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Porosity and Hydrogen Absorption 
in Aluminum Welds 

During aluminum arc welding, hydrogen absorption 
rates are not constant from one alloy to another, result
ing in variable weld porosity levels 

B Y R . A. W O O D S 

ABSTRACT. The hydrogen absorption 
and porosity formation character
istics of aluminum and aluminum 
alloy welds have been studied by 
determining the density of aluminum 
weld metal produced w i th known 
levels of hydrogen contaminat ion in 
the arc. 

The mechanism of hydrogen ab
sorption in aluminum welding agrees 
wel l w i th the concept of the existence 
of an active absorbing area beneath 
the arc which becomes saturated 
wi th a large volume of hydrogen. Stir
ring forces w i th in the pool then dis
tribute this material and the dissolved 
hydrogen throughout t h e w e l d . 
Changes in welding parameters af
fect the hydrogen content of the weld 
metal. The overall effects can be pre
dicted qualitatively by considering the 
influence of each parameter upon the 
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geometry of the absorbing zone. How
ever, the effects of any accompanying 
changes in physical dimensions of 
the weld pool must also be con
sidered. 

Weld porosity levels are controlled 
by four important factors; the initial 
hydrogen content of the materials, 
the rate at which hydrogen is ab
sorbed, the volume of gas which can 
be held in solid solution in the weld 
metal, and the rate at wh ich gas bub
bles can escape. Weld metal composi
tion was found to be of primary im
portance in determining both the rate 
of hydrogen absorption and the hydro
gen solid solubility. Hydrogen absorp
tion rates were also influenced 
strongly by the welding parameters. 

Commerc ia l pur i ty a l u m i n u m 
shows a low solid solubility for hydro
gen and a high absorption rate. This 
material is therefore prone to weld 
porosity formation. A luminum alloy
ing elements, such as magnesium, 
can significantly increase the effec
tive solid solubility of hydrogen in the 
weld metal and lower the rate of 
hydrogen absorption f rom the arc. 
Consequently, A l -Mg alloys are much 

less likely to develop weld porosity. 
The behavior patterns of each alloy 

system were similar in both GTA and 
GMA welding. In general, however, 
reaction rates were faster during the 
GMA process. This was partly due to 
reaction of the molten droplets w i th 
hydrogen in the arc and partly to the 
increased size of the weld pool. In 
GTA welding, differences in the tung
sten electrode changed the level of 
weld porosity. These electrode differ
ences may account for the sudden 
unexplained changes in porosity level 
which sometimes occur in production 
operations. 

In t roduct ion 

Since the early days of aluminum 
welding, weld porosity has been a 
recurrent cause for concern. It is gen
erally agreed that hydrogen is re
sponsible for the porosity and that the 
gas may come from several sources 
in the form of contamination of 
various types (Refs. 1-5). By the de
velopment of good welding practices 
and by paying careful attention to 
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such factors as gas quality and proper 
storage, handling and cleaning proce
dures for the fi l ler metal and plate, 
porosity has been minimized. How
ever, it has not been el iminated. 

During the last decade, some basic 
investigations have clarif ied the 
mechanisms of gas absorption during 
the arc melt ing of various metals 
(Refs. 6,7). These studies have shown 
that temperature distributions wh ich 
are rather unique to arc melt ing pro
cesses can lead to the very rapid 
pickup of considerable volumes of 
gas. Porosity in the solidified metal 
can then result in two ways. Firstly by 
gas rejection at the advancing 
sol id/ l iquid interface or, secondly, in 
cases of much higher contaminat ion, 
by the nucleation of bubbles ahead of 
this interface w i th these bubbles sub
sequently becoming frozen in the 
weld (Ref. 8). 

The absorption model developed by 
the earlier authors is one in which 
gas pickup takes place over an an
nular area of the pool surface. In the 
center of this annulus, the pool sur
face temperature is at or near the boil
ing point of the metal. Consequently, 
in this area, gas absorption is low. 
Outside this very hot central area, gas 
absorption increases, because the 
pool surface is cooler and the metal 
vapor pressure is lower. At increasing 
distances f rom the arc center, the 
pool surface temperatures decrease 
further. As they do, the gas solubility 
and therefore gas absorption reach a 
maximum and then progressively de
crease, becoming negligible in re
gions not directly exposed to the arc. 

When the metal in the hot zone ab
sorbs more gas than can be retained 
in the cooler parts of the molten pool, 
gas is rejected around the perimeter 
of the fusion zone. Static arc-melted 
pools eventually reach a condition in 
which the rate of gas rejection due to 
bubbles rising to the surface becomes 
equal to the rate of gas absorption. 
The earlier authors were able to show 
that, under these conditions, the 
volume of dissociable gas dissolved in 
the arc-melted pool was directly 
proportional to the square root of the 
partial pressure of the gas in the arc. 
Also, Salter (Ref. 9) showed that the 
initial rate of hydrogen absorption in 
steel was a function of the square 
root of the partial pressure. This is the 
pattern of behavior which would be 
expected for a dissociable gas if the 
system behaved according to Sie-
vert's principle. 

However, a most important f inding 
in the earlier work was that the equil i
brium gas contents were much 
higher than were predicted by Sie-
vert's Law for temperatures cor
responding to an estimated average 
temperature throughout the weld 
pool. This difference was especially 

pronounced in the case of aluminum 
where the metal absorbed large 
quantities of gas very rapidly. This is 
consistent w i th the observation of 
Lakomskii who, in levitation melt ing 
experiments, found that the max
imum standard solubility of hydrogen 
was about 20 m l / 1 0 0 g of aluminum 
at 2050 C (Ref. 10). Since pool 
temperatures of this order are be
lieved to exist in both arc melt ing and 
welding, it can be seen how very high 
weld metal hydrogen contents could 
arise even if contamination levels in 
the welding system are quite low. 

For an equilibrium condit ion, Sie-
vert's Law states that: 

[H] = KM 
where: 
[H] is the total volume of hydrogen 

in the liquid metal 
K is a constant of proportionality 

PH is the partial pressure of 
hydrogen in the arc expressed 
in atmospheres 

Since welding is a dynamic pro
cess, equil ibrium conditions are un
likely to be established. However, the 
weld metal hydrogen content and the 
rate of gas absorption should stil l be a 
function of the hydrogen content of 
the arc. The total volume picked up de
pends upon the kinetics of the gas 
absorption process. Al though basic 
gas absorption mechanisms have 
been, proposed for arc melt ing situa
tions, little information is available to 
indicate how wel l these mechanisms 
apply to arc welding. In particular, 
very little has been published con
cerning the role of absorption kinetics 
in weld porosity. The present study 
should help to bridge this gap by 
obtaining porosity and hydrogen ab
sorption data for aluminum and its 
alloys under arc welding conditions. 

In the experimental work, various 
levels of porosity were produced in 
aluminum by welding w i th shielding 
gases containing known quantities of 
hydrogen. A major problem which a l 
ways exists in this type of research is 
that of retaining.as much as possible 
of the absorbed gas in the weld 
metal. In the present work, all we ld
ing was conducted in the overhead 
position, thereby el iminating losses 
due to porosity f lotation. Some gas 

Table! —Standard GTA Welding Conditions 

Current, A 
Arc length, in. 
Travel speed, ipm 
Gas f low, cfh 
Electrode 
Electrode e x t , in . 
Cup height, in. 
Cup diam, in. 

200 
0.066 
8 
75 
EWTh-2 
1.1 
0.5 
0.75 

could have been lost by diffusion f rom 
the pool surface and by the breaking 
of a small number of bubbles forming 
near the surface. However, in gen
eral, these quantities were con
sidered to be minimal. 

The f inal gas content of the weld 
metal was determined from weld 
bead density measurements. The 
total volume of hydrogen in the weld 
metal consisted of: 

1. that present in the plate before 
the weld was made 

2. that absorbed by the weld 
metal from the arc during weld
ing 

Only the latter quantity could be 
determined from the density mea
surements. This absorbed gas was 
present in two forms. A certain 
quantity was in solution, wh i le the re
mainder was present as porosity. A l 
though only the porosity volume was 
measured directly, the volume ab
sorbed and held in solid solution by 
the weld metal could be obtained by 
indirect means. 

The initial phase of the work con
sisted of establishing behavior pat
terns for commercially pure 1100 
aluminum. Once this was accom
plished, later phases of the investiga
t ion were concerned w i th the effects 
of welding variables, alloy composi
t ion and welding methods. 

Exper imenta l Procedures 

The general approach in the 
present work was to produce weld 
beads under conditions wh ich (apart 
from the overhead positioning) close
ly approximated those that might be 
used in everyday aluminum welding. 

Gas Tungsten-Arc (GTA) Welds 

Al l welding was automatic over
head dcsp w i th a 2% thoriated tung
sten electrode (EWTh-2) ground to a 
60 deg included angle. The standard 
welding conditions are shown in 
Table 1. Al l runs were of the simple 
autogenous bead-on-plate type. The 
standard test plate dimensions were 
12 x 3 x 0.25 in., so that each weld 
was about 10 in. long. The plate was 
thick enough to prevent penetration 
of the weld bead, so that no gas was 
lost from the back side of the weld. 
The arc voltage was not monitored 
but arc length was accurately con
trolled and was set w i th a feeler 
gauge between the electrode tip and 
the plate surface prior to each run. 

Al l the shielding gases were dried 
by a molecular sieve in the gas line, 
and the gas system was purged be
fore each run to remove any traces of 
other shielding gases. A control weld 
was made using 75% hel ium-25% 
argon before and after each series of 
welds to check that contamination 
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wi th in the system was not contribut
ing to porosity. Furthermore, when a l 
loys other than 1100 aluminum were 
being investigated, a control 1100 
plate was run at one gas level to en
sure that consistent results were be
ing obtained between one set of data 
and another. 

Gas Metal-Arc (GMA) Welds 

GMA welds were also produced in 
the overhead position, but using re
verse polarity. The fi l ler metal was 
taken from ( 1 / 1 6 in. diam) com
mercial lots. Since the weld beads 
were somewhat larger than the GTA 
welds, the plate dimensions were in
creased to 12 x 4 x 0.5 in. Just prior to 
cleaning, a groove 3 / 1 6 in. deep was 
machined down the center of each 
plate and the weld bead was run 
along this. Welding current was 200 
A at a travel speed of 20 ipm. Arc 
length was held at about 3 / 1 6 in. 
wh ich gave the " t rans i t ion" arc 
sound, as judged by an experienced 
aluminum welding operator. Normal
ly, the welding voltage under these 
conditions was about 24 V, but again 
arc length rather than voltage was 
kept constant. 

Shielding Gases 

Contamination was introduced into 
the welding system through the use 
of shielding gases containing known 
amounts of hydrogen. The gases used 
were from cylinders of 75% hel ium-
25% argon, to wh ich varying small 
quantit ies of hydrogen had been 
added. Mass spectrometry showed 
hydrogen contents (% H2) that varied, 
as fol lows: 0.019, 0.066, 0.096, 0 .21 , 
0.36 and 0.57. 

Materials 

Analyses of plate materials are 
listed in Table 2. Al loys wi th com
mercial designations were taken 
from production lots. Experimental al
loys were produced in the laboratory 
from small ingots using high purity 
components. 

Weld Metal Gas Determinations 

Hydrogen contents were deter
mined by measuring weld metal dens
ity. The measurements were made by 
the simple water displacement tech
nique. 

A sample approximately 1.5 in. 
square was cut f rom a welded plate 
(Fig. 1) and weighed in air, then in 
water. Following this, the weld metal 
was cut away using a small electric 
cutting tool w i th a range of small 
diameter cutters. Care was taken to 
remove a min imum of base plate and 
the area was lightly etched during cut
t ing to distinguish between weld and 

Table 2 — Composit ion of Base Plate Mater ials 

Alloy Si Fe Cu Mn Mg Cr Zn 

1100 
1% Mg 
6.5% Mg 
1%Zn 
6.5% Zn 
3003 
5083 
7039 
2219 

0.06 
0.05 
0.03 
0.01 
0.01 
0.29 
0.12 
0.08 
0.09 

0.56 
0.02 
0.02 
0.01 
0.06 
0.67 
0.21 
0.17 
0.24 

0.13 
0.01 
0.00 
0.00 
0.00 
0.08 
0.05 
0.02 
5.4 

0.01 
0.00 
0.00 
0.00 
0.00 
1.13 
0.58 
0.25 
0.31 

0.00 
1.20 
6.50 
0.00 
0.00 
0.01 
4.58 
2.50 
0.01 

0.001 
0.001 
0.00 
0.00 
0.00 
0.005 
0.09 
0.19 
0.02 

0.02 
0.02 
0.00 
0.95 
6.60 
0.02 
0.08 
3.75 
0.04 

0.02 
0.00 
0.01 
0.02 
0.01 
0.01 
0.02 
0.01 
0.04 

Fig. 1 — Weld bead from which density specimens were taken (X'A) 

base metal. When all traces of weld 
metal had been removed, the remain
ing plate was reweighed in air and in 
water. From the difference between 
the two sets of weighings, the density 
of the cut-away weld metal could be 
calculated. Knowing this and the 
density of sound weld metal (which 
was established by control runs), the 
volume of the porosity could be ob
tained. After correction to NT.P., this 
volume was assumed to be that of the 
measurable hydrogen in the weld. 

Results 

Hydrogen Absorption in 
GTA Welded 1 1 0 0 Aluminum 

Welds at a Constant Arc Hydrogen 
Level. The first welds were produced 
primarily to establish the techniques 
and reproducibility of the methods. To 
do this, three identical GTA welds 
were run on 1100 aluminum plate 
using a gas contaminated w i th 0.57% 
hydrogen. After discarding the bead 
start and stop areas, the remainder of 
each plate was cut into samples 1.5 
in. long for density analyses. The re
sults showed that the measured gas 
contents changed markedly as the 
weight or volume of melted base 
plate changed along the length of 
each weld (Fig. 2). 

However, an approximately linear 
relationship was apparent between 
the gas content and the bead weight 
(Fig. 3). When plotted on this basis, 
the results obtained from the three 
plates were indistinguishable. The 
trend was for the gas content of the 
weld metal to decrease as the weight 
of fused metal increased. This 

showed that an equil ibrium gas con
tent was not established and also 
meant that the data were comparable 
only if taken for the same weight of 
metal melted or if al lowance were 
made for variations in the size of the 
fused zone. 
Welds with Varying Levels of Arc 
Hydrogen. These welds were pro
duced using the standard operating 
conditions given in Table 1 and 
shielding gases from the mixtures de
tailed earlier. The previous results 
had shown that comparisons of the 
porosity produced at various hydro
gen contamination levels required 
weld beads of constant weight per 
unit length. Since this would have 
necessitated extremely accurate con
trol of the welding and heat sink 
parameters, another approach was 
used. The welds were purposely pro
duced w i th a wide variation in fused 
zone size along the length of the 
bead. This was done by varying the 
clamping pressure between each 
weld plate and the heavy backing 
plates. Then, by taking samples f rom 
different locations along each bead, a 
range of bead weights per unit length 
of weld was obtained from a single 
test plate. From this range, the hydro
gen content at any intermediate weld 
bead size could be determined by 
interpolation. 

Several welds were made at each 
level of hydrogen contamination. The 
results showed that there was a grad
ual increase in porosity level w i th in
creasing arc hydrogen as can be seen 
in the macrosections in Fig. 4. The 
hydrogen contents calculated f rom 
the density measurements are shown 
plotted in Fig. 5 as a function of the 
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= Measured Hydrogen Content 
* Weld Metal Weight par cm. 

3 4 5 1 2 3 4 5 1 2 3 4 5 

Distance Along Welded Plates, 1.5-inch Increments 

Fig. 2 — Variations in hydrogen content and weight of metal melted along three GTA 
welded plates 

0.019%H 0.096%H-

0.21%H-

0 .36%H 2 0.57%H-

1100 A L U M I N U M 

Fig. 4 — Macrographs of GTA welds made in 1100 plate showing increasing porosity with 
increasing hydrogen contamination (X5, reduced 19%) (V2% HF etchant) 

weight of metal melted per cm of 
weld length. From this, an arbitrary 
weight of 0.6 g / c m of bead length 
was chosen to compare the hydrogen 
contents obtained wi th each gas. 

Plotting the values at 0.6 g / c m as a 
function of the square root of the 
hydrogen partial pressure in the arc 
yielded a linear relationship (Fig. 6) as 
would be expected if the system be
haved accord ing to S ieve r t ' s 
principle. The slope of the line gives a 
value for the constant of proportional
ity (K) in Sievert's relationship. This, 
in effect, is a measure of the suscept

ibility of the alloy to hydrogen poros
ity. The higher the value of K, the 
greater wi l l be the rate of increase in 
weld porosity for a given increase in 
hydrogen contamination of the arc. 
However, it should be emphasized 
that the value of K = 64, determined 
here, is valid only for the particular 
alloy, welding conditions and bead 
weight chosen. Changes in any of the 
welding parameters, or in the size of 
weld bead, would change the value 
o fK. 

From Fig. 6 it is also possible to 
determine (a) the threshold arc con-

E 6.0 

c 5.0 
o 

% 4.0 
o 
•5 

0 • 
* 2.0 

.%. 

| 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Weight of Weld Metal Melted, g / c m of Length 

Fig. 3 — The measured weld metal hydro
gen content as a function of the bead size 

tamination level or hydrogen level at 
wh ich porosity f irst appeared and (b) 
the volume of hydrogen absorbed 
from the arc and retained effectively 
in solid solution by the weld metal. 

In this instance, the threshold arc 
hydrogen level was about 0.012% H 
or 120 parts per mil l ion of hydrogen. 
The volume of hydrogen absorbed 
from the arc and held in solid solution 
can be estimated by the extrapolation 
of the hydrogen content measure
ments backwards to the zero arc con
tamination level. The negative inter
cept of the line upon the hydrogen 
content axis then indicates the 
volume of gas absorbed from the arc 
and held in solid or supersaturated 
solid solution. The value obtained in 
this instance was 0.7 m l / 1 0 0 g. 
Knowing this value, as wel l as the 
amount of gas present as porosity 
and the welding speed, it was pos
sible to calculate the rate of gas 
absorption at any of the gas con
tamination levels used. This calcula
t ion for the 0.57% H 2 shielding gas 
showed that the gas absorption rate 
first increased as the pool size in
creased, then reached a constant 
value of about 10.7 x 10 3 ml /sec as 
the bead size approached 1.0 g / cm of 
length (Fig. 7). This may mean that, 
once the weld pool reaches a certain 
size, any further size increases do not 
significantly influence the area over 
which absorption takes place. The 
variation in absorption rates again 
emphasizes the need to consider all 
results at a constant weld bead size. 

Hydrogen Absorption in 
GTA Welded Aluminum Alloys 

The next stage in the investigation 
was to determine how changes in 
weld metal composition affected 
hydrogen absorption. By holding all 
the welding parameters constant, the 
porosity formation characteristics of 
various aluminum alloys could be de
termined and compared to those of 
1100 aluminum. Specimens and tech
niques identical to those used earlier 
for 1100 aluminum yielded data and 
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* - 0.57 % H2 
° - 0.36 % Hz 
a - 0.21 % H 2 
a - 0 .096 7 . Hz 
* - 0.019 % H 2 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Weight of Base Metal Me l ted , g / c m of Length 

Fig. 5 — Measured hydrogen content of 1100 aluminum GTA weld metal as a function of 
the bead size and shielding gas composition 
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Fig. 7 — The rate of hydrogen absorption as a function of pool size for 1100 aluminum 
welded with 0.57% arc hydrogen 

relationships similar to those shown 
in Fig. 5. From these, the gas con
tents of each alloy, at a constant bead 
weight of 0.6 g / c m , were again ex
pressed in terms of the square root of 
the partial pressure of hydrogen in 
the arc. 
Alloys Containing Magnesium. Com
mercial 5083 plate and two simple 
binary magnesium alloys containing 
1 % and 6.5% Mg were investigated 
(Table 2). Results w i th all three alloys 
conformed wel l to Sievert's principle. 
The volume of porosity, however, was 
considerably lower in each alloy at a 
given arc contamination level than it 
had been in 1100 aluminum (Figs. 8, 
9) and, in general, as the magnesium 
content of the alloys increased, the 

weld porosity decreased. In all alloys, 
however, once porosity appeared, its 
volume increased at about the same 
rate w i th a given increase in arc con
tamination. 

The threshold arc contamination 
level became higher as the magne
sium content of the alloys increased. 
For example, in the 6.5% Mg alloy 
about 1090 ppm of hydrogen in the 
arc was required before porosity ap
peared. In the 1.0% Mg alloy, 625 
ppm was sufficient, and in 1100 
aluminum it was previously deter
mined that an arc level of only 1 20 
ppm of hydrogen would cause poros
ity. 

Two factors contributed to these dif
ferences. Firstly, the absorption co-

^O.OI 0.02 0.03 0.04 0.05 0.06 0.07 
Hydrogen Content of the Arc, {P^, 

Fig. 6 — The relationship between the 
weld metal hydrogen content and the 
square root of the partial pressure of 
hydrogen in the shielding gas at a bead 
weight of 0.6 g/cm 

Fig. 8 — The hydrogen content of alumi
num-magnesium alloy welds as a function 
of the square root of the arc hydrogen con
tent 

efficient (K) of the A l -Mg alloys was 
lower (approximately 40 as compared 
to 64 for 1100 aluminum). Secondly, 
the magnesium alloys could absorb 
more hydrogen before porosity ap
peared. For example, the 6.5% Mg 
alloy absorbed about 1.25 ml H2/ IOO 
g and the 1 % Mg about 0.75 ml 
H 2 / 1 0 0 g before porosity began to 
form. The 1100 aluminum could only 
absorb 0.7 ml H 2 / 1 0 0 g. Therefore, 
even if the gas absorption rates had 
been the same, porosity would have 
appeared at lower arc hydrogen 
levels in 1100 aluminum than in the 
A l -Mg alloys. 

Alloys Containing Zinc. This study in
cluded alloy 7039 and two binary zinc 
alloys containing 1 % and 6.5% Zn, 
respectively. As shown in Fig. 10, 
the 1 % Zn alloy was slightly more 
prone to porosity formation than 
1100 aluminum. The 6.5% zinc alloy, 
on the other hand, was considerably 
less so. The marked difference in 
porosity levels between this alloy 
and 1100 aluminum can be seen by 
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comparing the macrostructures in 
Figs. 11 and 4. The low rate of in
crease of porosity in the 6.5% zinc 
alloy corresponded to a low absorp
t ion coefficient (K = 25) when com
pared to 1100 aluminum (K = 64). 
Alloy 7039 also showed lower po
rosity levels than 1100 aluminum, 
largely because it had very high solid 
solution capacity (approximately 2.4 
ml H 2 / 1 0 0 g). However, once poros
ity did occur in this alloy, the rate of 
increase was faster than that in 1100 
aluminum, indicating a slightly higher 
absorption coefficient. 

Summarizing, in the binary Al-Zn 
alloys, the porosity formation ten
dency increased slightly in the 1 % 
Zn alloy but, fo l lowing the same trend 
as in the magnesium alloys, de
creased in the more highly alloyed 
(6.5% Zn) material. However, 7039, 
which is also highly alloyed (3.75% 
Zn, 2.5% Mg), showed a surprisingly 
high rate of porosity increase, al
though this was offset by a very high 
solid solution capacity. 
Aluminum Alloys 3003 and 2219. 
Alloys 3003 and 2219 were in
vestigated, since both are commonly 
welded in industry. The results are 
shown in Fig. 12. The behavior of 
3003 was very close to that of 1100 
aluminum, although there was a 
slight increase in both the quantity of 
arc hydrogen held in solid solution, 
and the rate of porosity increase. 

The copper-containing 2219 alloy 
showed a low absorption coefficient 
(K = 29) and a low solid solubility l imit 
(0.45 ml H2/ IOO g). As a conse
quence, the porosity format ion ten
dency of this alloy was very low. 

Influence of Welding Variables 

Although chemical composit ion is a 
major factor affecting hydrogen 
absorption and porosity in the weld 
metal, changes in the welding vari
ables would also be expected to pro
duce an effect. The next step in the in
vestigation dealt w i th this aspect. A 
major difficulty was encountered 
here in that changing any welding 
parameter almost inevitably led to a 
change in the size of the fused zone. 
Since it had been shown earlier that 
fused zone size changes affected the 
measured hydrogen contents, a deter
mination of the trends resulting from 
each parameter change was usually 
the best that could be achieved. The 
welding parameters invest igated 
were varied over as wide a range as 
practicable. During the investigation 
of each variable, all other conditions 
were maintained as given in Table 1. 
Again, the welding was GTA over
head on 1100 aluminum. 
Welding Current. The influence of cur
rent was investigated over a range of 
100 to 300 A. The shielding gas con
tained 0.066% hydrogen. Variations 

0.019%H2 
0.096%H2 

0.21%H 2 

AI -6 .5% Mg 
0.57%H 2 

Fig. 9 — GTA welds made in Al-6.5% Mg alloy show increasing porosity levels with in
creasing arc hydrogen, X5, reduced 22% f/2% HF etchant) 

in the size of the fused zone were 
minimized by using the combination 
of plate thicknesses and preheat 
treatments outlined in Table 3. Since 
the production of a range of hydrogen 
content /bead weight specimens for 
each amperage level was a t ime-
consuming task, the results at each 
current level were adjusted to a bead 
weight of 0.6 g / cm . To apply this 
adjustment, it was assumed that (a) 
the true 0.066% hydrogen con
tent /bead weight relationship was a 
straight line fall ing between the 
0.096% H2 and 0.019% H2 results 
shown in Fig. 5, and (b) that the slope 
of th is line would be parallel to the 
0.096% H2 results. Knowing the two 
quantities H x and x, wh ich were re
spectively the individual experimental 
determinations of the hydrogen con
tents and co r respond ing bead 
weights using the 0.066% H2 shield
ing gas at each current level, the 
above assumptions enabled the equa
tion: 

£ 4 

5 3 
s 

1 2 

0.01 —O02 0.03 0.04 0.05 0.06 0.07 

/ c 
Hydrogen Content of the Arc, (PH_OtlB 

H 0 6 = H x + 2 . 3 8 x - 1 . 4 3 

to be used in calculating the adjusted 
gas content H 0 6 at a bead w t of 0.6 
g / c m for each determinat ion. 

The results are shown in Fig. 13. 
The trend established was one of in
creasing porosity as the welding cur
rent was increased. Since it was 
determined earlier that welds in 
1100 aluminum can retain about 0.7 
ml H 2 / 1 0 0 g of weld metal in solid 

Fig. 10 — Weld metal hydrogen contents 
in aluminum-zinc alloys as a function of 
the square root of arc hydrogen 

solution, the hydrogen absorption 
rates could also be calculated and, as 
would be expected, these fol lowed 
the same trend. Following the absorp
t ion model outl ined earlier, it is pro
posed that increasing the current 
raises the average surface temper
ature of the weld pool, enlarging the 
area of the hot annular zone over 
which the hydrogen absorption takes 
place. This results in an overall in
crease in the rate of gas pickup as cur
rent increases. 
Arc Length. In th is study the arc 
length was varied between 0.020 and 
0.070 in. As mentioned earlier, arc 
length was set w i th a feeler gauge be-
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Table 3 — Preheat and Plate Thickness 
Combinations Used to Investigate the 
Effect of Current on Absorption 

Current, 
A 

100 
150 
200 
250 
275 

Plate 
thick

ness, in. 

3/16 
1/4 
1/4 
1/4 
1/2 

Preheat, 
F 

500 
500 
None 
None 
None 

0 . 2 1 % H 2 

0 . 3 6 % H 2 
0 . 5 7 % H 2 

A I - 6 . 5 % Zn 

* 5 

£ 4 

Fig. 11 — Increasing porosity inAI-7.5% Zn alloy welds made with hydrogen contaminated 
shielding gases. X5, reduced 15% f/2% HF etchant) 

general, therefore, longer arcs would 
be expected to cause more we ld 
porosity than short arcs. 
Travel Speed. Up to this point, the 
standard travel speed throughout the 
experimental work had been 8 ipm. 
To examine the effect of this as a vari
able, additional tests were run at 12 
and 20 ipm holding all other param
eters constant. Test plates used for 
the 20 ipm set of results were pre
heated to 520 F before welding, in 
order to produce weld beads of 
comparable size to those produced at 
the slower welding speeds. 

The data in Fig. 15 show that at 
each travel speed, the gas contents 
increased linearly in accordance w i th 
the square root of the partial pressure 
law. However, as the travel speed in
creased, the weld porosity at any 
given arc contamination level de
creased. This latter effect may be in
terpreted as a progressive lowering in 
the value of the absorption coeffi
cient, K. The volume of gas held in 
solid solution by the 1100 aluminum 
remained constant but the threshold 
value for the onset of porosity was 
lowered. This means that more highly 
contaminated welding systems can 
be tolerated at higher travel speeds. 
Calculations of the rate of hydrogen 
absorption, again making allowances 
for the volume of gas held in solid 
solution, demonstrated that the rate 
of gas absorption was unaffected by a 
change in travel speed (Fig. 15b). 
Thus, the reduction in porosity caused 
by going faster was simply a conse
quence of the reduced t ime available 
for gas pickup. 

i ^ - 0 . 0 l 0.02 0.03 0.04 0.05 0.06 0.07 

/ / Hydrogen Content of the Arc, IPH otm 

Fig. 12 — Hydrogen contents in 3003 alloy 
and 2219 alloy as a function of the square 
root of the arc hydrogen 

fore each run was started and the 
electrode-to-plate distance was not 
adjusted during the run. The true arc 
lengths, therefore, would have been 
somewhat longer than those mea
sured, due to the depressing action of 
the arc forces on the pool surface. 

The weld bead weight per unit 
length was about 0.4 g / c m over the 
range of arc lengths investigated, so 
no correction was made for variations 
in pool size (Fig. 14). 

The measured hydrogen contents 
showed a general trend of increasing 
gas pickup as the arc lengthened. 
This trend was probably due to the 
modification of the surface temper
ature profile across the pool. As the 
arc length increases, a greater area 
of the pool surface is exposed to the 
arc, and the area of the annular 
absorbing zone becomes greater. In 

Shielding Gas Flow Rate. Another 
variable investigated was the shield
ing gas f low rate. For these tests, the 
shielding gas used contained 0.066% 
hydrogen whi le welding conditions 
other than the gas f low rate were as 
shown in Table 1. Two sets of results 
produced under identical conditions 
over the range 30 to 105 cubic feet 
per hour are shown in Fig. 16. The dif
ference in porosity levels between 
one set and another was caused by a 
small change in the volume of the 
weld beads. Indications were that 
weld porosity levels and gas absorp
tion rates were slightly reduced at 
high gas f low rates, possibly because 
of a gas cooling effect on either the 
arc or the pool surface. 
The Effect of Electrode Changing and 
Regrinding. This phase of the work 
was undertaken to inves t iga te 
whether changes at the electrode tip 
could affect porosity levels. Such 
changes in the tip might be brought 
about either by arc wear, by 
mechanically redressing the tip or by 
changing from one electrode to an
other. Al l the electrodes used were 
taken from a batch of 2% thoriated 
tungsten rods which were ground to 
an included tip angle of 60 deg + 2 
deg. Welds were produced using 
0.57% H2 gas and standard operating 
conditions. The results are shown in 
Fig. 17. A series of f ive consecutive 
welds and another of ten welds were 
made w i th a new electrode at the be
ginning of each series. Two more 
series of five welds each were made 
using the same electrode throughout 
each series but regrinding the tip be
tween each run. 

Each set of welds showed a wide 
range of inter-run absorption rates. 
This occurred whether the electrode 
was reground or whether the same 
tip was used again. There appeared to 
be a general trend toward higher 
absorption after prolonged use of the 
same electrode. The effect, however, 
is difficult to explain on the basis of 
tip aging, since two sets of data 
where the electrodes were reground 
between each run also showed the 
same trends. Presumably, the dif
ferences between runs are due to 
slight changes in arc structure each 
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Fig. 13 — The effect of welding current on weld porosity and the rate of hydrogen absorp
tion in 1100 aluminum 

t ime the arc is initiated. Overall, the 
individual run variations could be 
quite marked. These variations un
doubtedly contributed some scatter to 
the results reported in this work, and 
they could also lead to variable poros
ity levels in commercial weldments. 

E 
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Arc Length, in. 

Fig. 14 — The effect of arc length upon the 
volume of hydrogen porosity in the weld 
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Fig. 15 — Weld metal hydrogen content 
and hydrogen absorption rate as a func
tion of travel speed 

Analysis of Gas 
Metal-Arc Welds 

In the next phase of the study, the 
primary objective was to determine 
whether the trends established for 
GTA welds also held true for GMA 
welds. Trials were made w i th various 
fi l ler metal /base metal combinations 
and hydrogen contaminated gases in 
the consumable metal-arc system. 
These results were somewhat more 
difficult to compare on an absolute 
basis, since it is well known that fi l ler 
metal surface contaminat ion can con
tribute significantly to the weld metal 
hydrogen content in the consumable 
metal-arc system. No electrode clean
ing procedures were employed, but 
each alloy combination was checked 
by a control run prior to each welding 
series to insure that there was no 
porosity. 

Bead sizes were in the region of 1.5 
g / c m in all alloy combinations used 
in this phase of the work. As a conse
quence, when plotting the results, no 
corrections were made for size varia
tions. The results are shown in Fig. 
18. 

As in GTA welding, 1100 alumi
num was the alloy most sensitive to 
porosity formation. The volume of gas 
absorbed by the metal before porosity 
appeared was approximately the 
same as in the GTA work (0.7 ml 
H 2 / 1 0 0 g). However, the rate of in
crease in porosity w i th increasing gas 

contamination levels was much 
higher than in the GTA welds pro
duced at the same welding speed. 

One possible factor contributing to 
this was reaction between the molten 
electrode droplet and the shielding 
gas. The contribution of the droplet to 
the final weld metal gas content was 
estimated by comparing the hydrogen 
content of droplets obtained f rom 
arcs struck in pure 75% hel ium-25% 
argon shielding gas to that of droplets 
f rom an arc contaminated w i th 0.57% 
hydrogen. 

Samples were obtained by shutt ing 
off an established arc and collecting 
the drops which were frozen on the 
wi re tip. A metallographic examina
tion showed that there was more 
porosity in those drops obtained 
using the hydrogen-contaminated 
gas. Hydrogen analyses by sub-fusion 
vacuum extraction indicated that the 
drops produced in the pure shielding 
gas contained about 1.1 m l H 2 / 1 0 0 g . 
Those produced in the contaminated 
gas contained 2.3 ml H 2 / 1 0 0 g. The 
difference of 1.2 ml H 2 / 1 0 0 g was at
tributed to absorption f rom the shield
ing gas at the electrode tip. 

The average weight of a drop was 
7.8 x 10 2 g and from high speed 
movies it was estimated that drops 
existed for 4 x 10-3 sec on the elec
trode and 2 x 10-3sec in the arc. If the 
same reaction rate is assumed whi le 
the drop is in f l ight across the arc as 
at the wi re t ip, the drop entering the 
pool might be expected to contain 
about 1.8 ml H 2 / 1 0 0 g of metal. 
Measurements showed that the elec
trode contributed about 75% towards 
the f inal bead weight so that the fil ler 
metal contribution to the pool hydro
gen would have been about 1.4 ml 
H 2 / 1 0 0 g of weld bead. 

Earlier gas content measurements 
showed that at the 0.57% arc hydro
gen level, the weld metal absorbs 
about 4.4 ml H 2 / 1 0 0 g. Therefore, 
the molten droplet reactions in the 
1100 fil ler me ta l / 1100 base plate 
system contributed approximately 
one-third of the f inal gas content of 
the pool. Subtracting the droplet con
tribution leaves a figure of 3.0 ml 
H 2 / 1 0 0 g for the weld pool /arc reac
t ion which is stil l 50% higher than for 
GTA welding at 20 ipm. This leads to 
the conclusion that hydrogen pickup 
is more rapid in GMA weld pools than 
in GTA pools. Factors contributing to 
this may have been the longer arcs 
used in the GMA work, the effect of 
the polarity reversal, or the increased 
surface area of the weld pools. 

Cons ider ing the o the r f i l l e r 
metal /base metal sys tems , al l 
showed lower porosity levels than 
the 1 1 0 0 / 1 1 0 0 system. This resulted 
from a combination of lower absorp
t ion coefficients and the absorption of 
larger volumes of gas before porosity 
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appeared. The least improvement 
was shown by 4043 and 2319 alloy 
electrodes on 1100 base plates. This 
latter result was unexpected since 
the GTA welds on 2219 plates had 
shown a very low hydrogen absorp
tivity. The use of magnesium-contain
ing 5183 wire and magnesium and 
zinc in 5039 electrodes both resulted 
in a lowering of porosity levels. The 
same effects were found w h e n 1100 
fi lter metal was welded on 5083 
plate. In fact, the hydrogen levels 
were slightly lower than those in 
welds made w i th 5183 electrodes on 
1100 plate. Increasing the magne
sium content of the weld metal by 
welding 5183 fi l ler on 5083 plate did 
not reduce porosity further. These re
sults again fol lowed the GTA trends 
in that: 

1. even a small percentage of 
magnesium in the weld markedly 
lowered the porosity content; and 

2. no extra benefit was obtained by 
increasing the magnesium con
tent to higher levels. 

This behavior was confirmed in welds 
using 4043 fi l ler metal on 6061 alloy 
plate. Wi th 25% plate di lut ion, the 
weld metal probably did not contain 
much over 0.25% Mg. Yet the thres
hold arc hydrogen contamination 
level was of the same order as that of 
other magnesium-containing alloys, 
the solid solubility was about 1 ml 
H 2 / 1 0 0 g of metal and the absorption 
coefficient (K) was slightly lower than 
for the other alloys. These properties 
resulted in the lowest porosity-form
ing characteristics of all the GMA 
welding combinations tested. 

Discussion 

The behavior of the a lum inum/ 
hydrogen system during welding was 

generally consistent w i th the 
pattern expected from the model 
proposed for arc melt ing by pre
vious investigators. The present re
sults show how the general pr in
ciples of this type of gas/meta l 
reaction may be applied to the prob
lem of porosity formation during arc 
welding. An important f inding was 
that although each aluminum alloy 
behaved according to the principles 
of Sievert's Law, each reacted dif
ferently to a given level of welding arc 
contamination. 

The mechanism of absorption is 
one in which hydrogen becomes dis
sociated in the arc atmosphere, enter
ing the molten weld metal in atomic 
form. During both GTA and GMA 
welding, the volume of gas absorbed 
by the weld pool was directly propor
tional to the square root of the hydro
gen partial pressure in the arc. How
ever, the volume of gas absorbed was 
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Fig. 16 — The effect of shielding gas flow 
rate upon weld porosity level and the rate 
of gas absorption 
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also affected by the welding condi
tions through changes in the absorp
t ion rate. 

The total hydrogen in the weld 
metal is composed of the hydrogen in 
the materials before the weld was 
made and the hydrogen introduced 
during welding. Upon solidification, a 
certain volume of the hydrogen is re
tained effectively in solid or super
saturated solid solution in the weld 
metal. The remainder of the gas is 
potentially available to form porosity 
in the weld bead. In the present work, 
a situation existed in which no gas 
was lost from the weld by porosity 
f lotation. It fol lows from what has 
been established that at a specific 
level of contamination in a given 
welding system, the weld porosity in 
an alloy wi l l be determined by: 

1. The initial material hydrogen con
tents 

2. The effective solid solubility of 
hydrogen in the metal 

3. The value of the hydrogen 
absorption coefficient pertaining 
to the particular welding and arc 
contamination conditions 

Therefore, in terms of these con
siderations alone, an aluminum alloy 
showing minimum weld porosity 
would be one which is wel l degassed, 
has a high hydrogen solid solubility 
and a low hydrogen absorption co
efficient. 

In the present work, two com
ponents were obtained: (a) the 
volume of gas absorbed from the arc 
which was retained in solid or super
saturated solid solution in the weld 
metal, and (b) the volume of gas pres
ent as porosity. Together, these two 
quantities represent the total volume 
of hydrogen absorbed from the arc. 
The unknown quantity was the 
volume of gas present in the ma
terials before welding began. This is 
important since it would be expected 
to influence the threshold porosity 
level. If it is assumed that any partic
ular welded alloy can hold only a 
specific volume of hydrogen in solid 
or supersaturated solution in the weld 
metal, then the higher the initial plate 
hydrogen concentration, the lower 
the level of arc contamination that 
can be tolerated. 

Some preliminary evidence sup
porting this concept was obtained 
using an experimental cast of 5182 
alloy wh ich was degassed to two 
levels during pouring. Sub-fusion 
vacuum analyses of samples of un
welded plate fabricated f rom these 
castings yielded hydrogen contents of 
0.35 m l / 1 0 0 g and 0.08 m l / 1 0 0 g, 
i.e., a difference of 0.27 m l / 1 0 0 g in 
gas contents. During overhead GTA 
welding tests fol lowing the standard 
procedures used in most of this work, 
differences in gas contents between 

Table 4 — Absorption Rates and Solid Solubilities of Various Alloy Systems 

Alloy 

Al 
Al 

Al 
Al 

1100 
+ 1% Mg 
+ 6.5% Mg 

5083 
+ 1%Zn 
+ 6.5% Zn 

7039 
3003 
2219 

1100/1100 
5183/5083 
4043/6061 

Absorption rate3 

ml/sec x 10 - 3 

GTA Welding 
2.63 
2.64 
1.58 
1.62 
3.45 
1.93 
3.15 
2.78 
1.16 

GMA Welding 

15.23 
11.22 
9.55 

Solid solubility, 
ml/100 g 

0.7 
0.75 
1.25 
1.1 
1.15 
0.5 
2.3 
0.95 
0.45 

0.7 
1.2 
1.0 

(a) The absorption rate was calculated for an arc contamination 
level of 400 ppm hydrogen. 

welds on the two plates were deter
mined by means of weld metal dens
ities. These differences were found to 
be 0 .31 , 0.34 and 0.23 ml H 2 / 1 0 0 g 
at three different arc contamination 
levels — figures which agree closely 
w i th the difference in the vacuum 
extraction measurements on the 
plate materials before welding. This 
illustrates the importance of using 
wel l degassed plate. 

The data also indicated that the 
plate containing 0.08 ml H 2 / 1 0 0 g 
could be welded at an arc contamina
t ion level of almost 1 500 ppm hydro
gen before weld porosity appeared. 
The badly degassed plate could only 
tolerate just over 1100 ppm hydrogen 
in the arc. The basic reason for this 
difference was that the wel l de
gassed plate could absorb and hold 
about 1.9 ml H 2 / 1 0 0 g of arc hydro
gen in solid solution, whi le the other 
plate could only absorb about 1.6 
m l / 1 0 0 g of hydrogen before porosity 
appeared. Thus, the total volume of 
gas held in solid solution was almost 
2.0 ml H 2 / 1 0 0 g in this particular 
alloy. 

A t this stage it is not clear in what 
form this much gas is retained by the 
weld metal. For example, in the case 
of 1100 aluminum, the volume of arc 
hydrogen held in solid solution was 
about 0.7 m l / 1 0 0 g of weld metal, a 
value which is in good agreement 
w i th that predicted by Nikiforov (Ref. 
11). However, this volume is much 
greater than the accepted solid solu
bility level of hydrogen in pure alumi
num of 0.04 m l / 1 0 0 g as measured 
by Ransley (Ref. 12). Whether the 
values obtained represent true solid 
solubility levels, or whether there is 
considerable supersaturation, is not 
known. 

However, it is noteworthy that for 
1100 aluminum, the apparent solid 
solubility was independent of travel 

speed which implies an inde
pendence of the rate of solidification. 
Solid solubility estimates for some of 
the other alloys investigated are sum
marized in Table 4. These are prob
ably conservative figures since the 
initial plate hydrogen contents were 
not known. Solid solubility was also 
independent of the weld method (i.e., 
GTA or GMA) and the welding vari
ables, although it appeared to be 
markedly dependent upon the alloy 
composition. Most alloys were able to 
hold more hydrogen in solid or super
saturated solid solution than pure 
aluminum. But, again, wi thout know
ing the initial plate hydrogen con
tents, it is not possible to state by 
how much the total solid solubility 
values of hydrogen in the alloys dif
fered. 

However, the differences encoun
tered in the present work were large 
enough to make significant differ
ences to weld porosity levels in the 
various alloy systems, showing that 
the capacity of the alloy to retain 
hydrogen in some form in the solid 
metal is an important factor in deter
mining the f inal weld porosity level. 

Wi th a given solid solution value in 
any alloy, the level of arc contamina
t ion at wh ich porosity first appeared 
is determined by the absorptivity. 
This parameter, which is a measure 
of the rate of increase in gas absorp
tion wi th increasing arc hydrogen 
content, is difficult to evaluate fully. 
This is mainly because of its de
pendence upon such variables as the 
weld metal composition, welding 
parameters, arc geometry and phys
ical factors, such as the size of the 
weld pool. In general, the effect of 
each parameter change upon absorp
tion could be predicted from its ex
pected effect upon the area of absorp
t ion. 

Absorption was faster in the GMA 
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system than in the GTA. This was 
due partly to parameter and physical 
differences between the two welding 
systems and partly to the extra gas 
contributed by the hydrogen/mol ten 
droplet reaction. Values for the rate of 
gas absorption in some GMA alloy 
systems as wel l as GTA welded alloys 
are given in Table 4. These values 
were all calculated assuming an arc 
contamination level of 400 ppm 
hydrogen. 

It is difficult to determine any 
definite trends in these results apart 
from the marked decrease in absorp
t ion rate in the aluminum-magne
sium alloys. The reasons why magne
sium acts as it does are not fully un
derstood, although alloys exhibiting 
a high vapor pressure might be ex
pected to show reduced absorptivities 
owing to a modification of the active 
absorbing area. However, this trend 
was not fol lowed by the 7039 alloy or 
by the 1 % Zn alloy, both of which 
showed high absorptivity. In contrast, 
2219 alloy wh ich contains low vapor 
pressure elements, showed a low ab
sorptivity. 

Although the present observations 
on the effect of welding parameters 
upon hydrogen absorption during the 
arc welding of aluminum are consis
tent wi th the concept of an annular 
zone over wh ich absorption occurs, 
there are some basic differences 
which must be considered when 
applying this model to welding. This 
is especially true of overhead welding 
procedures such as were used in this 
present investigation. 

As described previously, the small 
volume of very hot, highly reactive 
metal in the active surface zone of the 
weld pool picks up a high level of gas. 
Turbulence w i th in the pool then 
transports metal f rom this zone into 
cooler parts of the pool. Continued 
stirr ing and diffusion w i th in the pool 
tend to produce a more even distr ibu
t ion of gas throughout the liquid. If 
some metal containing more than the 
solid solubility l imit of hydrogen 
should solidify, porosity wi l l form. 

In metal wh ich does not solidify, 
the cooling may be sufficient to cause 
the metal to become saturated. 
Should it become supersaturated by 
more than a factor of 1.2 t imes its 
one atmosphere solubility, bubbles 
may form spontaneously ahead of the 
freezing interface (Ref. 13). In the 
overhead posit ion, these bubbles wi l l 
rise to the top of the weld bead (in 
this case, the root) where they w i l l be
come entrapped. The net effect is that 
the liquid metal has lowered its dis
solved hydrogen content. Continuing 
turbulence eventually sweeps this 
hydrogen-depleted metal back to the 
pool surface again where more hydro
gen is absorbed from the arc. The 
cycle is then repeated and w i th this 

continuous absorption and rejection, 
there is no theoretical l imit to the 
quantity of gas that may be "pumped" 
into the weld metal. Practical l imita
t ions are imposed by the welding 
parameters and, ultimately, by the 
physical ability of the comparatively 
small volume of liquid metal in the 
weld pool to retain the large volume 
of gas which can be released. 

In flat or any other position we ld
ing, there is more opportunity for bub
bles to escape, although a similar 
absorption mechanism would be 
operative. Consequently, as in arc 
melt ing, a dynamic equil ibrium could 
be established, whereby the rate of 
gas evolution through escaping 
bubbles would equal the rate of gas 
absorption under the arc. Thus, a l imit 
would be set to the level of porosity 
which could be reached. The extent of 
the retained porosity depends upon 
welding position and welding vari
ables. 

It is common practice in f lat-posi
t ion aluminum welding to reduce 
weld porosity by increasing the we ld 
ing current or reducing the travel 
speed — changes wh ich , in view of 
the present results, would be ex
pected to increase the volume of 
hydrogen picked up from the arc. For 
in general terms, the work reported 
here shows that hydrogen absorption 
— and therefore porosity levels in 
aluminum welding — should be min
imized by using a low current, a short 
arc, a high gas f low rate and fast 
travel speed. However, associated 
w i th reductions in travel speed and in
creases in current are reductions in 
the rate of solidif ication. A change of 
this nature is believed to al low more 
t ime for gas bubbles to form and float 
out of the weld. 

In addition to this effect, the above 
parameter changes would also create 
a larger volume of liquid metal in the 
weld pool. If the increased gas 
absorption, caused, for example, by 
the increased current, were insuf
f icient to compensate for the increase 
in pool volume, then a lower average 
concentration of dissolved hydrogen 
would result. This, in turn, would lead 
to the formation of fewer bubbles. 
This reduction in numbers, together 
w i th the improved opportunity for 
bubble growth and escape, would be 
expected to lead to lower levels of 
hydrogen porosity in the weld. Thus, 
the reduction in weld porosity levels 
caused by changes in travel speed or 
current changes may be due to a com
bination of effects rather than to a 
simple pore f lotation mechanism. 

The effect of the tungsten electrode 
upon gas absorption during aluminum 
welding was surprisingly great. How
ever, an electrode effect has been 
noted before in arc melt ing experi
ments (Ref. 7). As pointed out earlier, 

the changes in absorption were at
tributed to changes in the arc or 
anode spot structures each t ime an 
arc was initiated and there was gen
erally no way of predicting whether 
porosity would increase, decrease or 
remain unchanged. This effect may 
account for some of the sudden unex
plained changes in GTA weld qual
ity which are sometimes encountered 
in the f ield. Until there is a better 
understanding of what causes these 
changes, the only solution would 
seem to be the rather unsatisfactory 
one of attempting to lower the weld 
porosity by regrinding the electrode. 

Although the basic model of hydro
gen absorption processes during arc 
welding seems to be adequately 
established, this study illustrates the 
complexity of factors wh ich must be 
considered in determining causes 
and solutions of porosity problems in 
aluminum welding. It also illustrates 
how welding conditions and cleanli
ness precautions wh ich are satisfac
tory for welding one aluminum alloy 
may produce welds wh ich contain 
unacceptable porosity levels in an
other. 

Deterioration in weld quality could 
also occur after changing from one 
batch of plate to another if the second 
plate batch has been less, wel l de
gassed. The additional hydrogen 
present in this plate might then be 
sufficient to bring the total weld hy
drogen above the threshold level. The 
same effect might also be encoun
tered in going from one batch of fi l ler 
metal to another. It is perhaps for
tunate that 1100 a luminum, the alloy 
most difficult to weld wi thout forming 
porosity, is seldom used where high 
integrity, high strength joints are re
quired. Welds in alloys such as 5083, 
which are subject to much more st r in
gent inspection requirements, can be 
porosity-free even if welded under 
comparatively highly contaminated 
conditions. 

Conclusions 

1. The rate and volume of hydro
gen absorbed from the arc atmo
sphere by aluminum weld metal is in 
direct proportion to the square root of 
the hydrogen partial pressure in the 
arc. 

2. The porosity level may vary 
widely in welds made under identical 
conditions in different aluminum 
alloys. The reasons for this are that: 

a. The effective solid solubility of 
hydrogen in each alloy is different. 
b. The hydrogen absorptivity of 
the weld metal varies. 

There may also be differences in the 
volume of hydrogen contained in the 
unwelded material wh ich wi l l affect 
the volume of hydrogen which can 
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be absorbed from the arc before 
porosity appears. 

3. In any given alloy the rate of 
hydrogen absorption is increased by 
increasing the arc current, arc length, 
and weld pool surface area. The rate 
of absorption is unaffected by 
changes in travel speed and es
sentially so by changes in shielding 
gas f low rate. 

4. The rate of hydrogen absorption 
is higher during GMA welding than 
during GTA welding of aluminum. 

5. The balance between the rate of 
hydrogen absorption and the volume 
of molten metal in the weld pool is 
critical in determining the level of 
porosity in a weld. 

6. The mechanism of absorption of 
hydrogen by aluminum under arc 
welding conditions is consistent w i th 
the basic model of gas absorption 
over an annular zone of the weld 
pool surface. 
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You'll Want to Buy 

C5.1-73, Recommended Practices for Plasma-Arc Welding and 
C5.2-73, Recommended Practices for Plasma-Arc Cutting examine 
the how-to-do aspects of these processes. The characteristics of the 
processes are discussed, the various components of the equipment are de
scribed and data for guiding prospective users in the setting up and use 
of the equipment are presented. 

C5.3-74, Air Carbon-Arc Gouging and Cutting describes the air 
carbon-arc cutting process and supplies detailed information on equip
ment, base metals, areas of application, and safety precautions. In addi
tion, it offers helpful suggestions on techniques for gouging, severing, 
beveling, and washing off excess metal. A special "trouble shooting" 
section, providing solutions to various problems, is also included. 

Although compiled primarily for those concerned with titanium 
piping and tubing, the up-to-date information contained in D10.6-73, 
Gas Tungsten-Arc Welding of Titanium Piping and Tubing, will be 
of interest to anyone who welds titanium. Topics covered include: filler 
metal, joint preparation, procedures and technique, and weld quality 
tests. 

Prices* 

C5.1-73, Recommended Practices for Plasma-Arc Welding $4.00 
C5.2-73, Recommended Practices for Plasma-Arc Cutting $2.00 
C5.3-74, Air Carbon-Arc Gouging and Cutting $3.00 
D10.6-73, Gas Tungsten-Arc Welding of Titanium Piping & Tubing $2.00 

*Discounts: 25% to A and B members; 20% to bookstores, public 
libraries and schools; 15% to C and D members. Add 4% sales tax in 
Florida. 

Send your orders for copies to the American Welding Society, 2501 
N. W. 7th Street, Miami, Florida 33125. 
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