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ABSTRACT. One of the compositional 
variables that strongly influence low-car- 
bon structural steel weld metal mi- 
crostructure and mechanical properties 
is the weld metal oxygen content. As the 
weld metal oxygen content varies, a 
change in microstructure occurs. At low 
concentrations of oxygen, ferrite with 
aligned or nonaligned second phases 
may become predominant, slightly 
higher oxygen levels may result in the 
formation of the desired acicular ferrite, 
and further increases in the oxygen con- 
tent promote the formation of grain 
boundary ferrite. 

The start of austenite decomposition 
and ferrite nucleation are very sensitive 
to variations in the amount of oxygen 
present in the weld metal. Consequently, 
for a given cooling rate and chemical 
composition, the final weld metal mi- 
crostructure can be fine-tuned by proper 
control of the weld metal oxygen con- 
centration. Thus, in gas metal arc weld- 
ing, adjusting the shielding gas oxygen 
potential provides a means of controlling 
the weld metal oxygen content. 

Bead-in-groove gas metal arc welding 
experiments were performed on HSLA 
steel coupons using three different weld- 
ing wires and two heat inputs. A total of 
17 different argon-based oxygen and car- 
bon dioxide shielding gas mixtures was 
used. Complete metallographic and 
chemical analyses were carried out to 
evaluate the weld specimens. Sub-size 
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Charpy V-notch toughness testing was 
performed on selected welds. 

A shielding gas-related parameter 
named oxygen equivalent was devel- 
oped for the discussion of the effects of 
the shielding gas composition on weld 
metal chemical composition, mi- 
crostructure and toughness. The results 
showed that the shielding gas oxygen 
equivalent strongly influenced the py- 
rometallurgical reactions that occurred 
during welding, giving rise to significant 
changes in weld metal chemical compo- 
sition, and thus, weld metal microstruc- 
ture. The Ito-Bessyo Pcm index was mod- 
ified by incorporating the weld metal 
oxygen content to allow for better pre- 
diction of weld metal phase transforma- 
tion behavior and cracking susceptibility. 

Introduction 

The principal function of the shielding 
gas in gas metal arc welding (GMAW) is 
to exclude the atmosphere from contact 
with the molten metal. This is necessary 
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because most metals, when heated to 
their melting point in air, form oxides, 
and to a lesser extent, nitrides. Unless 
precautions are taken to exclude oxygen 
and nitrogen, these two products are eas- 
ily formed in the atmosphere. 

The selection of an appropriate 
shielding gas for a specific base material- 
welding wire combination has tradition- 
ally been made on the basis of practical 
experience. Mixtures of argon and car- 
bon dioxide, or pure carbon dioxide, 
have been extensively used as shielding 
gas for GMA welding of structural steels. 
Pure argon as shielding gas generally re- 
sults in erratic arc and weld undercutting. 
Additions of oxygen and/or carbon diox- 
ide to argon improve the arc stability, de- 
crease arc wandering and reduce weld 
undercutting. Oxygen additions also 
lower the short circuiting-to-spray transi- 
tion current and enhance the fluidity of 
the weld pool. However, variations in the 
shielding gas oxygen partial pressure are 
also known to cause changes in the weld 
metal chemical composition due to gas- 
metal interactions that occur during 
welding (Refs. 1-3). In summary, the final 
chemical composition of a GMA weld is 
controlled by reactions that occur: 1) at 
the molten tip of the welding electrode, 
2) in the metal droplets during transfer 
through the arc, and 3) in the molten 
weld pool. 

The effect of oxygen on weld metal 
microstructure has been discussed by 
many researchers (Refs. 4-10). In GMA 
welding, addition of oxygen and/or car- 
bon dioxide to the shielding gas gives a 
significant source of oxygen absorption 
for the molten weld metal. However, 
only some oxygen in the arc atmosphere 
will combine with alloying elements in 
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the weld pool to form oxides, because 
most of the oxygen in the welding arc will 
dissipate into the surroundings. The ox- 
ides will either float to the top of the weld 
pool to form a slag, or become entrapped 
as inclusions in the weld metal. As po- 
tential nucleation sites for austenite de- 
composition products such as acicular 
ferrite, the entrapped inclusions play an 
important role in determining the final 
weld metal microstructure. For HSLA 
steel weld metals, the desired mi- 
crostructure contains a large volume 
fraction of acicular ferrite to ensure good 
toughness. 

Continuous cooling transformation 
(CCT) curves of structural steel weld met- 
als show that variations in weld metal 
oxygen content can alter the onset of 
austenite decomposition (Refs. 5, 11,12). 
For a low carbon steel weld metal, slow 
cooling rates (high heat input) will gen- 
erally produce blocky, proeutectoid fer- 
rite (PF) along the prior austenite grain 
boundaries during austenite decomposi- 
tion. Slightly faster cooling rates will re- 
sult in ferrite with aligned second phases, 
when constitutional undercooling pro- 
duces the Widmanst~tten ferrite (ferrite 
sideplate, FS-SP) morphology. An even 
faster cooling rate may promote the for- 
mation of a microstructure consisting 
predominantly of acicular ferrite. How- 
ever, if the cooling rate is faster yet, as in 
the case of welding with low heat input, 
again the formation of ferrite with aligned 
second phases (now in the form of bai- 
nite, FS-B) or even martensite (M) may 
occur. This classification of FS-SP and FS- 
B is according to llW Doc. IX-1533-88. 

For a selected cooling rate, different 
microstructural constituents can be ob- 
tained by changing the weld metal com- 
position. Increased concentrations of 
known hardenability elements such as 
carbon, manganese and silicon generally 
delay the onset of the transformation by 
pushing the transformation start curves to 
longer times. Oxygen, on the other hand, 
display a much more complex behavior 
than the hardenability agents. At low 
weld metal oxygen levels the transforma- 
tion start curves are shifted toward longer 
incubation times. However, gradually in- 
creasing the oxygen concentration 

pushes the transformation start curves to 
shorter delay times. The effect of oxygen 
on weld metal transformation is linked 
both to the oxidation reactions (loss of 
hardenability elements), as well as to the 
transformation kinetics (availability of nu- 
cleation sites). These observations suggest 
that for a given chemical composition 
and thermal experience, it is possible to 
identify a weld metal oxygen range that 
will result in a high volume fraction of the 
desired acicular ferrite. 

This investigation was designed to 
study the effects of variations in shielding 
gas oxidizing potential and heat input on 
the microstructure, chemical composi- 
tion and mechanical properties of HSLA 
steel gas metal arc welds. With the knowl- 
edge of how the shielding gas oxygen po- 
tential affects weld metal oxygen pickup 
and microstructural transformations, 
shielding gas compositions can be tai- 
lored to produce a desirable microstruc- 
ture for each specific application. 

Mater ia ls  and Experimental  
Procedure 

An ASTM A737 Grade B steel plate 
was selected for the welding experi- 
ments. The 19-mm (3/4-in.) thick plate 
was flame cut into welding coupons 
measuring 305 x 127 mm (12 x 5 in.). A 
6.4 mm (1/4-in.) deep, 60-deg V-groove 
was machined in the center of each 
coupon, parallel to the rolling direction 
of the plate. Prior to welding, the bottom 
of each groove was slightly rounded by 
use of a hand-held grinder. Each coupon 
was ground to remove all scale, and de- 
greased in ethyl alcohol and acetone be- 
fore welding. 

Three different 1.2-mm (3/64-in.) di- 
ameter, low-carbon steel welding wires 
with AWS 5.18A designations ER70S-3, 
ER70S-6 and ER70S-7 were used. None 
of the wires were copper coated. The 
major differences between the three 
types of electrodes were their manganese 
and silicon contents, with the ER70S-3 
wire having the lowest manganese and 
silicon content, and the ER70S-6 having 
the highest. The ER70S-7 wire has low 
silicon content, but high manganese con- 
tent. The chemical compositions of the 

Table 1 - -  Chemical Composition (in wt-pct.) of the Base Metal and Welding Wires 

Element (wt-pct) 

base material and welding wires are 
given in Table 1. 

To modify the oxidizing potential of 
the argon-based shielding gas, controlled 
levels of oxygen and/or carbon dioxide 
were added. A total of seventeen different 
shielding gases were used. Five gases 
were argon-oxygen mixtures containing 
1, 2, 3, 5, and 8 vol-% oxygen. Another 
seven of the gas mixtures contained 2, 5, 
8, 10, 15, 20 and 25 vol-% carbon diox- 
ide in argon. Two of the experimental 
shielding gases were argon-oxygen-car- 
bon dioxide mixtures, each containing 5 
vol-% carbon dioxide, with 2 and 5 vol- 
% oxygen, respectively. In addition to 
these shielding gases, pure carbon diox- 
ide and two premixed special gases were 
included in the experimental matrix. The 
two special gas mixtures were Ar-8 vol-% 
CO 2 and Ar-20 vol-% 0 2 with small ad- 
ditions of nitric oxide. Except for the two 
special premixed gases, all gas mixtures 
were prepared from pure argon, pure car- 
bon dioxide, a premixed argon-8 vol-% 
0 2 mixture, and a premixed argon-25 
vol-% CO 2 mixture. The shielding gas 
flow rate was held constant at 25 NL/min 
(53.0 ft3/h) for all the experiments. 

Direct current, electrode positive 
(DCEP), fully automated GMA bead-in- 
groove welds were made on the HSLA 
steel coupons. The distance from the 
contact tube to the bottom of the groove 
was held constant at 20 mm (0.79 in.). 
Since arc length and metal transfer mode 
are a function of welding voltage and 
current, the arc length was allowed to 
change slightly from weld to weld such 
that an optimal welding arc could be 
maintained for the varying gas composi- 
tions. Each shielding gas has its control- 
ling ionization potential and thus re- 
quires different current and voltage for a 
stable arc. For example, a high carbon 
dioxide content in the shielding gas will 
produce a shorter arc, and if the arc 
length is not allowed to adjust, the arc 
voltage will be excessively high, result- 
ing in an unstable arc and spatter. In ad- 
dition, alloying element recovery in the 
weld pool will also be inconsistent if the 
welding arc is not allowed to adjust. 

Material C Mn Si P S Cr 

Base Metal 0.13 1.45 0.30 0.012 0.008 0.08 
ER70S-3 0.10 1.18 0.56 0.013 0.013 0.04 
ER70S-6 0.09 1.50 0.80 0.013 0.016 0.06 
ER70S-7 0.10 1.65 0.57 0.019 0.011 0.03 

(a) Pcm = C + Si + Mn + Cr + Cu +-~'V + M °  + Ni  + 5B 
30 20  10 15 60 

Nb AI O N Pcm (a) 

0.04 0.028 0.0027 0.0097 0.22 
0.01 0.010 0.0081 0.0055 0.18 
0.01 0.010 0.0129 0.0048 0.20 
0.01 0.010 0.0156 0.0025 0.21 
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Fig. 1 - -  Representative micrographs showing the acicular ferrite 
(AF), ferrite with aligned and nonaligned second phases (FS) and 
grain boundary ferrite (GBF) phases. 500X. 

To maintain a constant heat input, the 
travel speed was increased or decreased 
to compensate for the current and volt- 
age fluctuations. A heat input of 1.8 
MJ/m was used as the standard heat 
input for all the welding wires. In addi- 
tion, a second heat input of 1.2 MJ/m 
was used for the ER70S-6 wire to study 
the effect of different cooling rates. Run- 
on and run-off tabs were used to estab- 
lish a stable arc before welding on the 
test coupon and to avoid the formation 
of end crater on the coupon. 

Subsequent to welding, each weld 
was sectioned, and specimens for chem- 
ical analysis, metallography, and impact 
toughness testing were prepared. Chem- 
ical analysis of the base plate, the weld- 
ing wires, and each weld metal was per- 
formed using a computer-controlled 
optical emission spectrometer. The weld 
reinforcement was removed by grinding, 
and the weld metal chemical analyses 
were performed on the ground surface. 
Carbon and sulfur concentrations were 
determined using interstitial element an- 
alyzers. One-gram samples were ex- 
tracted from the weld fusion zone for the 
analysis of these elements. 

The metallographic samples were 
ground to a 600-grit finish and polished 
with AI203 powder (3 and 1 lam) prior to 
etching in a 2 vol-% nital solution to re- 
veal the weld metal microstructure. The 
volume fractions of the different mi- 
crostructural constituents in each weld 
metal were determined from a minimum 
of 700 point counts at a magnification of 
500 X. Figure 1 shows some representa- 
tive light micrographs of the three pri- 
mary microstructural features identified 
in this study. They are: 1) FS-phases, 
which are ferrite with aligned and non- 
aligned second phases; 2) AF - -  acicular 

ferrite, intragranu- 
larly nucleated fer- 
rite laths of 
medium-to-high 
aspect ratio; 3) 
GBF - -  grain 
boundary ferrite or 
polygonal, 
equiaxed ferrite. 
The metallo- 
graphic examina- ,,,, 
tion included the 
determination of weld metal hardness. 

Weld metal Charpy impact testing 
was carried out on a selected group of 
weldments. Selection of the specimens 
was based on results from the quantita- 
tive metallographic analysis of the 
welds. Specimens from welds made with 
1, 2 and 8 vol-% oxygen in the shielding 
gas, as well as specimens from welds 
made with 8 vol-% carbon dioxide in the 
shielding gas were selected. Due to the 
small weld bead size, half-size Charpy 
V-notch specimens were used. The 
through-thickness V-notches were ma- 
chined in the center of the weld metal 
such that the crack would propagate in 
the welding direction. 

Results and 
Discussion 

As anticipated, increasing the oxygen 
and/or the carbon dioxide concentration 
in the shielding gas led to an increase in 
the weld metal oxygen content - -  Fig. 2. 
However, to obtain the same weld metal 
oxygen level a higher volume percent of 
carbon dioxide than oxygen had to be 
added to the shielding gas, as illustrated 
by the horizontal and vertical dotted 
lines in Fig. 2. The shielding gas oxygen 

and carbon dioxide content and the re- 
sulting weld metal oxygen concentration 
observed are in close agreement with 
data reported in the literature for welds 
with similar chemical compositions 
(Refs. 13-17). Based on the obtained re- 
sults, "calibration" curves which relate 
the shielding gas oxygen and carbon 
dioxide concentration for similar weld 
metal oxygen contents were developed. 
An example of such a curve is given in 
Fig. 3, which covered a wide range of in- 
dustrial Ar-O 2 and At-CO 2 shielding 
gases. The "calibration" curve in Fig. 3 
allows the shielding gas carbon dioxide 
concentration to be expressed in terms of 
equivalent amounts of oxygen in the 
shielding gas. Thus, the oxygen equiva- 
lent of an Ar-CO 2 gas mixture will indi- 
cate the effective oxygen potential of that 
shielding gas. The use of shielding gas 
oxygen equivalents will also allow for di- 
rect and convenient comparison be- 
tween the results obtained with argon- 
carbon dioxide and argon oxygen 
shielding gases. Mathematically, the oxy- 
gen equivalent expressions can be deter- 
mined by regressional analysis utilizing 
actual weld metal oxygen content and 
shielding gas composition. Using the 
data presented in Fig. 3, an example of 
shielding gas oxygen equivalent is given 
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Fig. 3 - -  Cal ib ra t ion  curve for  oxygen  a n d  ca rbon  d i o x i d e  in sh ie ld ing  
gas to result  in s im i l a r  w e l d  me ta l  oxygen  content .  

in the following: 

O x y g e n  Equivalent[ Shielding gas -- 

Ef fec t ive Oxygen Content~ Shielding Gas = 

- -0 ,088  +0.148[CO2] l -524Shielding Gas (1) 

The concept of oxygen potential has 
been examined by Smith (Ref. 16) and 
Stenbacka and Persson (Ref. 17). Smith 
proposed empirical coefficients for CO 2 

in the shielding gas, which varied be- 
tween 1/5 and 1/10 to express the rela- 
tive oxidizing potential of CO 2 with re- 
spect to 0 2 at constant oxygen partial 
pressures. However, Figs. 2 and 3 clearly 
show that the O 2 - C O  2 relationship is not 
linear as suggested by Smith. 

Plotting the weld metal oxygen con- 
centration as a function of shielding gas 
oxygen equivalent shows that the weld 
metal oxygen concentration increases 

with the shielding gas oxygen equivalent, 
- -  Fig. 4. Similar trends were obtained for 
welding with all the selected welding 
wires and heat inputs. 

Figure 4 shows data from welds made 
with shielding gases that contain oxygen 
(open symbols) and carbon dioxide 
(filled symbols). It can be seen that all 
data points fall within a relatively narrow 
scatter band, indicating that the shielding 
gas oxygen equivalent is an adequate pa- 
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rameter to describe the oxidizing poten- 
tial of the shielding gas. 

The weld metal nitrogen content 
stayed relatively low and constant over 
the whole range of shielding gas oxygen 
equivalents. Based on data reported in 
the literature (Ref. 18), the amount of ni- 
trogen in most steel weld metals is ex- 
pected to remain in the range of 50 to 
150 ppm. Nitrogen contents higher than 
150 ppm generally indicate the presence 
of porosity due to inefficient gas shield- 
ing and air entrapment. Since most of the 
welds in this investigation had nitrogen 
contents lower than 150 ppm, no poros- 
ity was expected. (The average and stan- 
dard deviation of weld metal nitrogen 
content of 66 sets of experimental welds 
were 93 and 33 ppm, respectively.) The 
absence of porosity was also verified by 
metallographic examination of the welds 
under a light microscope. 

Both manganese and silicon are 
strong deoxidizers that wil l  react with 
oxygen during welding. It can be seen 
from Fig. 5 that both the weld metal man- 
ganese and silicon concentrations de- 
creased as the shielding gas oxygen 
equivalent increased. Again, the data 
points for the welds where carbon diox- 
ide was added to the shielding gas (filled 
symbols) fall into the same scatter band 
as the data points for the welds with oxy- 
gen in the shielding gas (open symbols). 
The good correlation of the experimental 
data further demonstrates the power of 
the shielding gas oxygen equivalent pa- 
rameter in characterizing the oxidizing 
potential of the shielding gas. The loss of 
manganese and silicon were found to be 
relatively unaffected by the shift in heat 

input from 1.8 to 1.2 MJ/m. 
Stenbacka and Persson (Ref. 17) also 

reported percent silicon loss and percent 
manganese loss as a function of 02 and 
CO 2 in the shielding gas. They proposed 
an empirical formula of the following 
form: 02 +aqCO 2 for the correlation. In 
this expression, a assumes different val- 
ues for manganese, silicon and oxygen 
correlation. The present research fur- 
thered the Stenbacka and Persson inves- 
tigation on the equivalence of 0 2 and 
CO2, and established the relationship be- 
tween shielding gas oxygen potential, 
weld metal microstructure and weld 
metal mechanical properties. 

Oxidation of manganese and silicon 
in the weld pool results in products such 
as MnO, SiO 2 and 2MnO. SiO 2 (Refs. 1, 
5, 15, 19-23). Thus, a portion of these al- 
loying elements in the initial weld system 
is lost in the form of slag coverage on the 
weld bead surface or by vaporization. 
The remaining manganese and silicon 
are either in the form of solid solution or 
finely dispersed oxide particles en- 
trapped within the solidified weld pool. 
The manganese and silicon in solid solu- 
tion will increase the hardenability of the 
weld metal and delay the austenite de- 
composition. The finely distributed in- 
clusion particles, on the other hand, pro- 
vide nucleation sites for the austenite 
decomposition products such as acicular 
ferrite and thus, contribute to increases in 
the ferrite transformation kinetics of the 
solidified weld metal during cooling. 

Even though the manganese and sili- 
con contents in the welding wire influ- 
enced significantly the final concentra- 
tion of these elements in the weld metal, 

the initial concentrations of manganese 
and silicon did not affect the degree of 
oxidation of these elements. That is, the 
manganese and silicon curves in Fig. 5 
exhibited a similar slope. 

The weld metal carbon content 
showed only minor changes as the 
shielding gas oxygen equivalent was in- 
creased - -  Fig. 6. This observation may 
be related to the thermodynamic driving 
force for the oxidation reactions, i.e., al- 
loying elements other than carbon more 
readily react with oxygen and thus, pre- 
vent carbon from extensive reaction. For 
example, the thermodynamic driving 
force for oxidation of carbon (AG ° = -22 
kcal/mole) is much smaller than that of 
oxidation of silicon (AG ° = -45 
kcal/mole) at 1500°C (Ref. 24). In the 
case of carbon dioxide additions to the 
shielding gas, the degree of carbon loss 
or pickup depends on the degree of de- 
composition of carbon dioxide, which 

can be expressed as the Pco2 / Pco ratio. If 
this ratio is high, i.e., the partial pressure 
of carbon dioxide is higher than that of 
carbon monoxide, there is a driving force 
for carbon to be removed from the weld 
pool. On the other hand, the weld will 

experience carbon pickup if the Pco~ / Pco 
ratio is low (with significant amounts of 
carbon monoxide present in the arc at- 
mosphere). Since the weld metal carbon 
contents found in this investigation are 
relatively constant over a wide range of 
carbon dioxide additions to the shielding 

gas, the Pcm / Pco ratios in the different arc 
atmospheres were believed to be ap- 
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Fig. 9 - -  Weld metal acicular ferrite (AF) content as a function of  shield- 
ing gas oxygen equivalent (ER70S-6, 1.8 MJ/m). 

proximately constant. 
The effect of shielding gas oxygen 

equivalent on weld metal acicular ferrite 
is shown in Fig. 7 for welds made with 
the ER70S-3 welding wire and a heat 
input of 1.8 MJ/m. It is evident from this 
plot that an oxygen equivalent of around 
two to three volume percent in the 
shielding gas produced weld metals with 
the largest amounts of acicular ferrite. At 
an oxygen equivalent lower than about 
two volume percent the amount of acic- 
ular ferrite was drastically reduced. Sim- 
ilarly, when the shielding gas oxygen 
equivalent was larger than about three 
percent a decrease in the weld metal aci- 

cular ferrite content was observed. Figure 
8 shows the variation of FS phase (both 
FS-B and FS-SP) in weld metal with in- 
creasing shielding gas oxygen equiva- 
lent. By comparison of Figs. 7 and 8, it 
can be seen that the peak in acicular fer- 
rite content corresponded to the mini- 
mum amount of FS phase in the weld 
metal. Weld metal grain boundary ferrite 
content remained approximately con- 
stant, between 10 to 20 vol-%, over the 
whole range of oxygen equivalents con- 
sidered. Notice that, independent of the 
shielding gas mixtures, all the data points 
in Figs. 7 and 8 fall within a narrow scat- 
ter band. This good correlation further in- 

dicates that the shielding gas oxygen 
equivalent is a powerful tool in charac- 
terizing the effect of shielding gas com- 
position on the weld metal microstruc- 
ture. The effect of shielding gas oxygen 
equivalent on weld metal microstructure 
for welds made with the ER70S-6 wire 
showed similar trends as the welds made 
with the ER70S-3 w i r e -  Fig. 9. 

The observed acicular ferrite peak in 
Fig. 7 can be explained by means of the 
schematic CCT diagram given in Fig. 10. 
Weld metals that contain small amounts 
of oxygen, as in the case of welding with 
low shielding gas oxygen equivalent, 
will have the ferrite transformation start 
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CRI 

. . . . . . . .  LOw weld me.~l oxygen content 
- -  High weld melM oxygen conten! 

CR I,>CR2>CR3 (CR=Cooling rate) 

log Time 

Fig. 10 - -  Schematic continuous cooling transformation (CCT) diagram 
to illustrate the effect of  weld metal oxygen content and cooling rate. 
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Fig. 11 - -  Weld metal hardness as a function of  shielding gas oxygen 
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Fig. 13 - -  Weld metal  hardness as a funct ion o f  hardenabi l i ty (Pcm)" 

curves shifted toward longer delay 
times. This effect is similar to that of in- 
creasing weld metal hardenability ele- 
ments when the formation of FS phase 
(FS-B) is favored. Indeed, the mi- 
crostructure of the welds made with low 
oxygen concentration in the shielding 
gas exhibits a high FS phase content - -  
Fig. 8. For the same cooling rate, as the 
oxygen in the shielding gas is increased, 
oxidation of the hardenability elements 
will occur and the ferrite transformation 
start curves are shifted towards left, i.e., 
shorter delay times. The decreased incu- 
bation time promotes the formation of 
predominantly acicular ferrite in the 
weld metal. As the shielding gas oxygen 
content is further increased (while main- 
taining the same cooling rate) FS phase, 
here represented by Widmanst~.tten fer- 
rite (FS-SP), starts to dominate the weld 
metal microstructure. This transforma- 
tion sequence explains both the peak 
observed for the weld metal acicular fer- 
rite as well as the dip observed for the FS 
phase. The shape of the schematic CCT 
diagram also indicates that the amount 
of grain boundary ferrite formed will not 
fluctuate much with changes in the 
shielding gas oxygen content. 

For a similar combination of base 
metal and welding wire, the curve given 
in Fig. 7 can be used to fine tune the weld 
metal microstructure by simply adjusting 
the shielding gas composition. Using the 
same material combination for a hypo- 
thetical application that requires good 
toughness (i.e., high amount of acicular 
ferrite present in the microstructure), the 
shielding gas composition must be ad- 
justed to give an oxygen equivalent from 

about two to about three volume percent. 
To truly maximize the amount of acicular 
ferrite when using a particular base metal- 
welding wire combination, all relevant 
combinations of heat input and shielding 
gas composition should be examined, 
and microstructural maps as a function of 
shielding gas oxygen equivalent pre- 
pared. From these microstructural maps 
the welding conditions that would result 
in the highest amount of acicular ferrite 
can be determined. This approach also 
provides the welder/welding engineer 
with a powerful prognostic tool that can 
be applied directly to fabrication. 

Without these microstructural maps 
as a function of shielding gas oxygen 
equivalent, a metallographic practice 
can still be used to identify the various 
contents of the microstructural features. 
The information on weld metal mi- 
crostructure can then be used to adjust 
the shielding gas for the formation of op- 
timal amounts of acicular ferrite as sug- 
gested in Fig. 7. If the weld metal mi- 
crostructure is primarily a composite of 
acicular ferrite and Widmanst~tten fer- 
rite, then the shielding gas oxygen equiv- 
alent can be lowered to move toward the 
optimal acicular ferrite content. If the 
weld metal microstructure is primarily a 
composite of acicular ferrite and FS 
phase (F S-B), then the oxygen equivalent 
must be increased to achieve the optimal 
microstructural combination. By know- 
ing the ratio of acicular ferrite to the other 
primary microstructural feature and with 
the use of the oxygen equivalent scale on 
Fig. 7, the necessary adjustment to the 
shielding gas contents can be estimated. 

Figure 11 shows the variation of Vick- 

ers hardness numbers for welds made 
with the ER70S-7 wire with increasing 
shielding gas oxygen equivalents. Since 
the cooling rates for these welds were 
identical, the loss of hardenability ele- 
ments, such as manganese and silicon, 
probably caused the observed reduction 
in hardness. 

Even though silicon is a strong inclu- 
sion former, an increase in hardness with 
increasing weld metal silicon concentra- 
tion was found. This behavior indicates 
that not all the silicon in the weld metal 
is in the form of silica or silicate inclu- 
sions since silicon in solid solution pro- 
moted the hardening of the weld metal. 

Welding with low heat input (1.2 
MJ/m) gave slightly higher weld metal 
hardness than welding with 1.8 MJ/m. 
Since low heat input means high cooling 
rate the observed effects are expected. 
Faster cooling resulted in the formation 
of microstructural constituents with 
lower transformation temperatures. 

The effect of shielding gas oxygen 
equivalent on weld metal Pcm is shown 
in Figure 12. Pcm is a weld cracking pa- 
rameter (Ref. 25) that describes the hard- 
enability of an alloy. In Fig. 12, the Pcm 
shows a tendency to decrease as the oxy- 
gen equivalent increases, reflecting the 
loss of hardenability elements from the 
weld metal as the oxidizing power of the 
shielding gas is increased. This behavior 
also shows that the shielding gas oxidiz- 
ing potential, here represented by the 
shielding gas oxygen equivalent, and 
thus, the weld metal oxygen concentra- 
tion, affects the transformation behavior 
of the weld metal. Since oxygen changes 
the appearance of the transformation 
start curves in the CCT diagram it would 
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be reasonable to include the oxygen con- 
tent in the hardenability/cracking para- 
meter. Nevertheless, a review of recent 
literature did not uncover any harden- 
ability/cracking expression that includes 
the effect of oxygen. The results de- 
scribed below are a first approach to in- 
clude an oxygen term in a hardenability 
parameter, a concept which is important 
to weld metal property prediction due to 
the traditionally high oxygen content of 
steel weld metals. 

Figure 13 shows how the Pcm for weld 
metals with low and high oxygen con- 
centrations inf luence the weld metal 
hardness. In this work, low oxygen con- 
centration means less than 275 ppm oxy- 
gen in the weld metal, and high oxygen 
concentration refers to oxygen concen- 
trations higher than 275 ppm. The choice 
of gathering the welds in two groups, 
using 275 ppm oxygen as a div is ion 
mark, is based on the results of mi- 
crostructural analysis obtained in this in- 
vestigation as well as on data reported in 
the welding literature (Refs. 9, 26, 27) 
that optimal properties such as toughness 
were obtained for weld metals with an 
oxygen concentration of about 275 ppm. 
The lines drawn in Fig. 13 are from lin- 
ear regressional analysis of the two data 
groups. For the same hardness the Pcm of 
the low oxygen weld metal data group is 
about 0.025 wt-% lower than that of the 
weld metals with high oxygen concen- 
tration. In an attempt to shift the regres- 
sion line of the high oxygen weld metals 
toward that of the low oxygen weld met- 
als, an oxygen term that reduces the weld 
metal Pcm value by about 0.025 wt-% 
must be included in the hardenabil i ty 
term for the high oxygen weld metals. 

The average oxygen concentration of 
the high oxygen welds is 335 ppm. Di- 
viding the needed shift of 0.0250 wt-% 
by the average oxygen concentration of 
0.0335 wt-% gives a factor of 0.75. Mul-  
t iplying the weld metal oxygen concen- 
trations obtained for high oxygen weld 
metal by this factor and subtracting the 
product from the established Pcm gives 

the curve shown in Fig. 14. Here the P.n 
for the high oxygen containing welds are 
adjusted and the hardness results fall on 
top of the welds with low oxygen con- 
centrations. The adjusted Pcm, called 

Pcmo, is given by the equation 

P~,,o = C  + Si + M n + C r  +Cu + 

30 20 
V Mo Ni - - + - - + - - + 5 B - 3 0  
10 15 60 4 (2) 

Compared to the original Pcm equation, 
Equation 2 includes an oxygen term 
which is -0.75 times the weld metal oxy- 

gen concentra- 
tion. It should be 
noted that this 
correlat ion has 
been developed 
for welds wi th 
oxygen concen- 
trations in the 
range between 
275 and 450 
ppm. With this 
correction, the 
effect of high 
oxygen content 
on weld metal 
hardenability 
can be more 
precisely ex- 
pressed. Addi-  
t ional ly, P~mo 
can be consid- 
ered as the "net 
hardenability" of 
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the weld metal. 
The weld 

metal toughness 
was tested, by 

Fig. 14 - -  Wold metal hardness as a function of  modif ied hardenability with 
introduction of  oxygen (P(mo)" 

means of sub- 
size Charpy V-notch testing, for speci- 
mens welded with one, two and eight 
volume percent oxygen in the shielding 
gas. In addition, specimens welded with 
Ar-8 vol-% CO 2 were also tested. Using 

an energy absorption of 35 J as the crite- 
rion for measuring transition tempera- 
ture, it is evident from Fig. 15 that the 
lowest transition temperatures were ob- 
tained for the welds made with a shield- 
ing gas oxygen 
equivalent  of 
around two vol- 
ume percent. 
This observation 
is in agreement 
wi th the results 
from the mi- 
crostructural 
analysis of the 
welds. That is, a 
shielding gas 
oxygen equiva- 
lent of about two 
volume percent 
gave welds with 
the highest 
amounts of acic- 
ular ferrite. 

C o n c l u s i o n s  

The effect of 
shielding gas 
composit ion on 
the chemical 
composition, mi- 

crostructure and mechanical properties 
of the fusion zone of HSLA steel weld- 
ments has been studied. Based on the re- 
sults obtained in this investigation the fol- 
lowing main conclusions can be drawn: 

1) The shielding gas oxygen equiva- 
lent developed in this research is a pow- 
erful parameter to describe the oxidizing 
potential of a shielding gas mixture. 
Good correlations on weld metal chem- 
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Fig. 15 - -  Weld metal Charpy V-notch toughness expressed as transition 
temperature at 35 J as a function of shielding gas oxygen equivalent. 
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ical composi t ion,  microstructure and 
toughness were obtained for welds made 
with both oxygen- and/or carbon diox- 
ide-containing shielding gases. 

2) The final we ld  metal chemical  
composit ion is strongly affected by the 
gas-metal reactions that take place dur- 
ing welding. The shielding gas oxygen 
equivalent  plays an impor tant  role in 
control l ing the pyrometal lurgical reac- 
tions that occur during welding. 

3) Weld metal microstructure is sig- 
nificantly influenced by the shielding gas 
used during welding. For the base metal- 
we ld ing  w i re  (ER70S-3 and ER70S-6) 
combinat ions investigated, a shielding 
gas equivalent of two to three volume 
percent gave the highest amounts of the 
desired acicular ferrite microstructural 
constituent in the weld metal. 

4) The weld metal hardness was ob- 
served to decrease wi th  increasing 
shielding gas oxygen equivalent. The de- 
crease was due to loss of hardenabil i ty el- 
ements from the weld metal. A harden- 
abil i ty parameter Pcmo that includes the 

effect of weld metal oxygen on the hard- 
enabil i ty was developed. 

5) For the weld metals investigated in 
this research program, the Charpy V- 
notch transition temperature at 35 J ab- 
sorbed energy was observed to reach a 
min imum when the shielding gas oxygen 
equivalent was around two to three vol- 
ume percent, which corresponded to the 
welds with the highest amount of acicu- 
lar ferrite in the weld metal. 
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