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particulate Fume Generation
Arc Welding Processes

slechanisms of particulate emission
.25 and composition have been d

-

_z-igty of arc welding processes

3v 3. F. HEILE AND D. C. HILL

=2TRACT. A technical method has
- geveloped that allows a de-

- nation of the fume formation rate

- jume composition (n arc welding
--~c2gse$. This method has been
Jsec 10 characterize partculate ernis-
s:ors 1n a number of processes:
smelced metal arc (SMA), gas metal
arc (GMA), flux corec are (FCAL and
z2s wngsien arc (GTA) welding, and
-25 permitted a ranking of these
~r=zpsses according to their relative
- sapliness.” Of the continuous elec-
e processes studied. GMA

. zing with argon-based shielding
2s3 oroduced the ieast iumes. while
s2:.smeiding FCA welaing produced
:me most. The data ingicate that the
=acnamsm of tume formation is one
=i aiemental vaporization-condensa-
siern and oxidation enhanced
~aporization-condensation of the con-
sumable constituents. A model
~aigung this mechanism o process
~-= orocess vanabies is advanced
zn would allow fume formation

. = HEILE ¢ Semor Aesearcn Physicist
anc 5. C. MILL is Group Leader. Linde Re-
sesren Department, Linge Division, Unwon
Caryige Corporaton. Tarrytown, New York
10587

rates and composition to be predicted
semi-quantitatively given a Knowi-
edge of the consumable com-
position. the volatility of the con-
stituents. the transfer mode, the arc
temperature and stability as de-
terminec by the welding parameters
and shield gas. and tne oxicizing po-
tential of the shield gas. Based on the
results. metnods of fume control are
indicated which can serve as a Sup-
piement to ventilation.

Introduction

Although numerous studies of the
generation of smoke and fume in ar¢
welding have been made (Ref. 1). the
mechanism and character of the fume
formation have not been extensively
investigated or reported. It is NOw rec-
ognized tnat variations in sampling
techniques, electrogde compositions,
and welding parameters all have a
major impact on the results of fume
experiments. As a result. care must
pe exercised in inmerpreting the ex-
isting literature. Recently, a pro-
posed technique for measurement of
fume generation in arc welding has
peen published (Ref. 2). Un-
fortunately. littie statistical evidence
for the accuracy and reproducibility of

along with emission
etermined for a

this technique was advanced.

The purposes of this study are to
provide fume generation com-
parisons among different arc welding

‘processes. to understand the mech-

amism of fume tormation, and {0
supply the information necessary for
choice of a weiding process when
ventilation considerations are im-
poriant.

Method for Particulate Sampling
General : )

A critical aspect of particulate
sampling is the technigue itself.
Various samoling technigues have
peen employed by other inves-
tigators (Ref. 1). Many of these tech-
nigues coliect all of the evoived fume.
In so doing, oftentimes unrealistic
conditions are imposed on the par-
ticular weiding process. We chose. in-
stead. to use a modified stack sampl-
ing tecnnique which would minimally
gisturb the welding process and at the
same time allow & carefully con-
trolled sample to be taken at a pre-
determined rate. This section briefly
gescribes the technigue and dis-
cusses the accuracy and re-
producibility ot the results.
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Experimental Technique

A schematic of the stack sampling
system employed in this work is
shown in Fig. 1. A duct was placed
coaxially over a stationary welding
torch. Welds were made on a ro-
rating workpiece. The gas flow rate of
the duct was set to allow collection of
most all the fume, yet not so fast as {0
disturp the shieiding gas. The duct
velocity was measured using an in-
clined manometer. A probe. con-
nected to a filter and a sampling
pump. was inserted in the duct. The
velocity in the probe was adjusted to
mateh the guct velocity. By maintain-
ing isokinetic sampling conditions, it
is possible to relate the size of the
sample collected to the total fume
evolution without having to collect all
of the fume,

This technique is applicable over a
range of duct velocities. i.e., sampling
rates for a constant sampling time.
This is especially important in sampi-

ing emissions where the saturation -

time of the filter is short. Without con-
trol over the sampling rate in such
situations, the results would be sub-
ject to transient effects related to
short sampling times. This technique
eliminates those oroblems.

The basic procedure followed for
taking a sample was'!0 establish
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isokinetic sampling conditions and
then, before actually beginning the
sample. to choose the welding
parameters. Sampling was begun
atter the arc was struck and steady-
state conditions establisned. The
duration of the sampling period de-
pended upon the fume formation rate
and the filter capacity. The im-
portance of the sampling period is
discussed in greater detail in the sec- .
tion below.

Two types of filters were em-
ployed, glass fiber filters and tri-
acetate filters. The glass fiber filters
were used principally to determine
the fume generation rates. and the tri-
acetate filters were used to collect
fume for chemical analysis. Typical
sampling times were 2 minutes for the
glass fiber filters and 30 seconds for
the triacetate filters.

An optical viewing system at-
tached to the welding station per-
mitted a simple measurement of arc
iengtn.

Reproducibllity and Variations

The purpose of sampling is, of
course. 1o arrive at a fume tormation
rate (FFR) ano a fume composition
wnich ¢a2n be assigned 1o a given
welding process. It is obvious that the
generation rate will depend upon
voltage and current as well as the
process and that the fume genera-

‘tion rate must be expressea as a func-

tion of these or reiated parameters. It
is not SO obvious how sensitive fume
formation is to such things as work
travel speed and variations in the
plates on which the welds are made
or. for that mater. to the sampling
procedure itself.

in order to assess the acguracy of
these expernments and 10 determine
what parameters are needed to
specity FFRs unambiguously, a two-
told investigation was uncertaken.
This included an invesugation of the
cepenaence of fume formation on
voitage, current. work travel speed,
and plate variations and an investiga-
tion ot sources of error associated
girectly with the sampling tecnnique.
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Fig. 3 — Collection lineanty ol a singie filter
as a function of time
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Although there is some evidenon g
a variation in fume formation tor
ferent plates. the effect can
minimized, as far as relative measyp,
ments are concerned. by collecti
given series of weld data on the
plate. In.absolute terms, the vari

is a source of error on the order olg -

percent or two. Such an error is
significant when compared 1o othy
sources yet to be discussed.

Work travel speed <an aiso py
omitted in the specification of FFRy
Increasing the travel speed by a faser
of two produces a 5% decrease in thy
formation rate. Small variations i
work travel speed f{rom noming
values have, therefcre, no significas
eftect. The observed variation is alyg
not great enough 10 warrant s
ing travel speed when Stating the
tume formation rates. :

Depending on the shield gas
voltage and current are by far the
maest important factors among the
welding parameters. For argon-base
shielding gas. a 1 to 5% variation in
voltage for a fixed current can
oroduce cnanges in the FFR of &
much as 20%. By way of contrast, the
sensitivity of the FFR t0 changes inthe
voltage ang current is far less for CG,
shielding gases. In terms of re
producibility of the results, one mut
exercise great care in maintaining the

. voltage and current settings whea

welding with the argon-based shieid-
ing gases. In this regard. the ability to
measure the ar¢ length is exceed-
ingly useful.

From the sbove information, it was
expected ihat the FFRs would be
reproducitie to within 10%, yet st
tistical fluctuations of as high as 40%
were observed. The large standard
geviations that resulted tended to fe-
duce the statistically meaningful if-
tormation wnich could be extractad
from the data. As a result, the samp-
ing method was explored as the
source of the problem. The sensitivity
of the fume generation rate t0 the
turme collection rate was exami
Different fume collection rates
producen statistically consistent
as long as isokinetic sampling con-
ditions were maintained. However, =
investigation of the sensitivity of the
FER to the sampling period reve
that the problem resiced in
tions in the stopping Dower of
filters. This data is presented in FIF-
2 and 3. In Fig. 2. ten welds
made at a constant sampling rate.
conditions were held constant ex
for the sampling period which was
creased by 10 seconds for

successive weld. In principle, all 9%

points should be on 3 straight
passing through the origin. The sl
of this line is proportional to the F
instead of a straignt line. @
seatter was observed as ig.
demonstrates. .




jn addition to the data, there are
jour lines drawn in Fig. 2. The outer
jines represent the worst case slopes
igr all the data points. There is a tac-
-pr of siX ditterence between them.
“ne inner lines are the worst case
~as for the data where the sampi-
~griod was greater than or equal
ne minute. The longer sampling
.. .od tends 10 reduce the variations
~ :ne filters. in this case. the slopes
sre within 40% of one another. It
sncuid be remembpered that these are
~orst case siopes. The accuracy can
ae further improved by making a least
scuares fit and limiting the sampling
~ariods to one minute or greater. This
-egylts in an overall statiszical ac-
. racy of approximately 20% for the
.olute measurements of the FFRs
sed in this report.
~e behavior of individual pieces of
: .&r paper was also examined as a
qunction of time. The same piece of
siizer paper was successively éx-
ccsed for constant time increments
zna weighed after each increment.
-.ese results are plotted in Fig. 3. In
-~1g case, the points lie on a straight
-2, as expected. although there
-nears to be & nonlinearity guring
. initial few seconds of sampling.
s does not present a problem
_ -=g the information can we drawn
-enm the linear portion of the curve.
zzually imporiant is that over typical
sampling periods of one oOr two
sinutes. No saturation of the lilter was
_oserved. In fact. no saturation was
~ngerved even with sampling periods
23 long as four minutes for many
siging processes.
+o summarize. therefore, absolute
sagurements of the FFRs are sub-
=t to large vanatons. Voitage and
sorrent must De precisely oeter-
~ ned and maintained. Plate
. gnations and work travel speed. al-
=ough factors. do not result in sig-
~:4igant variations. Differences " {rom
siter to filter account tor the largest
zn¢ ieast centrollable variation. As a
-agult, FFRs can pe.conveniently de-
crmined within no more than 20%.
-eater accuracies are pessible but
-2 not required for the DUrpose of
- comparisons mace in this article.

barticulate Data by Process
General

Eirm limits exist for both the time
weighted and excursion levels of solid
—aterials dispersed in air. These
‘mits are ratner arbitrary. although
-ome toxicological aate exist t0 sup-
.ort them. They are deficient in that
-ey tail to recognize that vanations in
-rystallograpnic  structure. particie
size. and chemical activity are im=
sortant in infiuencing the interaction
of such materials with the human 5ys-
tern. We have studied tume genera-
tion in several arc welding processes.

Table 1 — Fume Sampling in SMA Welding

gas tungsten arc (GTA) welging.
Fume generation is measured in two
ways: g of fume/min of arc time and
mg of tume/g of metal deposited.
These tormalisms (g/min and mg/g)
express the reiative “cleantiness” of 2
process on real time and real comple-
tion rate bases.

FFR measurements were made O
200 X 250 mm fiberglass filters using
the rechnigques described in the pre-
vious section. Samples for .come-
positional analysis were maade on tri-
acetate filters and analyzed using
atomic absorption spectrophotometry
and x-ray fluorescence technigues. A
limited amount of size distribution
data has been taken.

SMA Welding

Only electrodes for the welding of
ferrous materiais were studied. These
elecirooes include those of the cel-
lulosic type; rutile type. rutile-iron
powder type. and low hydrogen type.
Both acsp ang derp were studied
wherever possible. A constant current
type power supply was used. Results
are bnefiy summarized in Table 1.

The FFR data (mg/g) is piotted
against current in Fig. 4 for 5/32 in.
electroges. Data reduced from Rets.
2. 3. and 4 are also included. Note that
the gata fall into three bands. The low-
est FERs are associated with rutile
and rutile<iron powder type elec-
trodes. Higher rates are found for low
nydrogen type electrodes. probably
due to the presence of CaF; in the
fiux. Cellulosic electrodes have the
highest rates.

Vanations in rates accompanying
polarity changes are best under-

Fume
Elactrode tormation rate
Class Brand Diam Current  Voltage Polarity  ¢/min  mQ/g
€010 A s/32 2 10 29 :P 32 ; 9
6010 A 532 _ 30 ) P .56 4
Bo12 B 5732 108 20 5P M2t 7
6012 B 532 ..190.... 2L ..SP_. 2% 9
7018 B 5/32 160 22 RP .28 8
. T018. __ 8 5032 __ 220 o8 B .85 8
7024 c 5/32 180 32 AP .29 8
7024 c 5/32 230 36 AP .47 g
7024 c 5/32 180 30 SP 29 7
7024 c 5/32 250 27 SP 50 9.
7024 D 3716 230 36 RP 54 ]
7024 #] 3/16 250 36 RP .58 9
7024 c 3neé -250 34 AP .39 7
7024 c 3/16 220 32 AP 3 7
7024 v] 3716 230 30 SP .50 9
702¢ b ane 250 32 sP s 9
7024 c 3/16 230 32 SP .48 8
7026 oo L 2BN6 W R &
a08-16 € £/32 160 23 RP .25 10
308-16 E 5/32 210 28 RP 51 16
shieided metal arc (SMA), flux cored 30— —
arc (FCA), gas metal arc (@BMA). and e ooy |
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Fig. 5 — Comparison of FFAs in FCA
welding for three elactrodes

stood by variations in arc voitages
due to the polarity change.

No chemical analyses were per-
tormed on SMA weiding fume. It is ex-
pecteg that the principal ditterence
between fume from rutile, rutile=-iron
powder electrodes, and from low
hydrogen electrodes will be the
presence of CaF,.

FCA Welding

Three types of flux cored elec-
trodes were studied: CO; shielded,

WELDING RESEARCH SUPPLEMENT | 203-s
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Table 2 — Fume Sampling in FCA Weiding

Fume
Electrode Shielding tormation rate
Designation Brand  Current Voliage gas g/min  mg/g
70T ») 300 28 CO: .75 11
A pase 350 30 86 12
400 3 1.10 12
450 32 1.20 1
ETOT-S E 300 28 CO; 1.40 18
Silica-base 350 29 1.80 20
400 0 - 210 21
450 N 2.50 22
£70T-a g 250 28 © None 1.08 18
Fiuorspar-pase - 325 30 1.62 20
400 3 2.00 20
a7s 32 250 20
. ™3  noted between CC, shietded. silica-
6 grors S bese and CO: shieided. rutile-base
- 5 18.2 mg TOTAL FUME - electrodes. These differences are
4= Saemp o ruwe T primarily due to variations in arc sta-
- 4 bility and CaF, content
z 2~ < Tabie 3 shows the comparative and
L absolute variations in fume com-
S . _l position for the tnree types of elec-
g "ac 3 trodes. Note that the rather large
£ 5- S variation in fume composition results
s 2 from ditierences in the flux com-
’ } positions. ’
. 1 variations in weiding parameters
2= y dic not seem to have a significant ef-
| ject on FFR. Voltage increases did not
) procuce FFR increases in anv way
o1 12 51020 40 60 B0 90 cornparabie with those found in SMA

CUMULATIVE WEIGNT PERCENT

F:g. 3 — Particle size distribution by weight
parcent in FCA welding
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s,g. 7 — Comparison of FFRs in GMA
weliging using argon-pased smeld gases

silica-base (E707-3) CO, shielded.
rutile-pase (E707-1) seltshielded.
fiuorspar-base (ETOT-4). A constant
sotential type power supply was used.
The results of the fume generation
stugies are shown in Table 2.
Figure 5 shows a combined piot of
/g versus current for the data.
,are is an appreciable difference in
FFR between selfshieided, fluorspar-
pase and COQ, shielded. rutile-pase
ejectrodes. A similar difference is

204-s | JULY 1975
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- welding.

Particle size distribution data were
taken using an inertial separation sys-
temn. The results of two of the studies
with the selfshieided, fluorspar-base
glecirode are shown in Fig. 6. The plot
shows the cumulative weight percent
of tume due to particles iarger than
any diameter. The weight distribution
is log-normal. The mean particle size
by weight calculated from this data is
0.12um. -

GMA Welding

Particulate data were gathered in
GMA welding with a variety of wire
compositions, wire sizes. and
smielging gases over a broad range of
welding conditions. General con-
sigeratons ON reproducibility and
technigue were discussed in pre-
vious sections of this article. This sec-
tion covers additional work on terrous
materials and aluminum alloys.

Ferrous Materials

Etect of Shielding Gas on FFR.
Treating first the effect of shieiding
gas, reference is made to Figs. 7 and
B. Figure 7 snows the FFR plotted
against current tor argon-base
shielding gases. The wire diameter
was 0.045 in. and the weiding voltage

J-6

was 28 V. Note the presence of a wey
defined minimum in the 250-300 A
range for each of the shielding gases,
Figure 8 plots FFR versus current tor
CO, and Ar-25% CO;. For these gages

FER is a monotonic function of

current. Note that significant, repre.
ducible departures from the Ar-25y,
CO, curve occur at 300 and 400 A,
A comparison of these figures re.
veals that considerably more fume is
produced when welding with CQ,
shielding compared with argon-baseg
shielding. The explanation of thig

effect involves consideration of the

oxidizing nature of the shield gas ana
of the mode of metal transfer.

The dependence of the FFR on the
oxidation potential of the shield gas
was axamined by measuring ihe FFR
as a function of the oxygen content af

an argon-based shielding gas. These

results are snown in Fig. 9 for O addi-

tions of up to 40%. Note that the FFR

is approximately equal o {%0,)%,
Since oxygen is present as atomic ox.
ygeninthe argtoa certain extent, itis
possible that the dependence would
be greater than (%0;)"2. Thus the ex-
ponent % is reasonable.

Etect of Welding Parameters and
Wire Size on FFR. The existence of
the minimum in FFR noted above for

argon-based shielding gases was ex- .

plored further as a function of welding
parameters. Figure 10 shows con-

. gtant current plots as a tunction of arc

voltage for FFR (g/min). In ail cases,
arc length increased for increasing
arc voltage. Note that the minimum
FER occurs at 28 V. 250 A. If mg/g is

_ used as a criterion instead, a similar

observation is magde. Fig. 11. The
minimum correlates with the transi-
sion from giobular to spray transfer.
This minumum is thought to result
from the establisnment of 2 stable
spray arc at a minimum voltage.

Similar piots for CO, shieiding gas
are shown in Figs. 12 and 13. Note the
absence of amy minima. This observa-
tion reinforces the hypothesis that the
transfer mode affects the FFR.

Figure 14 snows the effect of wire
diameter on FFR in Ar-3%0:.

Fume Composition and Particle
Size Distributions. Fume com-
position was measured for a numbef
of welding conditions. Daia may be
found in Taple 4. For the most part, as
measured by weight percent. the
composition of the fume is constant
The most significant exception 10 this
is that the fume silicon contents gen=
erated in argon shielding gas are 519=
nificantly less than those produ
with oxygen bearing argon-bas
gases and substantiaily less than COx

Particle size analysis of the fume
produced using argon-based shield-
ing gases and CO. shielding gases
was attempted. However, when

argon-based shielding was used. N9

tume could be collected on the upper

!I'

e



sxages of the sorter, Electron micro-

raphs revealed fume particle sizes
on the oraer of 0.005 to 0.1 microns.
“hese particle sizes are much smaller
- tor any other welding process
axplains the null result with the
af. A visual comparison of particle

. .3 is presented in Fig. 15.
-ne particle size distribution

rapie 3 — Fume Compositien in
fca Welding (¥

E70T-1 E70T-a  ET0T-3
%

% %

=3 28 13 3
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25 4 20

- 13 8
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- 2 — -
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Al -_— ] —
H 7 13 7
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mg mg = mg
: 2.1 .18 3.3
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Al -_ 1.2 —
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measurements for CO; shielding gas
were made at 300 A, 34 V. The re-
sults are plotted in Fig. 16. An ex-
trapolated mean particle diameter of
0.03 micron. considerably smaller
than for FCA welding, 15 determined
from this data.

Aluminum Alloys

EFRs and fume compositions were
determined for 1100 and 5356 alloys
welded in argon. Typical FFRs (g/min)
and fume compositions are gwen in
Table §. ’

it is interesting to note the de-
crease in FER with increasing cur-
rent. This observation is similar to that
observed in GMA spray arc welding of
steel over a certain range of current
and voltage. A precise under-
standing of tnis effectis lacking at this
time.

GTA Weiding

Fume formation in GTA weiding of
steel using 3 mm and 5 mm thoriated
tungsten electrodes with argon
snielding gas was studied. The FFRs

for ail currents between 50 and 430 A

were essentially zero.

Discussion of Resuits and
Probable Mechanisms

that the FFRs and the composition of
the welding fume couid help to iden-
iy the mecnanism of fume tormation.

Consider tirst free eslemental
vaporization as a source ot fume. The
partial pressures ot Mn, Si. and Fe
above moiten steel with the com-
-position of the E705-2 electrode are
plotted as a function of {emperature in
Fig. 17. Two things are apparent, Free
vaporization £an account tor the in-
crease in tume with arc temperature.
put based on this mechanism alone
there should be but negligible silicon
in the fume cornpared with Mn and
Fe. Since this is not the case, other
mechanisms must contribute.

The notable ditference in fume
composition between weldments
made in argon-based gases and CO;
is the silicon content of the fume. The
same difference. although somewhat
smaller in magnitude. exists between
fume produced with Ar-2%0, and Ar-

5%0,. This suggests that oxidation

may be important in producing fume
containing silicon. The supporting
data. drawn from Table 4, are indi-
cated below:

v, Si for shielding gases of:

Cur- )
rent, Ar- Al Ars
A aAr 2% Og 5% Oa 25% CO; col

e _— \n addition to supplying com- 250 2 g 14 - 25
P ETI e e O N e s parative daia among different arc 300 1 7 14 - T 27
imm.5, swca base fux. CO; gan Shemding. welding processes. it was believed s 4+ 10 14 - -
.e 4 — Fume Formation Composition in GMA Weiding of Ferrous Materials
. 214 . FFR Mn Si Fe 0 Mn Si Fe
38 Current Voitage mg/min % Ye % % mg/min mg/min  mg/min
argon 250 29 35 4 2 63 31 1 1 22
300 k3 25 4 1 &6 49 1 0 12
350 35 98 5 4 52 39 5 4 51
4r.2%%0, } 150 28 o 6 3 $2 3 15 g 134
200 28 147 8 7 S1 34 12 10 75
289 28 ©ar g H] 70 16 3 2 26
300 29 56 9 7 63 22 5 4 25
350 3 113 9. 10 50 3 10 11 58
400 3 162 1 10 83 26 18 16 B6
20.5% O 100 28 557 5 6 49 40 29 a3 2m
150 28 299 5 7 50 7 16 21 150
200 28 257 6 9 50 35 16 22 129
250 28 140 7 14 43 36 10 20 &0
300 28 162 L 14 7 a3 10 - 23 76
300 28 169 5 14 41 40 9 23 70
80 20 110 9 11 56 24 10 12 62
120 20 140 9 14 51 26 13 20 71
200 20 162 9 18 s2 21 15 29 84
1 .28% CO, 100 23 120 9 17 63 12 1" - 20 75°
150 27 210 6 17 30 27 13 35 105
300 35 367 8 17 52 23 29 62 19
2, 130 27 198 7 30 43 20 13 59 86
150 30 264 ] 24 - 45 25 14 €3 120
180 30 321 7 26 a7 ral 22 83 150
200 30 279 7 26 45 22 19 73 126
250 30 449 7 25 48 20 3 n2 - 216
300 a0 455 8 27 a7 18 36 125 214
140 22 198 7 32 a3 18 14 63 L
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Much work has been done study-
ing the properties of Si0. Silicon
monoxide is a gas at all tem-
peratures of interest, 1500-3000 K. It
is often formed when insufficient ox-
ygen is available to form continuous
Si0, layers over silicon-bearing Ii-
quids. It has a high vapor pressure.
““e reaction of interest is:

ot <+ % O-eSI10, or (1)
Si + COpeCO + Si0 _ (2)

The standard free energy of each of
these reactions may be calcuiated
from thermodynamic data (Refs. S, §).
Consider Equation (1) for the ET0S-2
electrode composition, ag = 3.35 X
10-%; the partial pressure of Si0
(Psp ) as a function of temperature
18; .
Partial pressure Psao (atmn) for

Temp,
(K) F’,;a (atm)= 01 02 .05

2000 097 137 217
2500 023 033 .051
3000 009 .013 .020

Ctviously, since the reaction is con-
trolled by (P, )* |, the ratio of Pgip at
any temperature in equilibrium with
Ar-5%0Q. to that in equilibrium with
Ar-2%0; is (5/2)* or 1,58. If equilib-
fium therrmodynamics can tell us any-
thing about the relative fume forma-
tion, then we should measure this in-
crease in silicon in our fume sampies.
The a2ctual ratios. at each set of weig-

ing currents, for silicon emission from
Table 4 are:

Current, SI5% 0y
(A) : Si (2% O,)
150 26
200 2.2
250 10.0
300 57

' Interpretation of these results is un-

certain because of possible variations
in arc behavior; however, it is ap-
parent that the generation of silicon-
bearing futne is dependent on oxida-
tion potential. ‘it we now perform the
calculations for Equation (2) and as-
sume that the stoichiometry of the re-
action as written applies, we find;

Temp,

(K) P g (2TM)
2000 290
2500 508
3000 £72

Thus, we would expect significant in-
creases in the rate of silicon emission,
when CO; is present in the shielding
gas. as great as an order of
magnitude. It is not reasonabie to
compare data taken in Ar-2%0,, Ar-
5%0,, and CO, except under con-
ditions of globular transter. The only
data points are at 150 A, and caution
must be used because the arc lengths
vary significantly. Data from Table 4
show:

Si(CO,)/Si(5%C:)/Si{2%0,)
= 7.9/2.6/1.0

Tapile § = Fume Formation Rate and Composition

in GMA Welding of Aluminum Alloys

Further comparisons are not justifieq,
if we solve Equation (2) with Peg, =
.25, for Ar-25%C0,; we obtain:

Temp. .
(X) Pgip(atm)
2000 123
2500 185
3000 216

Silicon -emission should now pe
roughly the same as it is for Ar-2%Q,
and Ar-5%Q, in the temperature
range 2000-2500 K. The data of Tabie
4 agree with these calculations,

What then of vaporization of FeQ
and MnO as contributors to furne gen.
eration? The calculations for FeO are
tabulated below, for three partial
pressures of oxygen:

: Preo (atm)
Temp,

(K) Pg, (atm)= 01 02 05
2000 .003 005 .0o7
2500 038 055 .087
3000 .204 288 456
The caiculations in CO, yiela:

. Pp.o (atm)
Temp.

K Pes, (atm) = 25 1.0
2000 003 007
2500 : .054 118
3000 i .198 567

Changing from Ar-5%0; to CO, does
not aiter the FeO contribution sig-

. nificantly, The same is true ior chang-

ing from Ar-2%0, to Ar-25%C0,. The
data agree with these calculations.
For the temperature and ranges of Mn
activity of interest, no significant

. amounts of MnQ form.

Based on the above, it can be un.
derstood why furme generation is sig-

Fume
FFR compasition nificantly less in the GMA welging
Allov Diam Current Veltage {g/min) % Al % Mg process when argon-based shieiding
cnes gases are employed than when CO, is
:g;: g:g ;gg gg ’:;g :g g used. and why there is a suppression
1355 045 250 a7 85 a7 8 of the silicon content of the furne.
3355 045 _ . 300._ .28 70 Y P Both of these facts support the
120 .035 130 23 TTTtam T 5 o hypothesis that fume generation is the ) S
o] .03s 210 26 .50 50 0 sum of elementai vaporization and
oxide vaporization. It is feft that the
Mn component comes strictly from
elemental vaporization, the Si com-
— ponent from SiO formation, and the
EE . 28%c0, - . . _ Fe: component from elemental pius
L e o | I s ' ] FeO vaoorization. FFRs with argon-
I a5+ based shielding gas are lower be-
5= o moaws 71 cause there is no enhanced vaporiza-
- -e‘, tion due to oxide species as the
~ Elt E data drawn from Table 4 indicate:
- - -
_ = bt « .
.:‘”.: ] Cur- B FFR (g/min)
- i - rent, - 2% 5% 25%
- -‘ a2t _ _A Ar 0, Q, CO; CO,
SR SRR | ' 250 35 37 140 — - 449
100 200 300 400 500 1 ( . 300 25 56 162 367 455
WELDING CURRENT (Amps) “1 2 4 6810 20 40 60 100 350 98 115 - - -

% 0

Comparison of FFRs in GMA !

fify  WSINGg sfield gases comtaining
2 than 25% CO,

The mechanism of fume formation

Fig. 9 ~ The eftact of oxidizing potential on
appears to be, therefore, one of ele~

the FFR in GMA welding
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mental vaporization, condensation.'

and oxidation enhanced vaporiza-

.non.

Additional support for the vaporiza-
e ~andensation-oxidation mech-
- (v-C-0) is also found in the data

sented in Table 5 covering GMA
sing of aluminum alloys. Because
aert shielding, the mechanism for
-,—a generation is simply vaporiza-

3~ and condensation of elemental’

~z-zrial. Aluminum $356 generates
-a-2 fume because of the additional
-areribution of Mg. Note that the Mg
.a=ont of the 3356 tume (Mg/Al =
-'z. .5 enriched over that of the wire
1 ai = 1/16). This results from the

:hat Mg has a considerably higher
sr pressure in the range of 2000-
1 K and its activity coefficient in
- -an aluminum is 0.5. In making a
.. =sarison of the above data, note
.= -+ finer wires produce less fume at
.- =-sarable currents and ar¢ lengths.

--¢ above discussion applies
-aily well to fume generation in
A and SMA weiding. In these
_.~-szasses. the fume results {from the

.2 of elemental and lower oxide

=28, and the V-C of oxide and

--@e flux species. As might be ex-
-a=. the comoosition of the fume is

.~gly dependent on flux com-
+. iR since significant quantities of
‘¢« —alting point lux components are
:c=tained in the fume.

« V-C-0 mechanism advanced
= .5 pointis essentially a simpie one
-z..ng to do with the vapor pres-
:.»ag and latent heats of vaporiza-

-~ af the constituents present in the

- of the consumabies anc with the

ziz'ng potential of the shielding
... 'f one is used. To first order. these
'zItors geterryne the amount of a
-zrogcular constituent appearing in
-ra ‘yme. Obviously, rate controlling
31205 invoiving diffusion of the various
razaciants and products will affect the
" 2% ang composition of the fume as
~2.. A more complete model re-
s.:-as consideration of these rate
- ~wolling factors ang the dynamic

-ure of the metal ransfer process

.Jging such factors as residence

-2 pi the molten aroplet at a par-
‘:zuiar temperature. degree of sur-
-zz2 axposed for participation in the
.Zocrization process, and the ef-
-ciency of energy apsorption cy the
surtace. These contributions will be
orsigered in turn.

Sor instance. as observed pre-
~susly, the hignher FFR for CO, com-
* -ac with argon-based shield gases

seiieved to be caused Dy the

:ater sontribution of oxige species

ing from the increased oxidizing
:  .ual of the CO, shieiding gas.
Adgitionally. the inability to achieve
-apid drop detachment when using
20, may further augment the oxide
snnancement. With CQ,, the molten

-
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Fig. 10 — The effsct of voliage and current
on the FER in GMA weiding with argen-5%
O, shisiding gas
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Fig. 12 — The effect of voltage and current

on the FFR in GMA weiding with CO,

shisiging gas
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Fig. 11 — Data of Fig. 10 raplotted in mg/g

drop of metal spends a significant
fraction of the total transfer time at-
tached to and wandering about the
wire tip. This instability can produce
turbulent effects resulting in con-
tamination which, coupled with the
long detachment times, can further
enhance the vaporization due to oxide
species over and above the natural
oxidizing potential of the shield gas.
The rapid drop getachment obtained
in the spray mode using argon-based
shieid gases does not permit this con-
dition to occur. This fact and the lower
oxidizing potential of the argon-based
shield gases are sufficient to account
tar the differences in the mean FFRs.

The problem of instabilities and
turbulent etfects n FCA and SMA
similar to those which exist with CO,
in GMA is compounded by the
presence of extremely volatile flux
components. Hence, the FFRs for
these processes are substantially
higher than for GMA,

in an effort to gain more precise in-
formation about how these dynamic
effects affect the V-C.O process. it
was felt necessary to determine
where the vaporization is occurring.
Two experiments were periormed.
The first was to examine furne forma-
tion using the GTA process. As stated
earlier. no measurable amounts of
fume were obtained tor all currents
between 50 and 450 A using argon
shieiding. The initial implication is that
the molten metal in the weld puddie
does not substantially contribute to

2 R 2 # M N 0 1 u
ARC VOLTAGE (Vaits:

Fig. 13 = Data of Fig. 12 repiotted in mg/g

the !ume. The weld pucdle is cool
reiative o0 the arc. While vaporization
is occurring, the partial pressures and
hence the contribution -to the total
fume level is substantially reducedc.
Adding oxygen to the shielding gas
di¢ produce small amounts of fume.
supporting the hypothesis of en-
nanced vaporization due to oxicde
species,

The second experiment invoived
the welding of Mg bearing Al plate us-
ing the GMA process. Two wire types
were employed, type 5356 containing
Mg and type 1100 contaning no Mg.
Referring back to Table 5, Mg was
tound in the fume when the 5336
wires were used, but no Mg was found
when the 1100 wires were used even
though Mg was present in the plate in
both cases. The conclusion to be
drawn, therefore, is that the vaporiza-
tion of elemental and oxide species is

occuring at the wire tip and in the

welding arc. but not in the weld pud-
gle to any comparable degree. This is
totally consistent with known
temperature distribytions of the arc.
A feeling for just how the fume
evolution is atfected by the weiding
conditions and shieiding gas can now
be gained by a more critical examina-
tion of the behavior of the tume data
in CO, and argon-based shielding
gases exhibited in Figs. 10 and 12.
The CO, results are presemed in
Fig. 12. Two feawres are apparent.
For a given vokage, there is a mono-
tonic increase of fume with current;
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