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A new model that addresses the shortcomings of Sievert's 
law for predicting hydrogen absorption is proposed 
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ABSTRACT. A systematic review of previ
ous research has shown that the use of 
Sievert's law (based on equilibrium ab
sorption of diatomic hydrogen) to calcu
late the hydrogen absorption reaction 
temperature in the weld pool is invalid. A 
new model of hydrogen absorption is 
proposed which can explain both previ
ously measured data and the data ob
tained in this study. 

This two-step model proposes that the 
hydrogen dissociation reaction is gov
erned by the temperature of the cathode 
boundary layer, and that the hydrogen 
absorption reaction (of both monatomic 
and diatomic hydrogen) is governed by 
the surface temperature of the weld pool. 
Following this hypothesis further, the ma
jority of the hydrogen will absorb into the 
outer portion of the weld pool rather than 
the central region as has been proposed 
by others. 

This new model can be used to predict 
phenomena that the previous theory was 
unable to address. In addition, a theoret
ical foundation is formulated in order to 
understand the effect of the arc plasma on 
other gas-metal reactions that occur dur
ing welding. 

Introduction 

The most often used equation to de
scribe the absorption of hydrogen in steel 
is the well known Sievert relationship, 
which is based on the equilibrium reac
tion: 

1/2 H2 (g) = H (ppm) in liquid iron (1) 

Using the tabulated free energy of this re
action (Ref. 1), the equilibrium constant as 
a function of temperature is: 

K - H/ (PH2)'
/2 = exp 

(-4388/T + 5.55) (2) 
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This equation can be used to plot the 
absorbed hydrogen, H, as a function of 
the diatomic hydrogen partial pressure, 
PH2, for various assumed equilibrium re
action temperatures as is shown in Fig. 1. 
These data have been replotted in Fig. 2 
as the amount of absorbed hydrogen as a 
function of the assumed reaction temper
ature for various hydrogen partial pres
sures. As can be seen, the amount of ab
sorbed hydrogen increases with both tem
perature and hydrogen partial pressure. 
Through the use of free energy interaction 
coefficients, it has been shown (Ref. 2) 
that these values are valid to within 5% for 
most iron and steel alloys. 

Many previous investigators have used 
the results of diffusible hydrogen mea
surements (rather than H) in their hydro
gen absorption reaction temperature cal
culations. This can lead to significant errors 
since the value of hydrogen measured in 
this test does not equal the amount of hy
drogen initially absorbed by the weld 
pool. Diffusible hydrogen measurements 
can be converted to initially absorbed hy
drogen values by using Terasaki's theo
retical analysis (Ref. 3). Terasaki has rec
ognized that a significant amount of the 
total hydrogen will be lost through diffu
sion of hydrogen out the sides of the 
specimen within seconds after solidifica
tion of the weld pool. To illustrate this, he 
calculated the ratio of hydrogen remain
ing in the sample to the initial hydrogen as 
a function of the thermal factor for various 
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specimen and weld bead sizes — Fig. 3. His 
thermal factor is the integral of the diffu
sion constant over time. The thermal fac
tor associated with a water-quenched 
TWI diffusible hydrogen specimen (Ref. 4) 
is indicated in Fig. 3. 

Terasaki's analysis shows that even a 
2.5-cm (1-in.) thick specimen will lose a 
substantial amount of hydrogen during 
the time it takes to quench the diffusible 
hydrogen specimen. Using Terasaki's anal
ysis and knowing the specimen size, the 
weld size and the time to quench, the 
amount of hydrogen initially absorbed 
into the weld pool can be estimated from 
the amount of hydrogen measured in the 
diffusible hydrogen test. It should be noted 
that Terasaki does not consider the 
amount of hydrogen that will be lost 
through the top surface of the weld. Thus, 
his values are quite conservative and the 
actual ratio will be even less than his anal
ysis shows. 

Comparing the hydrogen adsorption 
data of previous investigators (as cor
rected by Terasaki's analysis) with Fig. 1 
(using Sievert's law in Equation 2), the re
action temperatures found for the ab
sorption of hydrogen in CMA welds is in 
excess of 3000°C (5432°F), which is the 
approximate boiling temperature of iron. 
This value is unreasonably high. Block-Bol
ten and Eagar (Ref. 5) have shown that 
evaporative cooling of iron vapors will 
limit the maximum temperature of a weld 
made on steel to 2500°C (4532°F). How
den and Milner (Ref. 6) have shown that 
iron vaporization will also limit the amount 
of hydrogen that can come into contact 
with the weld pool at high temperatures. 
Spectroscopic research by Quigley, ef al. 
(Ref. 7), has shown that vaporization will 
significantly reduce the arc power trans
ferred to the workpiece, and he showed 
the weld pool temperature to be be
tween 2400 and 2750 K (a maximum of 
under 2500°C). Other research by Quig
ley, ef al. (Ref. 8), found that evaporation 
is the dominant mechanism for energy loss 
from the weld pool. Krause (Ref. 9), using 
an optical spectral radiometric/laser re-
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flectance method, determined the maxi
mum surface temperature of a GTA weld 
to be about 2800 K. 

Salter (Ref. 10), collecting data by arc 
melting metal on a water-cooled copper 
hearth, found the arc significantly aided 
hydrogen transfer to the pool. Based on 
Sievert's law, he postulated that hydrogen 
was absorbed into the central "hot spot" 
of the pool at a temperature well in excess 
of 2500°C; a temperature now known to 
be impossible to achieve. He also found 
that increasing the hydrogen content of 
the gas increased the calculated tempera
ture of the weld pool. 

White (Ref. 11), studying hydrogen in 
GMAW, did not establish an equilibrium 
reaction temperature, but rather con
cluded that increasing hydrogen contents 
increased the temperature of the weld 
pool. Using her data for diffusible hydro
gen content of CMA welds as a function 
of hydrogen added to the weld shielding 
gas, Sievert's law predicts temperatures in 
excess of 2500°C. 

Savage, et al. (Ref. 12), found that wa
ter vapor added more hydrogen to the 
weld than did an equal amount of hydro
gen gas. He also found that a pulsed arc 
was more stable in the presence of hy
drogen than welding with direct current 
reverse polarity (DCRP). He did not at
tempt to explain these occurrences, but if 
his data are reinterpreted to account for 
hydrogen diffusing away from the weld 
during their 10 second quench time, then 
Sievert's law predicts a reaction tempera
ture in excess of 2500°C. 

Howden and Milner (Ref. 6) used a sta
tionary arc in an enclosed chamber to 
study both the hydrogen absorbed in the 
molten pool and the hydrogen retained in 
the solidified metal. They found that thor
oughly deoxidized iron will absorb much 
less hydrogen than iron which contains a 
normal amount of oxygen. Using Sievert's 
law, the reaction temperature associated 
with the hydrogen absorption in iron con
taining oxygen is well in excess of 2500°C. 

Chew and Willgoss (Ref. 13), studying 
GTAW, realized that they were not ana
lyzing the initially absorbed hydrogen and 
instead measured what they termed an 
"effective reaction temperature" rather 
than an absorption reaction temperature. 
Thus, their results were strongly depen
dent on the heat input and cooling rate. 
They found that an increase in current 
decreases the amount of hydrogen and 
decreases the effective reaction temper
ature (even though increasing the current 
should increase the weld pool tempera
ture and thus increase the absorption 
temperature). Thus, Chew and Willgoss's 
effective reaction temperature does not 
measure the absorption temperature, but 
rather reflects a decrease in the cooling 
rate, which allows more hydrogen to es
cape. If their diffusible hydrogen results 
are converted to initially absorbed hydro-
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Fig. 1 — Equilibrium hydrogen solubility as a function of diatomic hydrogen partial pressure for var
ious assumed absorption. 

gen, the calculated hydrogen absorption 
reaction temperature using Sievert's law is 
in excess of 2500°C (since they followed 
the IIW procedure, a time to quench of 
5 s is assumed in this conversion). 

Research performed on the solubility of 
nitrogen in arc melted iron (Ref. 14) con
cluded that nitrogen absorption obeyed 
Sievert's law, but that the arc resulted in a 
substantial increase in solubility. This con
clusion was based on the fact that the ex
perimental curve was parabolic and they 
attributed the deviation from the normal 
Sievert law prediction to "energy ac
quired by nitrogen molecules in the anode 
boundary zone through interaction be
tween electrons and neutral particles." 
However, the dissociation energy for hy
drogen is far less than for nitrogen, so the 

effect of an arc increasing the solubility in 
excess of that predicted by Sievert's law 
would be greater for hydrogen than for 
nitrogen. 

Thus, by analyzing the data of previous 
researchers on hydrogen absorption and 
diffusible hydrogen measurements, it has 
been shown that Sievert's law cannot be 
directly used to assess the hydrogen ab
sorption reaction temperature. Previous 
research using Sievert's law has been 
shown to inaccurately reflect a true hy
drogen absorption temperature that must 
not exceed the maximum surface temper
ature of the weld pool, but rather, an ef
fective overall temperature. The assump
tion of a one-step absorption process 
which neglects the effects of dissociation, 
solute rejection upon solidification, and 
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Fig. 2 — Equilibrium hydrogen solubility as a function of the absorption temperature for various di
atomic hydrogen partial pressures. 
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diffusion of hydrogen away from the weld 
region, is too simplistic to provide realistic 
values of the absorption temperature. 

The major assumption in the Sievert re
lationship, equilibrium absorption of di
atomic gas by the weld pool, must be re
considered. This study examines the pos
tulate that hydrogen absorption can be 
modeled by assuming a two-step absorp
tion process. It is postulated that diatomic 
hydrogen will dissociate in the high-tem
perature regions of the welding arc, and 
then both diatomic and monatomic hy
drogen will absorb into the weld pool at 
the temperature of the weld pool surface. 
In order to understand this, a number of 
aspects of the problem will be discussed: 
1) monatomic hydrogen absorption, 2) 
dissociation, 3) the temperature at which 
dissociation takes place, 4) the effect of 
temperature distribution on the weld pool 
surface, and finally 5) the effect of solute 
rejection of hydrogen upon solidification. 

Experimental Procedure 

In order to verify the evaluation of pre
vious research, and accurately determine 
the amount of hydrogen initially absorbed 
into the molten weld pool, diffusible hy
drogen measurements were performed in 
our laboratories. Hydrogen measurement 
technique variations were investigated to 
determine the effect on the accuracy and 
reproducibility of the final numerical re
sult. Technique variations that were stud
ied included: specimen size, specimen 
material, specimen surface finish, outgas
sing temperature, outgassing time, calibra
tion procedure of the gas chromatograph, 
and time delay between weld completion 
and quench. 

The results of this study have been re
ported by Gedeon (Ref. 2), and a number 
of these variations have also been studied 
by the AWS A4.3 Committee (Ref. 15). 

Fig. 3-Ratio of 
retained hydrogen to 

initially absorbed 
hydrogen as a 

function of the 
' 'thermal factor." [This 

figure assumes 
SMAW, a 0.22-cm 

lead depth, a 2.5-cm "o 
specimen thickness, I 

no weld bead "J; 
reinforcement, and no X 

diffusion through the *—' 
top surface of the O 

weld specimen.] 

However, a number of the pertinent pro
cedures and results are briefly noted herein 
for reference. 

The hydrogen was measured with a 
Yanaco hydrogen analyzer model C-1006. 
This unit uses a thermistor-type thermal 
conductivity detector, argon carrier gas, 
and molecular sieve 5A in the column. A 
gas chromatography method was used 
because solubility errors associated with 
outgassing under glycerin are eliminated, 
because one can ensure that only hydro
gen is being measured rather than all gases 
being collected, and because a leaking 
outgassing chamber can be detected due 
to the ability to measure nitrogen as well 
as hydrogen. 

Certified cylinders of specially mixed 
shielding gas were used throughout this 
study in order to ensure that the amount 
of hydrogen added to the welding arc 
atmosphere was known exactly. The 
GMAW process was used with DCEP and 
E-70S-1 electrode wire. A thermocouple 
was harpooned into the solidifying weld 
pool on representative weld samples in 
order to measure the thermal factor as 
defined by Terasaki. 

A 12 X 25 X 75-mm (0.47 X 0.98 X 
2.9-in.) specimen size, 45°C outgassing 
temperature, 72 h outgassing time, A36 
material, milled surface finish, and other 
procedures of AWS A4.3-86 were fol
lowed for the results presented herein. 

Experimental Results 

In general, it was found that conform
ance to AWS A4.3-86 will produce accu
rate and reproducible measurements of 
the diffusible weld hydrogen content. 
However, two precautionary measures 
must be mentioned. 

The calibration procedure provided in 
the instruction manual of the Yanaco hy
drogen analyzer can produce erroneous 

< 
or 
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results. During calibration, the amount of 
hydrogen measured will vary with a num
ber of factors. These include, 1) the size of 
the specimen chamber, 2) whether a 
specimen is in the chamber, 3) use of the 
bypass valve, and 4) the pressure of the 
carrier gas (including the pressure drop 
associated with the long length of small 
tubing used in the unit), each of which af
fect the calibrated value. Thus, a short ex
periment must be performed, before at
tempting to measure diffusible hydrogen 
values, in order to determine the differ
ence between calibrating in the bypass 
mode and calibrating with a specimen in 
the chamber. Failure to determine this 
offset can result in up to a 25% error in the 
value of diffusible hydrogen measured. 
This is explained in more detail by Gedeon 
(Ref. 2). 

The composition of the diffusible hy
drogen specimen was found to affect the 
diffusible hydrogen value. While the vari
ation between heats of A36 steel will not 
affect the measured value, drastic com
positional changes were found to have a 
large effect. 

A summary of the diffusible hydrogen 
values determined in our laboratories as a 
function of hydrogen added to the pure 
argon GMA weld shielding gas is shown in 
figure 4. These compare well with, but are 
less than, those of other researchers. 

Using the diffusible hydrogen results 
obtained in our laboratories (Ref. 2), con
verting to mL/100g fused metal, and 
applying the conversion factor from 
Terasaki's analysis (Ref. 3), the hydrogen 
initially absorbed as a function of hydro
gen in the weld shielding gas was found 
for various gas mixtures. In order to com
pare our results with thermodynamic data, 
the experimental data have also been 
converted to parts per million using the 
conversion: 

1 mLH2 /100 g steel = 1.1 ppm (3) 

The resulting data for hydrogen initially 
absorbed by the weld pool as a function 
of diatomic hydrogen added to the pure 
argon GMAW shielding gas are shown in 
Fig. 5. 

If this is compared to Fig. 1 and the re
sults of other researchers, it is again found 
that Sievert's law will predict impossibly 
high hydrogen absorption temperatures. 
In order to explain this discrepancy, a new 
model of hydrogen absorption will now 
be presented. 

Hydrogen is even more efficiently ab
sorbed if oxygen is also added to the 
shielding gas, but this complicates the en
suing theoretical analysis (Ref. 2) and so 
must be presented elsewhere. 

Thermodynamic Analysis 

Sievert's law assumes that diatomic gas 
is absorbed into the weld pool at a single 
equilibrium temperature. The appropriate 
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Fig. 4—Diffusible hydrogen as a function of hydrogen in pure argon 
GMA W shielding gas. Each data point represents multiple experiments. 
The margin of error is ±0.75 mL of hydrogen per lOOg of deposited 
metal. 
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Fig. 5 — Initially absorbed hydrogen as a function of hydrogen in pure ar
gon GMA W shielding gas. 

equations and figures governing this ab
sorption were discussed in the introduc
tion. Previous research and the present 
experimental results show that this as
sumption is invalid for modeling the hy
drogen absorption process. 

The ensuing thermochemical analysis is 
based on a two-step model which postu
lates that hydrogen will dissociate at a re
action temperature governed by the tem
perature of the cathode boundary layer, 
and that both diatomic and monatomic 
hydrogen absorption will take place at a 
reaction temperature governed by the 
temperature of the weld pool surface. 

Absorption of Monatomic Hydrogen into 
the Weld Pool 

If one considers the following two 
reactions for which thermodynamic data 
are known (Ref. 1). 

Vi H2 (g) = H (4) 

H2 (g) = 2 H (g) (5) 

one can combine these into the reaction: 

H (g) - H (6) 

The free energy associated with equation 
6 is equal to: 

A G = -44,780 4- 3.38 T 
(kcal/mole) (7) 

Thus, one can plot the amount of 
absorbed hydrogen as a function of the 
partial pressure of monatomic hydrogen 
for various assumed reaction tempera
tures as is shown in Fig. 6. This is replotted 
as absorbed hydrogen as a function of as
sumed reaction temperature for various 
partial pressures of monatomic hydrogen 

in Fig. 7. These graphs show quite a 
different relation than for the nondissoci-
ated hydrogen in Figs. 1 and 2, namely, 
that the amount of absorbed hydrogen 
decreases with temperature rather than 
increases. 

The fact that the solubility of "active" 
gases increases with decreasing tempera
ture is known to occur in high-tempera
ture systems (Ref. 17). Caseous solubility 
in aqueous solutions can be described as 
physical or chemical. The solubility of 
diatomic hydrogen in liquid iron may be 
described as physical, whereas the solu
bility of monatomic hydrogen in liquid iron 
may be described as chemical. The partial 

molar heat effects for chemical solubility 
are usually exothermic and the excess en
tropies of mixing are expected to be neg
ative. 

Since the amount of hydrogen ab
sorbed from even a minute amount of 
dissociated hydrogen gas is quite large at 
low temperatures, the degree of dissoci
ation must be further investigated. 

Hydrogen Dissociation in the Welding Arc 

The degree of hydrogen dissociation as 
a function of temperature and pressure 
has been calculated by Gedeon (Ref. 2), 
and is reproduced in Fig. 8. This logarith-

2 4 6 8 
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Fig. 6 —Equilibrium hydrogen solubility as a function of the partial pressure of monatomic hydrogen 
gas for various assumed absorption temperatures. 
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mic family of sigmoidal curves was calcu
lated for a total pressure (diatomic hydro
gen, plus monatomic hydrogen, plus an 
inert shielding gas such as argon) of one 
atmosphere. 

As can be seen, changes in the pressure 
of diatomic hydrogen can result in a large 
variation in the percent dissociation antic
ipated. At an assumed equilibrium dissoci

ation temperature of 3000 K, the percent 
dissociation rises from 8 to 32% by reduc
ing the pressure of hydrogen from 1 to 
0.05 atmosphere. It rises to virtually 100% 
at 0.0001 atmosphere. This is a logical ex
tension of Le Chatelier's principle in that 
the diatomic molecules will seek to "take 
up more room" by dissociating at low 
partial pressures. 

2000 3000 4000 

ABSORPTION REACTION TEMPERATURE (K) 

5000 

Fig. 7 — Equilibrium hydrogen solubility as a function of the absorption temperature for various par
tial pressures of monatomic hydrogen. 
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O.I I.O 
Fig. 8 —Fraction of hydrogen dissociated as a function of both partial pressure and temperature. 
Curves are from right: 1, 0.1, 0.01. 0.001. 0.0001 and 0.00001 atm hydrogen partial pressure. 

Thus, the amount of dissociation occur
ring in the high-temperature region of the 
welding arc plasma, can have a significant 
effect on the amount of monatomic hy
drogen available for absorption. Also, at 
the hydrogen amounts present in welding, 
the bulk of the hydrogen may actually be 
in the form of monatomic hydrogen rather 
than diatomic hydrogen. As was previ
ously shown, monatomic hydrogen ab
sorbs more readily into a weld pool than 
does diatomic hydrogen. Thus, the 
amount of hydrogen absorbed will 
strongly depend on the dissociation tem
perature. 

The Effect of Dissociation in the Cathode 
Boundary Layer on the Amount of 
Hydrogen Absorbed into the Weld Pool 

There are very large temperature gra
dients in the welding arc plasma. The most 
extreme gradients exist in the cathode and 
anode boundary layers, where the tem
perature will drop from the high-temper
ature plasma to the temperature of the 
weld pool over a distance of less than a 
millimeter. In GMAW (normally performed 
with reverse polarity), the weld pool will 
be the cathode. In GTAW (normally 
straight polarity), the weld pool will be the 
anode. 

The vast majority of arc plasma physics 
research has been performed on the 
anode boundary layer rather than the 
cathode due to the added complexity of 
the cathode region. The temperature im
mediately above the cathode boundary 
layer must be greater than 8000 K in order 
to ionize the gas so that current can flow 
across the arc. Current flow across the 
cathode boundary layer is due to thermi
onic emission, positive ion bombardment, 
and field emission. 

Dinulescu and Pfender (Ref. 18), study
ing anode boundary layers, found that 
substantial deviations from local thermal 
equilibrium (LTE) occurred. A detailed nu
merical calculation using plasma physics 
showed that a number of different bound
ary layers are involved. The thermal 
boundary layer is approximated by the 
energy exchange free path, XE, which can 
be interpreted as the distance traveled by 
an electron in the direction of the electric 
field over which it loses its excess energy 
by collisions with the heavy particles. The 
diffusion boundary layer is approximated 
by the recombination free path, Xr, which 
can be interpreted as the distance trav
eled by an electron in the direction of the 
electric field between two successive ion-
ization-recombination collisions. 

The electrons contained in a layer adja
cent to the anode of thickness XE will ar
rive at the anode without suffering any 
further energy losses by collisions with 
heavy particles (Ref. 18). By analogy, a 
proton (or ionized monatomic hydrogen) 
contained in a layer adjacent to the cath-

268-s | JULY 1990 



ode of thickness XE will arrive at the cath
ode at a substantially higher temperature 
than the heavy species (i.e., argon). Thus, 
the temperature of monatomic hydrogen 
will probably be higher than the temper
ature of either the weld pool surface or 
the argon in the cathode region. Dinulescu 
and Pfender (Ref. 18) estimate XE to be 
about 0.2 mm and Xr to be about 0.3 to 0.6 
mm. Quigley, etal. (Ref. 7), also found that 
there would be virtually no electron colli
sions across the anode boundary layer 
(which is about 6 to 10 times thicker than 
the cathode boundary layer). 

Based on these values, a positive hy
drogen ion in the high-temperature arc 
could travel through the cathode bound
ary layer and strike the weld pool without 
losing its thermal or kinetic energy through 
collision. The fact that the cathode re
quires positive ion bombardment in order 
to allow current flow further supports this 
hypothesis. Thus, it is reasonable to as
sume that the hydrogen molecules that 
dissociate in the high-temperature region 
of the arc may not completely recombine 
before striking the weld pool. This devia
tion from LTE can be approximately mod
eled by assuming two different equilib
rium reaction temperatures. 

The justification for this dual tempera
ture assumption is based on the fact that 
dissociation of diatomic hydrogen into 
monatomic hydrogen occurs within the 
cathode boundary region where temper
ature is ill defined and thermodynamic 
equilibrium is not achieved. The only de
finitive statement that can be made is that 
the temperature of the boundary layer 
must lie between the plasma temperature 
and the temperature of the weld pool. 
The absorption is believed to occur at the 
temperature of the liquid weld pool sur
face. 

Table 1 demonstrates the resulting hy
drogen absorption if the dissociation re
action and absorption reaction occur at 
different temperatures. As can be seen, 
appropriate hydrogen absorption values 
can be calculated readily if the dissociation 
temperature is about 10 to 20% higher 
than the absorption temperature. By using 
this model, a reasonable weld pool tem
perature can be used for absorption, and 
then a dissociation temperature can be 
determined so that the amount of hydro
gen absorbed will equal experimental ob
servations. 

Using an estimated weld pool temper
ature for hydrogen absorption of 2300°C 
(4172°F), a dissociation reaction tempera
ture of 2500°C will result in hydrogen ab
sorption values that are in close agree
ment with experimental observations. If a 
2000°C (3632°F) weld pool temperature 
is assumed, then a dissociation tempera
ture of about 2100°C (3812°F) will result 
in experimentally determined hydrogen 
contents. 

The agreement between experimental 
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Fig. 9 — Theoretical 
hydrogen absorption 
due to both 
monatomic and 
diatomic hydrogen as 
a function of weld 
pool location. The 
calculated points 
assume a dissociation 
temperature of 
2500''C, 0.01 atm 
hydrogen added to 
the argon shielding 
gas, and an absorption 
temperature as given 
by Krause (Ref. 9) for 
the surface 
temperature of the 
molten weld pool. 

and theoretical results now rests on the 
choice of weld pool temperature. The 
choice of weld pool temperature will dic
tate the resulting calculated dissociation 
temperature. This is important since hy
drogen absorption must take place at the 
same temperature as the weld pool sur
face. However, since the weld pool tem
perature is far from homogeneous, the 
effect of temperature distribution must 
now be considered. 

The Effect of Radial Temperature 
Distribution in the Weld Pool 

The exact temperature distribution of a 
GMA weld pool is not known. What is 
known is that the maximum temperature 
near the center cannot be greater than 
2600°C (4712°F), and that the tempera
ture gradient at the edge of the weld pool 
must be less than zero in order for thermal 
conduction to be operative. Vigorous 
convection will make the boundary layer 
thickness near the edge of the weld quite 
narrow, so that the temperature will re
main fairly constant throughout the rest of 
the pool. For the present, the results of 
Krause (Ref. 9) for the measured temper
ature of a GTA weld will be used to 
approximate the temperature of a CMA 
weld. 

Based on the research of Dinulescu and 
Pfender (Ref. 18), a homogeneous cath
ode boundary layer thickness (and tem
perature) will be assumed. It is quite pos
sible that the boundary will be thicker near 
the outer radius of the weld pool, and thus 
cooler. However, this consideration is be
yond the scope of the present research. 

If a dissociation temperature of 2500 K 

is assumed, Fig. 9 shows the calculated 
amounts of hydrogen absorbed from both 
diatomic and monatomic hydrogen gas at 
various locations in the weld pool. An im
mediate observation is that the majority of 
the hydrogen absorption will take place 
around the outer edge of the weld pool. 
Also, it can be seen that monatomic 
hydrogen absorption dominates the con
tribution to the total hydrogen content. 
This is a direct contradiction to the postu
lates of others who have used Sievert's 
law to show that the maximum absorption 
occurred in the high-temperature central 
region. 

Discussion 

Theoretical Assumptions 

The previous set of thermodynamic 
calculations form the core of this newly 
proposed model for hydrogen absorp
tion. During these calculations, a number 
of assumptions had to be made in order to 
eliminate the need for a more detailed 
analysis. 

The assumption of a single reaction 
temperature governing the dissociation in 
the cathode boundary layer is probably 
not valid. A more valid approximation is 
that of a dissociation temperature distri
bution in the radial direction that is a per
centage of the difference between the 
weld pool temperature and the arc plasma 
temperature. Another complicating factor 
is that hydrogen absorbed onto the sur
face of the weld pool will be affected by 
convection and the advancing solidifica
tion front in a moving weld pool. 

Most of the hydrogen absorbed into 
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Table 1—Hydrogen Adsorption as 

°c> Hydrogen 
Dissociate 

1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 
1% 

Temperature 
(degrees) 

3000 K 
3000 K 
3000 K 
3000 K 
2700 K 
2700 K 
2700 K 
2700 K 
2500 K 
2500 K 
2300 K 
2300 K 
2500 K 
2100 K 

a Function of Assumed Dissociation and Adsorption Reaction Temperatures 

% 
Dissociate 

58.0% 
58.0% 
58.0% 
58.0% 
25.3% 
25.3% 
25.3% 
25.3% 
13.5% 
13.5% 
5.5% 
5.5% 

13.5% 
1.9% 

Pressure 
Diatomic 

(atm) 

0.042 
0.0042 
0.0042 
0.0042 

0.00747 
0.00747 
0.00747 
0.00747 
0.00865 
0.00865 
0.00945 
0.00945 
0.00865 
0.00981 

Pressure 
Monatomic 

(atm) 

0.0116 
0.0116 
0.0116 
0.0116 
0.0056 
0.0056 
0.0056 
0.0056 
0.00275 
0.00275 
0.0011 
0.0011 
0.0056 
0.00038 

Adsorb 
Temp. 

2100 K 
2300 K 
2500 K 
2700 K 
2100 K 
2300 K 
2500 K 
2700 K 
2100 K 
2300 K 
1900 K 
2100 K 
2250 K 
1900 K 

Hydrogen 
due to 

Diatomic 
(ppm) 

2.05 
2.46 
2.87 
3.27 
2.74 
3.28 
3.83 
4.33 
2.95 
3.53 
2.47 
3.08 
3.39 
2.52 

Hydrogen 
due to 

Monatomic 
(ppm) 

96.9 
38.1 
17.4 
8.9 

46.8 
18.4 
8.4 
4.33 
22.9 

9.0 
28.4 
9.2 

11.2 
9.82 

Total 
Hydrogen 

(ppm) 

98.95 
40.56 
20.27 
12.17 
49.54 
21.68 
12.23 
8.66 
25.85 
12.53 
30.87 
12.28 
14.59 
12.34 

the outer region of the weld pool will be
come evenly distributed throughout the 
pool due to vigorous convection within 
the pool. The hydrogen that flows to the 
hotter regions of the pool may desorb. 
However, near the trailing edge of the 
pool, solidification may be rapid enough 
to trap hydrogen into the advancing so
lidification front. Chew and Willgoss (Ref. 
13) found that hydrogen will accumulate 
in the weld pool near the trailing edge 
even though they postulated that hydro
gen was absorbed into the center of the 
weld pool. Another rationale for the hy
pothesis that hydrogen is trapped rather 
than rejected by the advancing solidifica
tion front is the fact that little porosity is 
found in steel welds. If substantial amounts 
of hydrogen were being rejected, signifi
cant levels of porosity would be seen as 
well (such as is found in aluminum welds). 

Howden (Ref. 19) also postulated that 
hydrogen would be "pumped" into the 
solidifying weld metal rather than being 
rejected at the solidification front, as had 
been previously thought by some. His re
search results agree with the present 
trapping hypothesis even though he as
sumed that the majority of the hydrogen 
was initially absorbed into the center of 
the weld pool. 

If one assumes that the hydrogen which 
is trapped in the solidified metal is approx
imated by the amount initially absorbed 
into the trailing edge of the weld, the re
action temperature of interest will be ap
proximately 1540°C (2804 °F). Using this 
as the absorption temperature, the calcu
lated dissociation temperature (at the 
outer edge of the cathode boundary 
layer) which results in the experimentally 
observed hydrogen content, corresponds 
to 1900-2000 K (about 10% greater than 
the absorption temperature). In fact, the 
hydrogen will only absorb onto the top 
surface of the weld stagnant layer and 
there will be less hydrogen near the root 
of the weld. In this case, the calculated 

dissociation temperature will be substan
tially higher. 

Due to the complexity of the proposed 
mechanism and the many assumptions 
and estimates involved, an exact calcula
tion for the temperature of dissociation is 
not appropriate at this time. From all of the 
above considerations, however, it is ap
parent that the temperature of dissocia
tion will be higher than the weld pool 
temperature at the point of absorption. 
This consideration allows one to model 
the absorption process, assuming that the 
hydrogen absorption temperature is equal 
to the experimentally measured weld pool 
surface temperature. 

The proposed model can be used to 
predict a number of phenomena that 
previous theories could not address. For 
example, since this theory predicts that 
hydrogen is primarily absorbed into the 
outer circumference of the weld pool, 
convection patterns that flow from the 
outer edge toward the hot center of the 
weld pool should have less hydrogen than 
welds which force the hydrogen at the 
edge of the pool downward to be trapped 
by the advancing solidification front. Also, 
since this theory predicts that ionized hy
drogen may be present in the cathode 
boundary layer, there may be an electro
chemical effect that will draw hydrogen 
toward the cathode. If all other effects are 
equal, this theory predicts that DCEP 
welds will have more hydrogen than 
DCEN welds. 

This analysis can also be used to clarify 
the results of others. For example, many 
researchers have concluded that an in
crease in weld current decreases the hy
drogen absorbed and hence the equilib
rium temperature. However, a simple al
ternative explanation is that increasing the 
current will slow the cooling rate, thereby 
allowing more hydrogen to escape during 
cooling of the weld. This misunderstand
ing was caused by using diffusible hydro
gen measurements rather than the amount 

of hydrogen initially absorbed. 
Hopefully, a more fundamental ap

proach to the chemical reactions occur
ring within the weld pool, such as taken in 
this work, will also be useful for under
standing other gas-metal reactions occur
ring during welding such as nitrogen ab
sorption. Researchers studying nitrogen 
absorption in arc melted iron (Ref. 14) 
found that the arc substantially increased 
the nitrogen content above that predicted 
from the known temperature of the mol
ten metal. Because the resulting experi
mental curve was parabolic, they as
sumed that Sievert's law still applied even 
though the free energy of formation (ab
sorption) was no longer accurate. Also, 
they neglected to consider the possibility 
that reduced partial pressures will increase 
the amount of dissociation at a given tem
perature. Because of this, they were un
able to satisfactorily explain the resulting 
increase in solubility during arc melting. If 
a two-step absorption process including 
dissociation is used to model their results, 
then their experimental data can be satis
factorily explained. 

Fundamentals of Thermochemical Reaction 
Theories in Weld Pools 

The fact that hydrogen solubility vs. di
atomic hydrogen pressure in the welding 
arc can be approximated by a parabolic 
function is a spurious relationship which 
has, unfortunately, led many researchers 
to assume that Sievert's law was respon
sible for the shape of the curve. The func
tional relationship resulting from the 
present hypothesis between the absorbed 
hydrogen and hydrogen partial pressure is 
a very complex function. This function 
may resemble a square root function, but 
this does not mean that, in fact, it is a re
sult of Sievert's law. 

In the chemical reaction given by Equa
tion 4, the two end conditions (hydrogen 
gas and hydrogen in solution) are thermo-
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dynamic state functions. State functions 
are conditions that can be completely 
specified by their extensive parameters 
(mole fraction, volume and internal en
ergy) and a combination of intensive pa
rameters (i.e., temperature and pressure). 
In Sievert's law, a theoretical analysis is 
developed that relates the difference be
tween the two state functions. This rela
tionship is valid under equilibrium condi
tions if the system is isothermal and closed. 
However, in welding, this simple closed 
system model is not valid. Indeed, work, 
heat and matter all cross the boundary in 
this open system. Since the arc and weld 
pool are not a closed system at equilib
rium, it is inappropriate to apply Sievert's 
law to this system. 

The hypothesis proposed in this study is 
that the energetically favored path con
sists of hydrogen dissociation followed by 
monatomic hydrogen absorption. Using 
this path, the estimated temperatures of 
the weld pool are meaningful and realistic 
even though full equilibrium is not at
tained. When the Sievert law path of 
direct diatomic hydrogen absorption is 
assumed, the calculated weld pool tem
peratures are unrealistically high. 

Conclusions 

The hydrogen content measured in a 
diffusible hydrogen test will be governed 
by three distinctly different phenomena: 
hydrogen absorption into the molten pool, 
hydrogen trapping or rejection from the 
solidification front, and hydrogen diffu
sion away from the solidified weld. These 
are separate occurrences which must be 
separately modeled in order to obtain a 

complete understanding of the hydrogen 
remaining in the weld. 

This study has attempted to separate 
out these various effects in order to 
determine the amount of hydrogen ini
tially absorbed. Once this value is known, 
a new model can be developed in order 
to gain a greater understanding of the ba
sic gas-metal reaction occurring in the 
weld pool and how this is affected by the 
welding arc. 
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