boron was 
within 30% of the target value. The large 
amount of boron is most likely due to a 
measurement error during the alloying 
process. The recovery of nickel was 10% 
lower than expected at 90% with very little 
variability between samples. This may be 
due to analytical error in the ICP 
instrument. 

Table 4 shows a breakdown of the frac- 
tion of each element dissolved in the dis- 
solution step. A large fraction of the 
aluminum and titanium were insoluble in 
the dilute nitric acid suggesting that they 
formed oxide inclusions. A small fraction 
of the manganese, silicon, boron, and nio- 
bium was also insoluble. Thermodynamic 
models suggest the formation of a car- 
bonitride phase containing chromium and 
niobium for similar low-alloy steel compo- 
sitions undergoing Scheil solidification 
(Ref. 27). Assuming that all chromium and 
niobium formed carbonitrides and the re- 
maining elements formed oxides, the data 
from Table 4 can be used to estimate bulk 
oxide composition to be Al 55%, Si, 
15.6%, Ti 15.5%, Mn 8.8%, B 3.7%, and 
Ni 1.4% (wt-%). 

Microstructural Analysis 

Following chemical analysis, a vertical 
cross section from each button was 
mounted in Bakelite for metallographic 
examination. The samples were ground, 
polished to 1 [xm, and etched with a 2% 
nital solution. Each button was examined 
at 200 and 500x magnification with an op- 

Table 4 — Elemental Composition Averages of Four Button Melt Samples Determined from Each Dissolution Step 

Element 

Mn 
Ni 
Si 
Al 
Ti 
B 
Cr 
Nb 

Total (wt-%) 
in Button 

0.8971 
0.3357 
0.3647 
0.0049 
0.0036 
0.0233 
0.1361 
0.0119 

Standard Deviation Amount Present in Standard Deviation Amount Present in 
Precipitate (wt-%) Precipitate (^ grams) 

0.0133 0.0006 0.0002 60 
0.0011 0.0001 0.0000 10 
0.0069 0.0011 0.0016 106 
0.0004 0.0037 0.0011 375 
0.0013 0.0011 0.0003 105 
0.0008 0.0003 0.0004 26 
0.0018 0.0001 0.0000 7 
0.0004 0.0005 0.0001 48 
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tical microscope. Sample micrographs for 
several locations within the button cross 
section are shown in Fig. 5. In general, the 
microstructure was predominantly acicu- 
lar ferrite. A point counting technique was 
used to quantify the relative volume frac- 
tions of each microconstituent present ac- 
cording to the IIW classifications (Ref. 
29). The microconstituents considered in- 
cluded acicular ferrite (AF), grain bound- 
ary ferrite (GBF), primary ferrite (PF), 
ferrite with aligned and nonaligned second 
phase (FSA, FSNA), pearlite (P), and 
martensite (M). Point counting was per- 
formed for samples A, C, D, and E. The 
micrographs taken at 200x were enlarged 
to 8V2 x 11 in. (22 x 28 cm) and used for 
point counting by superimposing a trans- 
parent grid of 36 x 27 yielding approxi- 
mately 1000 points. Figure 6 shows the 
volume fraction variation with position. 
The values represent the average for all 
four samples analyzed at each position. 

In all microstructures, very little to zero 
GBF and PF was observed. This is likely 
due to the presence of boron, which seg- 
regates to the grain boundaries and sup- 
presses the formation of grain boundary 
ferrite (Ref. 30). Locations near the top of 
the button contained slightly less acicular 
ferrite than bottom locations. The differ- 
ence can be attributed to the more rapid 
cooling rates experienced at the bottom of 
the button. 

The microstructures were compared to 
those observed in Ref. 23, in particular 
sample Ti 13 H, which is shown in Fig. 7. 
In sample Ti 13 H, the microstructure con- 
sists primarily of fine acicular ferrite (68% 
AF) with 18% GBF, and 15% FSA/ FSNA. 
One obvious difference between the 
welded microstructure of Ti 13 H and the 
button melt microstructure is the lack of 
grain boundary ferrite present in the but- 
ton melted samples. Also, the ferrite laths 
are finer in the Ti 13 H microstructure. 
The dispersion of oxide inclusions plays an 
important role in determining the acicular 
ferrite morphology, and might be affected 
by the time and temperature history dur- 
ing the melting and resolidification of the 
sample. As noted in the Appendix, the 
button melts using the technique de- 
scribed in this work spend a longer time in 
the molten state (20-25 s per melt) than 
the weld they intend to represent. This is 
due to the hold time required for homo- 
geneous mixing to occur. The effect of this 
longer molten time will be discussed later. 

Solidification should begin at the cru- 
cible interface and propagate upward in a 
direction perpendicular to the maximum 
temperature gradient. The solidification 
pattern is not expected to drastically alter 
the size distribution of the inclusion but 
there would be an effect on the spatial dis- 
tribution assuming that inclusion trapping 
occurs in interdendritic spaces. No at- 
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Fig. 7 — Comparison of A with B. A — SAW Ti 13 H sample (Ref. 23); B — button melt 
(model) sample. Both microstructures contain a large fraction of acicular ferrite, but the 
welded sample has a finer microstructure. 

tempt was made to characterize the spa- 
tial distribution of the inclusions. Exami- 
nation revealed no lateral variation in the 
microstructure. 

Microhardness 

Vickers hardness measurements were 
recorded for the microconstituents in the 
button melt samples. The typical load and 
dwell time was 200 g for ten seconds. In 
several cases, it was necessary to reduce 
the load to 50 g to affect only the region of 
interest. Typical values for acicular ferrite 
ranged from approximately 190 to 220 Hv. 
Values for GBF, FSA, and FSNA also fell 

within this range. The lowest hardness 
measurement was 177 Hv for PF. Acicular 
ferrite laths create a finer microstructure 
when compared to primary ferrite or grain 
boundary ferrite; therefore, the flow stress 
and hardness are expected to be higher 
due to the Hall-Petch effect; however, no 
attempt was made to quantify the acicular 
ferrite lath size. This observation is in 
agreement with Vickers hardness data of 
our arc button melts, and sample Ti 13 H 
with AF, FSA, and FSNA microcon- 
stituents having similar hardness values 
and grain boundary ferrite having a much 
lower value. Hardness of each microcon- 
stituent in the button melt samples, how- 

Table 5 — Comparison of Predicted Inclusion Composition (wt-%) Using the Babu Model 

Al 
Ti 
Si 

Mn 
S 

Til3H 
Cooling Rate 

50.1 
19.5 
23.8 
6.6 
0.0 

Sample A 
Cooling Rate 

51.5 
14.2 
23.6 
10.6 
0.0 

Button melt composition of sample A under botton melt conditions (25-s solidification time) and button melt 
composition under expected solidification conditions for SAW of sample Ti 13 H. 
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Table 6 - - EDS Analysis for Extracted Inclusions. Compositions in at.-%. 

Ti 13 H                                                       Sample A 
(Average for 51 inclusions)                         (Average for 20 inclusions) 

Mn 31.9                                                              33.4 
Si 29.7                                                              23.8 
S 4.4                                                                0.0 
P 0.5                                                                0.0 

Al 12.2                                                              30.0 
Ti 2.6                                                                9.8 
Fe 17.7                                                                0.0 
Mo 0.0                                                                3.0 
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Fig. 8 — Histogram of inclusion sizes observed in the carbon ex- 
traction replica of sample A (button melted sample). 

Fig. 9 — Histogram of inclusion sizes observed in the carbon ex- 
traction replica of sample Ti 13 H (submerged arc welded sample) 
(Ref 23). 

mjm   Fig. 10 — Schematic showing complex oxide formation as pre- 
L      dieted by the Babu model. 

O   

Fig. 11 — Effect of inclusion size on inclusion composition in sam- 
ple A as measured with EDS. 

ever, was significantly lower than in sam- 
ple Ti 13 H. For example, average acicu- 
lar ferrite in arc button melts was 
approximately 40 Hv softer than in sample 
Ti 13 H. The coarse nature of the button's 
acicular ferrite could account for the dif- 
ference in hardness. 

Inclusion Analysis 

The nucleation of the desirable acicu- 
lar ferrite microstructure is heavily de- 
pendent on the size of the inclusions, 
diameters greater than 0.2 [im are consid- 
ered as effective nucleating agents (Ref. 
31). A detailed analysis of the nonmetallic 
inclusions found in the buttons was per- 
formed for Sample A. 

Special attention must be paid to the 
characterization of the size distribution of 
an inclusion population as seen in polished 
samples. The true diameter of an inclusion 
is likely to be larger than what is observed 

in a micrograph. One possible approach is 
to dissolve the matrix using a dilute nitric 
acid solution to gain a perspective on the 
true diameter, but this technique loses in- 
formation about the number density, 
which is also important. Nucleation of aci- 
cular ferrite requires a sufficient number 
of particles for efficient nucleation. Using 
a selective digestion process, in conjunc- 
tion with a separate SEM observation of 
inclusions in a mounted sample is another 
option, but requires twice as many steps to 
realize the information. 

In this study, a carbon extraction 
replica was used for comparison purposes. 
The carbon extraction replica process can 
yield information about number density 
and true size distribution using a single 
process. This process was also chosen by 
Liu (Ref. 23) to characterize the inclusions 
present in SAW samples. The carbon ex- 
traction replica process is detailed by 
Ashby et al. (Ref. 32), where the volumet- 

ric number density, Nv, is related to the 
area number density as follows: 

1 J (1) 
where A^ is the number of inclusions per 
mm2, xAi is the average inclusion diameter 
observed, and aAi is the standard deviation 
in mm. In this work, a total of 64 inclusions 
were observed over nine squares in a stan- 
dard TEM grid with 100 \m\ square holes. 
This translates to an area number density 
of 911 inclusions per mm2 in the sample. 
The mean inclusion diameter observed was 
730 nm, with a standard deviation of 340 
nm. This results in a volumetric number 
density of 1.5 x 1015 inclusions per m3 or 1.5 
x 106 inclusions per mm3. 

Figures 8 and 9 show histograms of ob- 
served diameters for Sample A and sam- 
ple Ti 13 H. The majority of inclusions in 
Sample A fell between the range of 250 
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and 700 nm. Several inclusions larger than 
1500 nm were also observed. While most 
of the inclusions were in the correct range 
for nucleating acicular ferrite, the mean 
diameter was larger and volume number 
density was smaller than the population 
observed in sample Ti 13 H (210 nm and 
1.46 x 108 inclusions/mm3). Kluken and 
Grong also used carbon extraction repli- 
cas to characterize inclusions from SAW 
samples for composition and size. They 
measured number densities of 108/mm3 

(Refs. 33, 34). These data suggest that the 
button melt process is producing inclu- 
sions with larger size distributions than a 
real-world welding process. The larger in- 
clusion size could be due to the hold time 
(25 s) necessary to achieve proper mixing 
of ingredients. 

Comparison with Other Techniques, 
Discussion, and Recommendations 

Additional validation of the button 
melting technique is proposed here, meas- 
urements from the samples made were 
compared with data available from other 
techniques including two mathematical 
models of inclusion number density, an es- 
timated austenitic grain size, and a math- 
ematical model of inclusion composition. 

Inclusion Density 

It is possible to use an overall transfor- 
mation kinetics theory model to predict 
the inclusion nucleation and growth dur- 
ing the welding process. In this study, a nu- 
merical model developed by Babu (Ref. 
25) based on transformation kinetics was 
used to gain further insight into the effects 
of a longer melt time on the inclusion pop- 
ulation. For simplicity, the model will be 
referred to as the Babu model. The button 
melt process was modeled using the chem- 
istry measured by LECO and ICP as the 
input composition. In the model, it was 
necessary to manipulate the heat input 
and preheat temperature to achieve the 
hold time and cooling curve of the button 
melt process. Values of 6 kJ/mm and 1500 
K were selected to realize a melt, hold, 
and solidification time of approximately 25 
s in total. For these conditions, the Babu 
model predicts a number density of 4.47 x 
105 inclusions per mm3, and an inclusion 
diameter of 1.2 \xm. When the welding pa- 
rameters from sample Ti 13 H (corre- 
sponding to 0.8 s melt time) are input into 
the model, the number density rises to 
1.47 x 108 inclusions per mm3, and the di- 
ameter shrinks to 0.17 \im. While pre- 
dicted average diameter is slightly smaller 
than observed for sample Ti 13 H, the 
number density prediction is close to the 
observed value. 

The measured number density for the 
button (Sample A) (1.5 x 106 inclusions 

per mm2) is much lower than observations 
of others. Kluken and Grong (Refs. 33,34) 
measured number densities of 108/mm3 in 
submerged arc welds. Sample Ti 13 H had 
3.3 x 108 inclusions per mm3. It is possible 
that the carbon extraction process failed 
to extract a significant fraction of the in- 
clusions. However, observations of 
mounted samples under electron 
backscatter mode also revealed a sparse 
inclusion population. It is more likely that 
inclusion growth occurred during the melt- 
ing process. It is also possible to have coa- 
lescence of inclusions (Ref. 35). The 
inclusions appeared to be spherical in na- 
ture as observed by SEM. Although it is 
possible to observe oxides in the inter- 
rupted stage of coalescence, no oxides 
were observed in this state. Another way 
to study the amount of inclusions is by 
looking at their volume fraction, which can 
be determined using the following 
formula: 

^4     , 
-Jtr 

Vf=N,.^ 
n (2) 

Where Nv is volumetric number density 
calculated in Equation 1, r;- is the meas- 
ured radius of inclusion i, and n is the total 
number of inclusions measured. The re- 
sulting volume fraction was 5.7 x 10"4. 

Kluken and Grong found that inclusion 
volume fraction in submerged arc welds 
will depend on composition according to 
the following equation: 

Vf= 10-2[5.0(O) + 5.4(5-0.003)] (3) 

where O and S represent the amounts of 
oxygen and sulfur in wt-% (Ref. 33). The 
prediction by Grong using Equation 3 
gives a value of 5 x 10-4 if the sulfur term 
is ignored, very close to what was meas- 
ured. The sulfur term can be ignored be- 
cause sulfur in this case is lower than the 
solubility limit in steel, and does not con- 
tribute to inclusion formation. 

The agreement between measured and 
predicted values of inclusion volume frac- 
tion gives confidence that all inclusions 
were extracted during the carbon extrac- 
tion replica process. While the volume 
fraction is in line with Kluken's and 
Grong's prediction of what would be ex- 
pected during welding, the average diam- 
eter observed was larger, and the number 
density was smaller. These findings, along 
with the comparison of the various hold 
times using the Babu model, would sug- 
gest the button melts experience greater 
inclusion growth and/or coalescence dur- 
ing the melting process than during a SAW 
process. 

The nucleation and growth of oxides in 
the melt requires special considerations 
that should be taken into account in future 
implementations of this technique. At 

melt temperatures above approximately 
2000oC, liquid should be the only stable 
phase according to Thermo-Calc®. If the 
temperature remains above 2000oC, oxide 
formation would not occur until the arc is 
extinguished. The maximum temperature 
of the molten liquid in the button during 
the melting process is unknown. Because 
the arc is a highly localized heat source, it 
is suspected that temperature fluctuates 
widely as the electrode is rotated. As the 
tip-to-work distance is increased, the arc 
cone becomes larger and less localized. It 
seems that although the inclusion number 
density was much lower than a welding 
process, there were still sufficient nucle- 
ation sites for efficient acicular ferrite for- 
mation considering the high-volume 
fraction of acicular ferrite observed in the 
micrographs. A higher number density 
would most likely result in a finer mi- 
crostructure, similar to the microstructure 
observed in sample Ti 13 H. 

Austenite Grain Size 

Austenite grain growth will also de- 
pend on the inclusion size distribution and 
number density (Refs. 36-38). While large 
particles do not pin the grain austenite 
grain boundary, smaller particles exert a 
drag force limiting grain growth. The 
Zener-Smith relationship for austenite 
grain diameter DL is 

3/ (4) 

where d is the average particle size and/is  ^^ 
the volume fraction of inclusions. ^| 

It  is possible  to predict  the  prior  yj 
austenite grain size using the measured in-  ^^ 
elusion parameters with the Zener-Smith  ^> 
relationship developed in Equation 4. 
Using the calculated volume fraction of I 
0.00057 and the average inclusion size of 
0.7 [xm, the expected prior austenite grain 
size is 818 \xm. This value is approximately 
one order of magnitude greater than the 
80 [xm measured by Liu for sample Ti 13 
H. The reduced fraction of grain bound- 
ary ferrite observed in the buttons may be 
caused not only by the high levels of 
boron, but also by the enlarged austenite 
grains. 

Inclusion Composition 

It is also possible to use computational 
thermodynamic models to predict the in- 
clusion chemical composition. Table 5 
shows predictions from the Babu model 
for the chemical composition of inclusions 
forming during the button melt process 
and during the welding process. 

The model does not predict any signif- 
icant changes in inclusion composition for 
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the 25-s hold time expected in the button 
vs. no hold time as expected during weld- 
ing. Using thermodynamics and kinetic 
growth equations, the Babu model pre- 
dicts the order of formation for the inclu- 
sions. The first oxide to become stable 
during cooling is AI2O3, which forms the 
core of the inclusion. As the weld metal 
cools and other oxides become stable, lay- 
ers begin to form sequentially as shown in 
Fig. 10. It should be noted, however, that 
the model is phenomenological and not a 
true representation of the structure. As 
cooling occurs, multiple oxide phases be- 
come thermodynamically stable and will 
continue to precipitate; thus, clearly de- 
lineated layers are not expected. The 
model is useful in predicting when the var- 
ious phases begin to form as well as the 
relative volume fraction of each phase. 

According to the Babu model, Si02 
will be the last oxide to form and would 
therefore be expected to be present in 
greater concentrations on the inclusion 
surface. It may therefore act as the sub- 
strate for heterogeneous nucleation of aci- 
cular ferrite. It is assumed a spherical 
inclusion is a simplification that allows the 
diameter to be calculated and the final 
layer in this case is expected to be SiC^. 
These findings are significant because 
most of the literature on acicular ferrite 
nucleation places emphasis on the impor- 
tance of titanium on inclusion nucleation 
of acicular ferrite. The Babu model pre- 
dicted that roughly 50% of the inclusion 
would be comprised of aluminum while 
the measured value averaged about 30% 
with the difference being made up with in- 
creased manganese levels. 

Energy-dispersive spectrometry (EDS) 
was used to characterize the chemical 
compositions of 21 inclusions found in the 
extracted replica. Table 6 compares the av- 
erage composition for the inclusions that 
were evaluated with those measured in 
sample Ti 13 H (Ref. 23). 

Inclusions in samples A and Ti 13 H 
contained similar amounts of manganese 
and silicon. The difference was the 
amount of aluminum and titanium meas- 
ured with Sample A containing a larger 
fraction of both elements. Inclusion com- 
position was observed to be dependent on 
size as illustrated in Fig. 11. 

There is a trend of increasing aluminum 
with increasing size. Relative amounts of ti- 
tanium, silicon, and manganese all decrease 
with increasing size. Manganese decreases 
most sharply. Aluminum oxides are stable 
at the highest temperatures and are there- 
fore the first to form during cooling. Inclu- 
sions nucleating first have more time to 
grow. The additional time for growth will 
occur at a temperature where AI2O3 is sta- 
ble, and would therefore have a higher alu- 
minum composition. Since the button 
melted samples had a larger average diam- 

eter than sample Ti 13 H, the higher alu- 
minum content is expected. 

Discussion 

The goal of the project was to develop 
a methodology for expedient welding con- 
sumable development by way of a melting 
process designed to simulate welding con- 
ditions. Microstructures for multiple com- 
positions can be evaluated without 
creating new spools of consumables. This 
process has some inherent limitations and 
further steps are required before the con- 
sumable can be finalized. In the case of 
SAW, dilution effects and slag additions 
would need to be accounted for. There- 
fore, thermodynamic modeling and button 
melting experimentation represent the ini- 
tial work required to develop consum- 
ables. 

Recommendations 

The button melting technique devel- 
oped was able to mimic the cooling rate, 
composition, and microstructure of a spe- 
cific weld created by the SAW process. 
The technique still needs improvement in 
several areas including amount of time in 
molten state and control of oxygen and 
boron in the melt. It is also desirable to 
simulate the range of cooling conditions 
that are expected during various welding 
processes. Modification and/or further ex- 
perimentation may be necessary to de- 
velop melting processes that simulate 
these conditions. 

The amount of time in the molten state 
was longer than in the target weld because 
it was necessary to ensure complete and 
homogeneous melting of all the solid 
charge. This resulted in larger inclusions 
than intended because of the longer time 
for coarsening. This longer melt time also 
allowed oxide inclusions to float to the sur- 
face and be lost as slag. The lower amount 
of oxides in the melt could not be com- 
pensated for by increasing the oxygen po- 
tential in the atmosphere because the 
large oxides still floated away, while the 
larger amount of oxide created an oxygen 
barrier at the surface. 

It is recommended that the amount of 
time in the molten state is reduced to 
match the time in an actual weld. To 
achieve homogeneity in this situation, it 
might be desirable to start with a precom- 
pressed charge, so no powders, chips, or 
small pieces of wire are scattered in the 
initial melt area. Also, a more powerful 
torch might be able to create the melt 
faster. 

Conclusions 

• The arc button melter technique pre- 
sented here was able to reproduce the 

chemistry and cooling rates of a sub- 
merged arc welded sample. Particularly 
significant is the innovative control of oxy- 
gen content in the button melt. 

• The button melts reproduced the mi- 
crostructure of equivalent submerged arc 
welds; however, with a coarser mi- 
crostructure and lower hardness. 

• Inclusion volume fraction in the arc 
button melts was similar to the equivalent 
actual weld, but the inclusions were larger 
in diameter and lower in number density. 
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Appendix 

Procedure for Button Melting 
Process 

• Clean and sharpen electrode to an 
angle of 22 deg. 

• Clean crucible with ethanoi and steel 
wool. 

• Charge crucible and load into cham- 
ber. Powders should be placed near the 
bottom of the charge to avoid displace- 
ment during arc initiation. 

• Set electrode protrusion at 0.75 in. 
(19 mm). 

• Set gas flow typical values: 17.5 ft3/h 
(argon), 145 c3/min (oxygen). 

• Set welding parameters: 150 A. 
• Open coolant. 
• Wait two minutes. 
• Start the arc. 
• Position the copper sheath so that the 

arc diameter is approximately the same 
size as the charge. 

• Rotate torch counterclockwise 
around the sample until the sample is 
completely molten. Melt for 25 s (approx- 
imately 30 rotations). 

• Terminate the arc. 
• Allow sample to cool at least 200 s 

prior to removal of the copper crucible. 
• Turn the sample over, push any loose 

granules to the center of crucible. 
• Remelt using the same technique for 

20 s (20 rotations). 

Underwater Welding Workshop 

The 3rd International Workshop on the "State of the Art, Science 
and Reliability of Underwater Welding and Inspection Technology" 
will be held at the Sheraton Suites (Galleria) in Houston, Texas, 
November 17-19, 2010. The Workshop will examine recent devel- 
opments in underwater welding and inspection and define the 
state of engineering and the practice of underwater welding and 
inspection of fixed and floating marine structures and pipelines. 
The event will be co-sponsored by the Bureau of Ocean Energy 
Management, Regulation, and Enforcement (BOEMRE), Pipeline 
& Hazardous Materials Safety Administration (DOT-PHMSA), 
American Bureau of Shipping, American Welding Society, and 
American Society of Nondestructive Testing. For more detailed in- 
formation regarding programming, registration, participation, and 
sponsorship, please access: http://csmspace.com/uwit/ 
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