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ABSTRACT

The results of a study are reported here on the effects of surface
preparation on the shape of GTA welds on JBK-75, an austenitic
precipitation hardenable stainless steel similar to A286. Minor changes
in surface (weld groove) preparation produced substantial changes in the
penetration characteristics and welding behavior of this alloy. Increased
and more consistent weld penetration (higher d/w ratios) along with
improved arc stability and less arc wander result from wire brushing and
other abrasive sufface preparations, although chemical and machining
methods did not produce any improvement in penetration. Abrasive
treatments roughen the surface, increase the surface area, and increase
the surface oxide thickness. The increased weld d/w ratio is attributed
to oxygen added to the weld pool from the surface oxide on the base
metal. The added oxygen alters the surface-tension driven fluid flow
pattern in the weld pool. Similar results were observed with changes in
filler wire surface oxide thickness, caused by changes in wire production

conditions.

Increasing the amount of wire brushing produces even deeper welds.
However, a maximum in penetration is observed with further wire brushing,
~ beyond which weld penetration decreases. The decrease in d/w ratio after
extensive wire brushing is caused by weld pool slag formation produced by
oxygen added to the molten pool in excess of the solubility limit. This
slag changes .the fluid flow and alters the arc. In this case, the
benefits of wire brushing are mitigated by the presence of the slag.
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INTRODUCTION

Variatidnswin gas tungsten arc (GTA) weld shape have been traced to small
differences in residual element content of the materials being welded.
Heiple and Roper [1] proposed that GTA weld pool shape is determined
largely by fluid flow patterns in the weld pool. The dominant force
driving weld pool fluid flow, under normal GTA welding conditions, is the
weld pool surface tension gradient. This surface tension gradient arises
‘from interaction of the large temperature gradient on the weld pool
surface with the surface tension temperatufe dependence. Surface active
trace elements which segregate to the liquid metal surface lower the
surface tension, thefeby modifying the surface tension gradient. This in
turn changes the fluid flow in the weld pool and thus the weld shape,
resulting in narrower, deeper penetrating welds. This model has been
described in detail elsewhere [1,2] and used to explain increased weld
penetration in austenitic stainless steels when appreciable sulfur,

oxygen, selenium or tellurium are present.

Oxygen is known to be surface active in irén and iron base alloys, and can
increase the depth/width (d/w) ratio of GTA welds in these metals if it is
not combined in stable compounds, such as aluminum oxide. The oxygen can
be in the form of oxygen in the shielding gas [3,4], oxygen dissolved in
the metal [2], or an oxide on the surface of the metal to be welded
[2,5,6]. The amount of oxygen required under the proper conditions to
produ;e substantial changes in'GTA weld d/w ratio is vefy small; Heiple
and Roper [2] sho@ed a 43% increase in d/w ratio with the addition of
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about 15 ppm oxygen to 304L stainless steel base metal. The amount of
oxygen required to produce similar increases in d/w ratio varies for

different alloys.
BACKGROUND

JBK-75 is a fully austenitic, precipitation hardening stainless steel. It
is a modified version of A286, the modifications being directed toward
reducing the weld hot cracking tendencies of the alloy [7,8]. This

material is being welded in production applications at this facility.

JBK-75, when welded using argon torch gas, is often difficult to penetrate
and is not sencitive to weld parametér variations from a penatration
standpoint. This poor welding behavior is compéunded by the use of a
deep, narrow, and asymmetrical U-groove weld joint. Welds made using this
configuration resu1ted‘in marginal and ‘inconsistent penetration. As a
result, the torch gas was changed to 25% argon - 75% helium. These welds
had more penetration but were accompanied by arc instability. This
instability is defined as multiple stable arc lengths for a given

voltage. Since these welds were controlled by automatic voltage control
(AVC), the result was that the torch periodically moved up and out of this
narrow weld groove, resulting in lack of penetration. Although part of
this instability problem is a characteristic ¢f helium torch gas [9,10],

" the use of the narrow groove caused the AVC to sense the sidewalls of the
groove, which aggravated the problem. Unfortunately, the weld joint could
not be modified, the Ar-He torch gas was necessary to obtain adequate
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penetration, and changing the alloy composition was not an option. In the
course of weld development, improved penetration and arc stability were
noted on wire brushed samples. This study was undertaken to verify the
effect of wire brushing, to understand the origin of the increased
penetration produced by wire brushing, and to see if other surface
treatments would either be more effective or simpler. A variety of
chemical, abrasive, and machining techniques were evaluated. Their
effects on surface chemistry, penetration, and voltage-arc length

relationships are discussed herein.

EXPERIMENTAL PROCEDURES

Materials

Three heats of JBK-75 bar stock were utilized in this study, the
compositions of which are presented in Table 1. The materials were all
produced by the vacuum induction melt/vacuum arc remelt (VIM/VAR)

procedure.
Surface Preparation Methods

Numerous surface preparations were evaluated, including chemical and
abrasive surface preparations, various machining methods and finishes, and

various degrees of wire brushing.

Chemical and Abrasive Surface Preparation Experiments
In the initial experiments, 2-inch diameter, 1-inch thick samples of Heat
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A were prepared by twelve different chemical or abrasive surface
treatments to determine which, if any, affected weld shape. The various
treatments are detailed in Table 2. Three general types of chemical
cleaning were attempted on the steel prior to welding: acid cleaning, acid
cleaning followed by solvent cleaning, and solvent cleaning. The two
abrasive conditions involved wire brushing in air and grit blasting using
180 grit silica particles transported in air. The abrasive treatments
were applied after acid cleaning (i.e. Condition 1A in Table 2) and were

followed by a wipe with isopropyl alcohol.

Machining Experiments |

The second set of experiments involved a variety of mechanical surface
preparations on 6-inch diameter, 1 inch thick samples of Heat B to
determine if weld penetration could be improved by surface roughening
caused by different machining schedules. Surface roughness was varied by
machirning tHe surface via lathe turning, travelling wire electrical
discharge (EDM), and different milling schedules. The five surface

finishes achieved are listed in Table 3.

For each of the five surface finish conditions, three different treatments
were eva]dated: (1) the machined samples were acid cleaned (using
procedure 1A in Table 2), (2) the machined samp]es were wire brushed, then
acid cleaned, and, (3) the machined samples were acid cleaned, then wire
brushed (followed by wiping with isopropyl alcohol to remove any résidue
from the wire brushing). These treatments are identified as Conditions A,
B, and C, respectively, in T551e 3. Thu;, fifteen different conditions
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were tested.

Wire Brushing Experiments

The final set of experiments involved varying the amount of wire brushing
on the flat surfaces of 2-inch diameter, 1 inch thick samples of Heat C.
These experiments were performed to determine the relationship between the
amount of wire brushing, oxide thickneés, and weld penetration. Samples
were first acid cleaned using procédure 1A (Table 2). Wire brushing was
accomplished by holding the sample in a Hardinge head f{kture which
rotated the part under the wire brush at a constant sbeed (5.35 in/min -
2.3 mm/sec). The wire brush also turned at a constant speed. As the
brush was Towered, it app]ied'a'constant force to the rotating sample.
The amounﬁ of wire brushing is expre§sed‘as the number of times (passes)

the sample was rotated under the wire brush.

'The wire brushes were made of AISI 302 stainless steel, with a méximum
sulfur content of 0.03% (300 ppm). A1l brushes wére vapor degreased using
procedure 3A in Table 2. Electron microscopy of the wire brushed surfaces
indicated that no wire residue was embedded nor traceve]ements picked up

from the brush.
Welding and Metallography

To properly evaluate weld pool fiuid flow characteristics and subsequent
weld bead geometry, partial-penetration, autogenaus (no filler wire) welds
were prdduced utilizing the GTA process.
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Chemical and Abrasive Experiments

For the chemical and abrasive experiments, bead-on?p1ate welds were
produced on both the circumference and flat surfaces of samples of Heat A
using welding procedures 1 through 3 listed in Table 4. Automatic voltage
control (AVC) ‘was used on SOmg welds (procedures 1 and 3) to maintain a
constant arc voltage by adjusting torch height (position) during welding.
Torch motion was recorded with a data acquisition system accurate to 0.001
in. (0.03 mm). Welds were also produced utilizing a fixed arc length of
0.056 in. (1.7 mm) between the tip of the electrode and the top of fhe
sample {procedure 2). Arc voltages, accurate to 0.01 volt, were recorded

Wwith the data acquisition system.

Procedures 1 through 3 were used to produce one or two welds on each of

~ the twelve surface conditions. Procedures 1 and 2, substituting 100%

argon for the argon-helium shielding gas, were also utilized on several of
the acid cleaned and on the wire brushed samples. Four to eight
transverse cross sections were taken from each weld and depth-to-width

(d/w) ratios were obtained from these sections.

Machining Experiments

For the machining experiments, both spot-on-plate and bead-on-plate welds
were produced on the machined faces of samples of Heat B utilizing
procedures 4 and 5 listed in Table 4. These welds were made with

automatic voltage control and Ar-He shielding gas.



One spot weld was made on each of the fifteen surface tréatments
identified in Table 3. Spot weld diameters (widths) were measured prior
to metallographic sectioning through each weld center]ihe, from which the
maximum depths of penetration were obtained. The bead-on-plate welds were
prbduced by making continuous (circular) welds across several surface
tréatments, which allowed evaluation of changes in weld shape with surface
cbndition. Two cross sections were taken in each of the fifteen surfaﬁe

treatment regions to obtain weld profiles.

Wire Brushing Experiments

| Bead-on-p]afe welds were produced with argon-helium gas on the samples for
the wire brushihg experiments using procedure 6 listed in Table 4. One
weld was made on each flat surface of samples of Heat C, each sample
~having been prepared with a diffefent amount of wire brushing. At least
éight transverse cross sections were taken‘frdm each weld, and reported

d/w ratios reflect the nominal values of the individual measurements.

Surface Analysis

The thickness of the oxide layers produced by various surface treatments
was measured with a Surface Science Laboratory SSX-100 ESCA spectrometer.
Oxide thickness was measured by depth profiling the surface, and defining
the oxide thickness as the ion etching time at which the oxygen
photoelectron peak area dropped to one half the maximum value. In order
to convert the ion etching time to thickness, the etching rate was taken
to be the same as théf for Sioé on Si. Thé actual etchiﬁg rate is
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1ikely to be somewhat different, but use of the §i0, rate provides a
reasonable estimate and, in any event, relative values for the different
surface treatments wf]l be correct. It is recognized that oxide thickness
measuréd in thi§ way becomes less reliable. as surface roughness

increases. The measured oxide thickness on roughened surfaces should be
taken as an indicatfqn Oniy. Oxide thickness on certain samples was also
measured by depth profiling in a PHI 590 Auger spectrometer. The results
of these measurements were in agreement with the ESCA results and are

included with them.
RESULTS AND DiSCUSSION

~ Chemical and Abrasive Experiments

Weld Penetration .

Abrasive surface preparations resulted in significantly deeper weld
‘penetration than chemical surface preparations, as illustrated by the weld
crosé sections in Figure 1 (produced from procedure 1 with constant
voltage and Ar-He shielding gas). The mean, maximum, and minimum weld d/w
ratios for the twelve chemically and abrasively prepared samples produced
with welding procedure 1 are plotted in Figure 2a. A1l ten chemical
cleaning methods (shown in %he same order as listed in Table 2) produced
similar weld profiles, with a mean depth-to-width ratio of 0.391. In
contrast, the abrasively prepared samples had significantly greater d/w
ratios. The wire brushed samples produced a depth-to-width ratio of
0.660, and the grit blasted samp]és had an average d/w ratio of 0.848,
more than twice that of the chemically cleaned samples.



Similar weld profiles were produced when a fixed arc length was
maintained. Comparison of Figures 2a and 2b illustrates that the d/w
ratios for the chemically prepared samples were essentially constant
vegardless of whether a constant voltage (Figure 2a) or a fixed arc length
(Figure 2b) was maintained. The abrasively prepared samples also had the
same weld profiles with either constant voltage or fixed arc length. The
difference in weld profile between chehica11y and abrasively prepared

samples was unchanged when Ar-He shielding gas was réplaced with 100%

argon.

Welds produced on the circumferences using constant voltage and‘pure argon
also produced similar weld profiles (compare Figure 2c with—Figures 2a and
2b). These figures illustrate that the increased weld penetration on the

abrasively-prepared samples occurs regardiess of voltage/arc-length

control techniques or shielding gas composition.

Surféce Aralysis

The increase in weld penetration was related ito surface oxide thickness.
As illusirated in Figure 2d, the measured surface oxide thickness was
essentially the same following the various cleaning treatments. However,
the oxide thickness was iﬁcreased substantially by wire brushing, from
14-25 Angstroms for chemirally-prepared surfaces to 40 Angstroms for the
wire brushed sample. Wire brushing, in addition, increases the surface
area by increasing the surface roughness, and oxide is also folded
mechanically into the surface. It is postu]ated that when a weld is
produced on the wire brushed (or grit blasted) surface, ﬁore oxygen enters
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the weld pool. Surface tension gradients are altered, and the fluid flow

pattern changes to produce a deeper, narrower weld bead

Arc Voltage-Arc Length Relationships

Measurements of arc lengths and arc voltages (made during welding with
procedures 1 and 2 using both gases) resulted in the average values
illustrated in Figu'e 3. For the welds made with Ar-He using constant
voltage, there was only a slight decrease in nominal arc length (0.003
in.) for the abrasively treated samples compared with the chemically
treated samples (compare Point B to Point A in Figure 3). Likewise, when
a fixed arc length was utilized, the average arc voltage increaszd only
slightly (0.03 volts) with the abrasive treatment (compare Point D to

Point C in Figure 3).

As illustrated in Figure 3, the weld d/w ratios for these same samples
increased by nearly 100%. For the welds in which the arc length decreased
by 0.003 in., the d/w ratio increased from 0.391 to 0.754 (Cross sections
A and B). For the welds in which the voltage increased by 0.03 V, the d/w
ratio increased from 0.390 to 0.745 (Cross sections C and D). The shifts
in arc veltage and arc length are minor and are well within the
calibration 1imits of the equipment. Neither the decrease in arc length
nor the increae in arc voltage could possibly account for the observed,
dramatic increase in penetration. Thus, the increase in penetration is

not caused simply by a change in arc characteristics.

The abrasive treatment produced a shift of the voltage-arc length curve
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upward and to the left when 100% argon shielding gas was used (Figure 3).
This shift consisted of a decrease of 0.011 in. in arc length (compare
Points F and £) and an increase of 0.72 volts (compare Points H and G).
The d/w ratios for the abrasivelyv-prepared samples were greater than for
the chemically-prepared samples (compare cross sections F to E and H to

G), but the increase was not as large as with the Ar-He gas.

With 75% helium, arc characteristics are dominated by the higher thermal

conductivity and higher ionization potential ot the helium gas and there

is less effect of the abrasive treatment (i.e. oxygtn content) on the arc
voltage or arc length. However, in argon, abrasive treatment changes the
arc length - arc voltage relationship significantly, as evidenced by a

shift of 0.72 volts.

Torch Motion/Voltage Variation

Overall torch motion during welding on the 561vent cleaned only and
abrasively prepared samples (with constant voltage and Ar-He gas) was
approximately 54% less than on the acid cleaned samples. Variations in
arc voltage during welds with fixed arc length were also significantly
lower for the solvent cleaned only and abrasively treated samples, by
approximately 0.3 volt for the Ar-He gas ahd 0.1 volt for the argon gas.
These reduced variations in both arc voltage and torch motion during
welding on the solvent cleaned only and abrasively treated samples are
important, especially considering the deep, narrow U-groove used in
production. The wire brushrd, grit blasted, or solvent cleaned surfaces
produce a more stable welding arc (i.e. less arc wander); thuﬁ, the AVC
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does not sense off the sidewalls. During production welding this allows
the torch to remain in the groove without climbing up and out. The result

is a deeper and more consistent full-penetration weld.

The composition of the surface oxide after acid cleaning differed from
that following abrasive treatment or solvent cleaning. Acid cleaning
produces a passivated surface enriched in chromium and titanium compared
to surfaces oxidized in air. Abrasive treatment following acid cleaning
removes the thin passive oxide and leaves a typical air-oxidized surface.
The difference in oxide composition‘appears responsible for observed

changes in arc stability.

Summary: Chemical and Abrasive Experiments

The chemical and abrasive preparation experiments thus showed that
abradfng the surface dramatically increases weld penetration compared with
the ten chemical treatments. This apparently was caused by a thicker
oxide combined with increased surface area, which a770ws more oxygen to
enter the weld puddle and alter fluid flow characteristics. The increase
in penetration was not caused by an increase in heat input from a higher
arc voltage or a shorter arc length. Decreased arc stability on acid
cleaned surfaces is apparently caused by the passive oxide formed by this

treatment.
Machining Experiments

Measurements of the maximum spot weld penetrations and spot weld diameters

13



resulted in the depth-to-width ratio curves illustrated in Figure 4. Spot
welds on all machined-plus-acid cleaned samples (Conditions A) produced
d/w ratios ranging from 0.400 to 0.435. On the machined, wire brushed and
acid cleaned samples (Conditions B) the welds had similar profiles, with
d/w ratios ranging from 0.390 to 0.417. However, all welds made on the
regions which were machined, acid cleaned, then wire brushed (Conditions
C) had significantly (19.2%) greater d/w ratios (0.475 tov0.494) than
welds made on either of the other two conditions, regardless of machined
surface roughness. This was a result both of an average increase in
penetration of 8.8% and #1so an average decrease in weld bead diameter

(width) of 8.4%.

Differences in penetration béhavior with surface roughness are minor in
comparison to the differences observed when the»surface was wire brushed
as the final operation prior to welding (Figure 4). Surface roughness
measurements of the wire brushed samples were similar regardless 6f
whether they were brushed before or after acid cleaning (wire brushed
surfaces were rougher than as-machined surfaces). Therefore, the increase
in depth-to-width ratio was caused by the microscopic abrasion produced by

wire brushing rather than by macroscopic roughening produced by machining.

Bead-on-plate welds showed similar welding responses. Weld cross sections
from bead-on-plate we1ds on the surface with a 125 microinch finish are
shown in Figure 5. The weld profile for the sample which was machined,
acid cleaned, and wire brushed (Figure 5c) is deeper and narrower than for
the-dther two conditions with the same surface finish (Figures ba and b).
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Depth-to-width ratios increased dramatically from 0.392-0.395 for the
samples which were acid cleaned after machining (and wire brushing) to

0.626 for the sample which was wire brushed after the cleaning operation.

Depth-to-width ratios on spot welds and bead-on-plate welds were similar
for Conditions A and B. However, the d/w ratio for Condition C (i.e. wire
brushed as the final operation before welding) was significantly greater
for the bead-on-plate we]d (0.626) compared with the spot weld (0.490).
‘This difference is most likely a result of differences between stationary

and‘trave111ng welds.

One important,differencé between stationary and traveling welds is that
the weld pool surface temperature reached in stationary welds exceeds that
in traveling we1ds‘[11]. Trace element effects should therefofe be Tess
pronounced in statirnary welds because a larger portion of the pool
surface is above the temperature range where a positive surface tension
temperature coefficient exists [12]. In addition, for a %bot weld on a
materia] where the surface active elements are present ]argely on the
surface of the base metal, the weld pool consumes a continuously
decreasing ratio of surface active element to volume as the weld pool

grows.

Although there is some variation in penetration with machined surface
finish, in all cases the samples which had been wire brushed as the final
~operation prior to welding produced the highest depth-to-width ratios.
Wire brushing substantially increases the amount of oxygen on the surface
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because of increased oxide thickness, increased surface area (from
micro-roughness), and mechanical folding of oxide into the surface. This
combined increase is much larger than from differences in machined surface

finish.
Wire Brushing Experiments

Weld Penetration/Arc Behavior

Weld d/w ratio was a strong function of the amount of wire brushing. A
plot of weld d/w ratio versus amount of wire brushing is shown in Figdre 6
for welds produced in Ar-He. Similar profiles were produced when welded

with 100% argon, only with lower d/w ratios.

Figure 6 also shows that wire brushing only changes wé]d shape when the
wire brushing is performed in air (or, presumably, in some other
oxygen-cnntaining atmosphere). Wire brushing in argon had no effect on
subsequent weld shape and welds on all samples wire brushed in argon

behaved similarly to those on unbrushed surfaces.

The change in weld shape for wire brushed samples (in air) compared to
unbrushed (acid cleaned) samples is quite dramatic. Weld cross-sections
from four conditions are shown in Figure 7. The increase in d/w ratio is
approximately 50% as a resu]f of the optimum brushing condition. The
maximum in weld d/w ratio at 6-9 wire brushing passes results from both a
narrowing and deepening of the weld pool, as illustrated in Figures 7 and
8. BeyondAépproximateﬁy 12 wire brushing passes, weld profiles are
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constant.

Figure 9, which illustrates the top surfaces of the same four welds shown
in Figure 7, reveals several features. Weld beads become narrower and the
shape of the weld bead becomes more uniform, with parallel edges, as the
amount of wire brushing is increased. However, slag forms along the edges
of the weld with 8 or more wire brushing passes, and the amount of slag
increases with increasing wire brushing. With 50 wire brushing passes,
the slag is continuous along both edges of the weld, as illustrated in

Figure 9d and by the uneven top surface in Figure 7d.

It should be noted that a portion of the increase in weld d/w ratio with
modest amounts of wire brushing resu1ts from a change in arc-weld pool
behavior. Photographs of wé]ds are shown in Figﬁre 10 for unbrushed and 2
times wire brushed samples. These still photographs were taken from a
videotape made dur{ng we1ding; utilizing a laser-enhanced vision system.

A video camera sénses the image of the weld puddle, and by appropriate
shuttering and synchronization of an ultraviolet laser and camera, the arc
light is filtered out so that only the electrode tip and weld pool are
-seen (a reflection of the electrode tip appears in the center of the weld
pool). The photdgraphs in Figure 10 reveal instantaneous weld pool

dimensions, weld pool wander, and overall weld bead W1dtn.

The weld pool on the unbrushed sample (Figure 10a) is wide and wanders in-
a side-to-side and front-to-back motion. This wander is caused by the -
arc-weld pool interactions with the base metal surface. The weld pool

17



sweeps out a width approximately 120% of the instantaneous pool width and
the resultant weld bead, as measured by transverse cross sections, is thus
wider than the actual pool. The wander produced the irregular weld bead

shape illustrated in Figures 9a and 10a for the unbrushed sample.

On the sample that was brushed two times (Figure 10b), the pool became
narrower - appYoximate1y‘70% as wide as the unbrushed weld. The weld bead
in this case is the same width as the stantaneous pool wjdth.‘ Weld pool
wander also ceased, producing a more desirable welding performance and a
uniform weld béad with paraliel edges, as evidenced by the top bead
appearance in Figure 9b for a sample brushed 4 times. Overall verticai
torch motion decreased significantly with wire brushing, from 0.017 in.
for the unbrushed samples to 0.001-0.002 in. for samples wire brushed five
or more passes. The frequency of torch mdtion was also reduced by 50% on
the wire brushed samples. On heavily brushed surfaces, particles were
obéerved moving along the top surface of the weld pool inward toward the
center, as expected from the fluid flow pattern responsible for deep

penetration.

Photographs from the videotape reveal that the wire brushed surface
produces two different qualitative effects. One is to reduce the width
(while increasing the depth) of the weld by surface-tension driven_fluid
flow. The other is to increase arc siabi1ity and decrease pool wander.
The increase in weld bead depth-to-width ratio is a result of both of
these. The latter effect has the most signifitance_in terms of improving
welds made in groovéd joints. |

18



Arc Length

Measurements of e]ectrode-to-work distances revealed a change in arc gap .
with wjre brushing “n air. Arc length increased slightly from 0.083 in.
on the unbrushed sample to 0.096 in. on the sample brushed 3 times, then
COntindous1y decreased with further wire brushing until an arc length of
0.047 in. was achieved for the sample wire brushed 350 times (using AVC
and Ar-He gas); The dgcrease was not correlated with slag formation.

For samples wire brushed in argon, the arc length increased slightly from
0.083 in for the unbrushed sample to 0.109 in..for the sample brushed 200
times (also using AVC and Ar-He gas). These results show fhat the arc
length decrease was associated with fncreased wice brushing, but only when
the brushing was performed in air. A slight decrease in afc gap was noted
previously for wire brushed samples compared with chemically prepared
sémp]es (Figure 3). Decreased arc length does not cause the improved
penetration observed with wore brushing, but kather may be a result of the

altered fluid flow.

Surface Analysis

Wire bruéhing results in an increase in surface oxide thickness, as
measured by ESCA and Auger depth profiling (Figure 11). The increased
oxide thickness is expected from 1océ1 heating under the wire brush.
These results are consistent with the results from the Chemical and

Abrasive Experiments.

Wire brushing produces a dull, matte finish compared with the bright,

19



shiny‘surface appearance obtained by acid cleaning. There is also a
substantial increase in surface roughness, as illustrated in Figure 11 and
the scanning electron micrographs in Figure 12. The unbrushed surface
reveals the 1athe-tgrned finish while heavy brushing produces extensive
surface lapping. Oxidized surfaces have been mechanically folded over
themselves, thereby increasing the surface area. Further brushing causes
more and more surface to become exposed and folded. Wire brushing in
argon produced similar surface roughnesses but caused no change in surface
oxide thickness from the unbrushed surface; and resulted in no change in

weld penetration (see Figure 6).

The combination of increased oxide thickness, increased surface area, and
oxide trapped in surface laps with more wire brushing adds oxygen to the
weld pool during welding. This additional oxygen produces inward surface

tension driven fluid flow, resulting in increased weld d/w ratioé.

Slag Formation

For heavily brushed surfaces (greater than approximately 12 wire brushing
passes), the 1eVé1 of oxygen apparently exceeds the sclubility Tlimit in
the 1iquid and results in formation of weld slag on the top surface of the
We]d pool (see Figures‘9c and d). ESCA profiling of surface slag revealed
it to be nearly all titanium oxide, with minor amounts of chromium,
nickel, aluminum, and nitrogen. Apparently the presence of extensive slag
on the‘we1d pool surface interferes with the arc as well as the fluid flow
patterns necessary for deep penetration weld pools. This slag may impede
fluid flow as well as insulate the Tiquid, resu]ting in the decreased d/w
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ratios for greater than approximately 12 wire brushing passes, as

illustrated in Figure 8.

The behavior of weld d/w ratio with ircreasing wire brushing is consistent
with previous measurements of the effect of torch (shielding) gas oxygen
content on weld d/w ratio (Figure 13) [3]. Weld d/w ratio passes through

a maximum with increasing torch gas oxygen content, and then declines.

Weld Filler Wire

Similar weld variability has been observed with‘differences in JBK-75 weld
filler wire surface oxide. Figure 14 reveals the differences in full
penetration weld profiles produced by two spools of wire made from the
same heat and lot of material. Each spool of wire was cold-rolled and
abrasively c]eéned separately, resulting in somewhat different sufface

- oxide thicknesses. The wire'with‘the thicker oxide layer (133 A) produced
deepef, narrower weld puddles, which remained down in the groove and
resulted in adequate underbead dropthrough. Wire lightly oxidized by

heating in an air furnace also produced improved penetration.
Amount of Oxygen Added

The correlation between 1ncreasihg oxide thickness and weld shape is good,
but the question naturally arises as to whether there is enough oxygen in
these thin oxides (particularly on weld filler wire) to conceivably alter
weld pool behavior. For the 0.045 inch diamefer weld wiré, a simple |
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~ calculation demoﬁstrates that a 70 A thick Crjy03 iayer on a pgrfect]y
smooth cylindrical surface would add coout 5 ppm oxygen to the average
oxygen content of the wire. However, the actual wire surface is not at
all smooth, so that the real surface area is considerably larger than the
geometric area calculated assuming a smooth surface. The ratio of the
actual surface area to the geometric area is known as the surface
roughness factor. The surface roughness factor has been measured by Maeda
et al. [13] fok 304 stainless steel polished to a mirror-like surface with
0.3 um alumina. They obtained a surface roughness factor of 2.7. Prazak
and Erémias [14] found a factor of 8.9 for steel, grit blasted with 0.3 mm
grit. The roughness of the cold-rolled weld wire is probably similar to
thé grit blasted steel, so the actual oxygen contribution from a 70 A
"thick oxide layer is likely to bé about 45 ppm. Thus, the magnitude of
the oxygen addition from the weld wire is comparable to that known [2] to

cause substantial changes in weld pool shape.

The contribution of oxygen from wire-brushed surfaces, particularly in a
weld groove, is even larger. Bulk chemical analysis for oxygen was
performed on two samples of weld metal from eacﬁ of several we1ds;with
different surface preparation. One sample included the weld bead top
surface and any slag present, while the other sample did not include the
surface. The samples which included the weld bead surface were 0.050 in.

(1.3 mm) thick, and all samples contained only weld metal.

For samples wire brushed in air, the oxygen content of the bulk weld metal
increased only slightly with increasing amounts of wire brushing (up to
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only 50 ppm compared with the 44 ppm oxygen base metal compositioni.
However, samples inc1uding the weld bead surface showed substantiaily
higher oxygen content with wire brushing, up to 180 ppm oxygen for the
sample wire brushed 35 times. Thus, while some oxygen enteréd the bulk
weld metal, most of the additional oxygen added to the weld pool as a
result of wire brushing in air remaired on the pool surface.

For samples wire brushed in an argon atmpspheré, chemical analysis showed
‘essentially no difference in oxygen contknt between the bulk weld metal
‘and the samples including the weld bead Surface. There was no increase in

oxygen with increasing amounts of wire brushing. Thus, brushing in- argon

does not introduce appreciable oxygen in&o the surface.

Summary

A1l the observations are consistent wfth the addition of oxygen to the
weld pool from the we]d wire or base metal surface as the cause for
changes in weld pool shape. Wire brushing in air increases the oxygen
content of the surface and changes weld shape; wire brushing in argon doeg
not change the surface oxygen content appreciably and does not alter weld
shape. The dependence of we]d‘d/wAfatio on the amount of wire bkushing is
similar in form to the dependence of wejd d/w ratio on oxygen additions to
the torch gas. Various chemical surface'cleaning treatments did not

" change surface oxide thickness significantly and had 1ittle effect on weld
shape. A simple calculation indicates that enough oxygen is available in
the surface oxides to affect weld pool shape.A Slag fdfmation on Qe]ds
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over heavily wire brushed surfaces demonstrates that oxygen is being added
to the weld pool. A portion of the improvement in weld shape from wire
brushing arises from increased arc stability and reduced pool wander. The
Tower arc stability on acid cleaned surfaces is apparently caused by the

surface oxide enrichad in chromium and titanium formed by this treatment.

Finally, it should be noted that GTA weld pool shape in JBK-75 stainless
steel appears tQ be particularly sensitive to oxygen additions. Similar
results were obtained on all three heats of JBK-75 in spite of sma11‘
variatidns in sulfur, oxygen, aluminum, and silicon contents. Limited
tests similar to those reported here have been perfoimed on 304L, 316L,
and 21-6-9 stainless steels. The results were similar to those with
JBK-75, but the effects appear to be smaller and more brushing is required

to produce any change.

The origin of the high sensitiVity of JBK-75 stainless steel weld shape to
oxygen is not known. JBK-75 is the only alloy studied which contains Ti
and Al above trace levels, which might be responsible for the alloy’s high
sensitivity to oxygen. Another possibility is indicated by surface
tension measurements on iron-silicon alloys in contact with'carbon dioxide
[15]. The effect 6? CO, on the surface tension was a ‘strong function of
silicon content. For low silicon a]foys, the surface tension dropped
sharply when contacted with COp. For alloys with more than 1.2%‘31, the
surface tension increased when contacted with COp. The different

behavior was attributed to differences_in slag formation on the liquid
metal surface. Thus silicon appears to interfere-with oxygen pfoducing a
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positive surface tension témperature coefficient on liquid iron. The
JBK-75 stainless steel used in the experiments reported here contained
only about 0.06% Si, and the 21-6-9 used for the torch gas experiment
(Figure 13) contained only 0.16% Si. Type 304 stainless steel typically
contains more than 0.5% Si. Thus the high sensitivity of JBK-75 to oxygen

additions may be related to its unusually Tow silicon content.

CONCLUSTONS

Small changes in the concentration of surface active trace elements in
weld pools can have a substantial effect on GTA weld pool shape in high
purity steels. Because the quantity of surface active material required
to affect weld pool share can be so small, it can arise from nexpected
sourcés. Wire brushing, or other abrasive surface treatments (in air),
are effective means of increasing GTAW penetration and improving arc
stability, at least in JBK-75 stainless steel. Wire brushing alters the
surface of JBK-75 by preducing a thicker oxide layer than produced by
chemical cleaning methods. Wire brushing also roughens the surface, and
folds laps of oxide into the surface, thereby increasing the amount of
oxide. The oxygen added to the weld pool alters fluid flow and improves
penetration (d/w ratio) in accord with the surface tension driven fluid
flow model proposed by Heiple and Roper. Acid cleaning JBK-75 produces an
oxide layer enriched in chromium and titanium, which apparently causes
significant arc instability and weld pool wander for reasons not at
present understood. This thin layer is removed by wire brushing, thereby
producing a more stable weld. -
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Increasing the amount of brushing increases the surface roughness and the
oxide thickness. This causes weld penetration to increase, unti1 the
oxygen solubility limit is reached, at which time a slag forms on the
surrface of the weld pool. This slag affects the fluid flow and reduces
weld penetration. The optimum level of wire brushing on flat surfaces
occurs between 6 and 9 wire brushing passes. The optimum level i1l be

different ir a groove.

Other methods of introducing oxygen into the surface should show similar
responses. Although silica grit blasting produced increased weld
penetration, welding behavior was undesirable because of arc instability
and excessive pool slag. These problems may be correctable with iess
severe grit blasting. Possible entrapment of silica in the surface was
also a concern. Qualitatively similar results were obtained when oxygen
was ion implanted on JBK-75. 'Heat treatment to grow an oxide, or any
other methud to introduce oxygen to the surface should also work. Surface
alteration may be an acceptable method to increase, or at least control,

weld penetration.
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Table 1
Compositions of JBK-75 Stainless Steels

Content {wt %)

Chemical Machining Wire
and Experiments Brushing
Abrasive Experiments
Experiments
Element Heat A Heat B Heat C
Ni 30.0 29.7 130.8
Cr 14.3 13.9 15.6
Ti 2.0 2.1 2.0
Al 0.17 0.15 0.20
Mo 1.0 1.2 1.0
Mn 0.033 0.021 0.025
c 0.022 0.025 0.018
N 0.0045 0.001 0.0057
P 0.005 0.003 0.009
Si 0.060 0.024 0.052
v 0.23 0.21 0.23
B 0.0015 0.0004 0.0018
S 0.0022 0.004 0.0046
0 0.0021 0.001 0.0044
Fe Balance Balance Balance



Table 2

Chemical and abrasive methods employed

Chemical Surface Preparations

1. Acid c1eaning*

A. Nitric acid (20 vol. %, room temperature, 6.25 min), distilled
water rinse, nitric acid (30 vol. %)/Nitradd (20 vol. %) (38 °C,
6.25 min), distilled water rinse.

B. Nitric acid (25 vol. %, room temperature, 6.25 min), distilled
water rinse, nitric acid (35 vol. %)/Nitradd (25 vol. %) (43 °C,
6.25 min), distilled water rinse. .

C. Nitric acid (30 vol%)/Nitradd (20 vol. %) (38 °C, 6.25 min),
distilled water rinse, nitric acid (20 vol. %, room temperature,
6.25 min), distilled water rinse. ;

D. Nitric acid (20 vol. %, room temperature, 6.25 min), distilled
‘water rinse.

2. Acid cleaning followed by solvent c]eaning*; (Acid cleaning by
method 1A above.)
A. Vapor degrease in freon (5 min) followed by 1,1,1-trichioroethane
(10 min). ®
B. Aqueous clean in detergent (Oakite ).
C. Wipe with isopropyl alcohol.
D. Wipe with acetone.

3. Solvent clean only '
A. Vapor cegrease in freon (5 min) followed by 1,1,1-trichloroethane
(10 min). :
B. Agueous clean in detergent (Oakite®, see * below for
conditions).

Abrasive Surface Preparations

1. Wire brush using an AISI Type 302 wire brush, in air.””

2. Grit blast using 180 grit silica particles, in air.™

Prior to agid cleaning, surfaces were degreased in 2 vol. %
Oakite "NST aluminum cleaner in distilled water at 55 °C for
5 min and rinsed in distilled water.

** Prior to abrasive preparation, surfaces were degreased (*) and
aci¢ ¢veaned by procedure lA.



Table 3 - Machining Methods Employed and Resultant Surface Finishes
(Including Post-Machining Surface Treatment Conditions)

. Lathe Turning - 63 Microinch Finish

A. Machined, Acid Cleaned

B. Machined, Wire Brushed, Acid Cleaned
C. Machined, Acid Cleaned, Wire Brushed

. Electrical Discharge Machining - 83 Microinch Finish
A. Machined, Acid Cleaned

B. Machined, Wire Brushed, Acid Cleaned

C. Machined, Acid Cleaned, Wire Brushed

. Milling - 125 Microinch Finish

A. Machined, Acid Cleaned

B. Machined, Wire Brushed, Acid Cleaned
C. Machined, Acid Cleaned, Wire Brushed

. Milling - 250 Microinch Finish

A. Machined, Acid Cleaned

B. Machined, Wire Brushed, Acid Cleaned
C. Machined, Acid Cleaned, Wire Brushed

. Milling - 500 Microinch Finish
A. Machined, Acid Cleaned

" B. Machined, Wire Brushed, Acid Cleaned
C. Machined, Acid Cleaned, Wire Brushed
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.Figure Captions

Fig. 1. Weld cross sections from welding procedure 1, 8.75X. (a)
Chemical surface preparation (acid cleaned), d/w = 0.414; (b) Abrasive
surface preparation (acid cleaned, then wire brushed), d/w = 0.660.

Fig. 2. Weld penetration for chemical and abrasive surface
preparations. (a) Welding procedure 1, arc voltage 10.0 V, Ar-He; (b)
Welding procedure 2, arc length 0.066 in., Ar-He; (c) Welding procedure
3, arc voltage 8.0 V, 100% Ar, circumferential weld; (d) Surface oxide
thickness.

Fig. 3. AveréQe arc voltage - arc length relationships.

Fig. 4. Effects of surface finish on spot weld d/w ratios (welding
procedure 4). ‘

Fig. 5. .Weld profiles of bead-on-plate welds produced with welding
procedure 5 on 125 microinch finish samples, 6.5X. (a) Machined and
acid cleaned (condition A), d/w = 0.395; (b) Machined, wire brushed,
and acid cleaned (condition B), d/w = 0.392; (c) Machined, acid
cleaned, and wire brushed (condition C), d/w = 0.626.

Fig. 6. Re]ationship between d/w ratio and amount of wire brushing in
air and in argon. Welding procedure 6, Ar-He.

Fig. 7. Cross sections of welds on JBK-75 with various levels of wire
brushing, 10X. Welding procedure 6. (a) Unbrushed, d/w = 0.577; (b)
Brushed 4 passes, d/w = 0.630; (c) Brushed 8 passes, d/w = 0.893; (d)

Brushed 50 passes, d/w =.0.786.

Fig. 8. Relationship between weld dimensions and amount of wire
brushing.

Fig. 9. Top views of welds on JBK-75 with various levels of wire
brushing, 1.3X. Welding procedure 6. (a) Unbrushed; (b) Brushed 4
passes; (c) Brushed 8 passes; (d) Brushed 50 passes.

Fig. 10. Still photographs taken from laser-enhanced video of welds,
4.8X. Arc light is filtered out, revealing only weld pool and
electrode tip. (a) Weld on acid cleaned, unbrushed, surface; (b) Weld
on surface wire-brushed 2 times.

Fig. 11. Relationship between weld d/w ratio, surface oxide thickness,
and surface roughness.

Fig. 12. "Scanning electron microgkaphs of wire brushed surfaces,
100X. (a) Unbrushed; (b) Brushed 4 passes; (c) Brushed 8 passes; (d)
Brushed 50 passes. 100X

Fig. 13. Weld d/w ratio versus torch gas oxygen content [3].



Fig. 14. Cross sections of full penetration welds on acid cleaned,
unbrushed, JBK-75 base metal using two different spools of JBK-75
filler wire, 8X. The wire was from the same heat, but had different

surface oxide thickness. (a) Wire oxide thickness 76 A; (b) Wire oxide
~ thickness 133 A. |
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