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ABSTRACT

HYDROGEN ASSISTED CRACKING OF
HIGH STRENGTH STEEL WELDS

by
Steven Anthony Gedeon

Submitted to the Department of Materials Science and Engineering on
May 1, 1987 in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.

Methods of measuring the hydrogen content of Gas Metal Arc Welds
(GMAW) are evaluated. The recently developed American Welding Society
standard A4.3-86 using gas chromatography was found to measure the
relevant content with reasonable reproducibility, whereas the IIW specif-
jication does not. The amount of hydrogen absorbed by Gas Metal Arc Welds
as a function of percent H2, 02. and CO2 added to the argon weld shield-
ing gas is quantified.

Sievert's law is shown to be invalid for modeling the amount of
hydrogen initially absorbed by the molten weld pool. A new model is pos-
tulated based on the hypothesis thai diatomic hydrogen will dissociate in
the cathode boundary layer at a different reaction temperature than the
hydrogen absorption reaction which occurs at the temperature of the weld
pool surface. Using this hypcthesis, it is shown that hydrogen absorp-
tion will be controlled by monatomic hydrogen absorption into the cooler
outer region of the weld pool rather than diatomic hydrogen absorption
into the hotter central portion as was previously believed.

When oxygen is added to the shielding gas, the amount of hydrogen
absorbed by the weld pool increases. It is shown that the hydrogen will
be bound to the more thermodynamically stable H 0. It is believed that
the water molecule is more strongly absorbed than the H_ molecule. The
resulting effect on hydrogen solubility is explained by a consideration
of the Fe-H-O phase diagram which was calculated in this study. The
effect of CO_ on hydrogen absorption is explained by its effect on the
stability of H 0 and H, at high temperatures.

Implant testing is used to quantify the effect of hydrogen on crack-
ing of high strength steel welds. The microplasticity theory originally
proposed by Beachem is used to explain the effect of hydrogen on the var-
ious fracture modes observed.

Thesis supervisor: Dr. Thomas W. Eagar
Associate Professor of Materials Engineering
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PREFACE

Despite the many research efforts on the effect of hydrogen in
steel, hydrogen assisted cracking continues to be a problem, especially
when welding very strong, hard, or thick steels. This is of particular
concern to the U.S. Army since the majority of their vehicles utilize
armor steels which are chosen for their high hardness. Since ballistic
protection versus penetration increases with increasing hardness, alloy
developers strive to make the hardest steel possible. Unfortunately,
protection versus shock of the entire structure decreases if this hard
material is embrittled due to hydrogen introduced during welding. In
some cases, the welded material is so embrittled that cracking occurs due

to the residual stresses alone with no externally applied load.

In order to alleviate the problem of hydrogen assisted cracking of
welded high strength steel, a research program was initiated at the U.S.
Army Materials and Mechanics Research Center (now renamed the Materials
Technology Laboratory) in 1985 (G3, G7, G8). This dissertation is the
result of a portion of that program which was performed in conjunction
with the Massachusetts Institute of Technology. A portion of the dif-
fusible hydrogen measurements was performed at the U.S. Army
Construction Engineering Research Laboratory. This work plan was super-

vised by Steven Gedeon under MTL contract AW-6-MD0045 (G3).

This dissertation is formatted as a compilation cf original papers
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on the subject of hydrogen assisted cracking of high strength steel
welds. The papers follow a logical progression from previous work, to
testing method determination, to results, modeling, and discussion. The
set of papers is then followed with a summary chapter to help tie them
into a cohesive thesis document. To provide a rationale for this
research program, hydrogen embrittlement is reviewed to determine which
aspects require further investigation and also to set the groundwork for
the analyses to be presented in later sections. Special emphasis is paid
to Gas Metal Arc Welding (GMAW) due to the low hydrogen potential of the
process. Low hydrogen levels are studied since the high strength steels

of interest are so crack susceptible.
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1.0 LITERATURE REVIEW OF HYDROGEN ASSISTED CRACKING

OF HIGH STRENGTH STEEL WELDS

1.1 INTRODUCTION

Hydrogen embrittlement refers to the loss of ductility and enhanced
crack susceptibility resulting from the presence of hydrogen in a materi-
al near room temperature. This form of cracking in steel weldments is
also called cold cracking, delayed cracking, underbead cracking, or
hydrogen assisted cracking. Hydrogen embrittlement is especially dan-
gerous because it can occur hours, days, or even weeks after welding has
been completed and is difficult to detect even though the amount of
cracking may be quite extensive. Catastrophic failures of weldments have
occurred without a load even after performing satisfactorily in service

for some time (L6).

In Britain alone, the estimated annual —cost of repairing
hydrogen-induced cracks amounts to over 40 million pounds. Service
failures of welded components cost an additional 140 million pounds annu-
ally (C15). Several famous disasters have occured as a direct result of
hydrogen embrittlement, such as the Morgantown molasses pressure vessel
in 1944, the Liberty Ships and T-2 tankers during and after World War II,
the Alexander Kielland drilling rig in 1980, several bridges in Europe,

as well as numerous pipelines and aircraft (E2, Hl6, P4, RS).
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As a result of these unexpected failures, hydrogen-induced cracking
has received a tremendous amount of attention as a topic of research and
thousands of papers have been written on the subject (J&).
Unfortunately, much remains to be understood regarding the mechanisms of
embrittlement, the influence of various welding procedures, the specific
sources of hydrogen, interpretation of test results, and means for
predicting safe welding practices. Even though fabricators pay close
attention to avoiding hydrogen embrittlement, the incidence of failures
suggests that they have not always been successful. The importance of

the behavior of hydrogen in a weldment cannot be overemphasised.

Hydrogen adversely affects most metals. The effect on nickel, pal-
ladium, and electrolytically charged materials has been investigated
extensively (B9, C2, I3, P6), as has the effect on most types of ferrous
alloys. Even though these results are not all directly applicable to the
welding of high strength steel, a number of the results can be used to

shed light on some of the problems peculiar to welding.

Fontana and Green (F6) have postulated four different categories of
hydrogen damage: hydrogen blistering, decarburization, hydrogen attack,
and hydrogen embrittlement. A fifth category which could be added is
hydride formation. Metal hydrides tend to be very susceptible to embrit-
tlement, and Birnbaum (B10) has shown cinematography of hydride formation
and fracture. However, since no iron hydrides are known to exist, this

topic has little to offer the current investigation.
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Hydrogen blistering, otherwise known as flaking, occurs due to an
interaction of dissolved hydrogen and internal stresses. This phenomenon
occurs chiefly in forged or wrought steels, but has also been evidenced
in cast steels (B6). Ni-Cr and Ni-Cr-Mo steels are particularly suscep-
tible to this form of failure, whereas austenitic steels are virtually
immune (B6). Weldments do not generally suffer from flaking, but a phe-
nomenon known as fish-eyes, which resembles flakes, c¢an appear when a

weldment is stressed in excess of the yield point (V1).

Decarburization and hydrogen attack are high temperature processes.
Hydrogen diffuses to voids or crack tips and combines with the carbon in
steel to form methane. The resulting loss of strength at these areas of

high stress can result in failure.

The fourth, and by far the most prevalent, form of hydrogen damage
in welds is hydrogen embrittlement. It is generally recognized that
hydrogen embrittlement will occur to some extent whenever sufficient
hydrogen and sufficient stress are present in a hard microstructure at a
temperature between 150'C and -100°c. Since a weldment must usually
withstand speclified service stresses and temperatures, methods of avoid-
ing cracking are generally restricted to controlling the amount of
hydrogen, the type of microstructure, or both. These areas, as they

relate to welding of steel, are discussed in more detail below.
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1.2 SOURCES OF HYDROGEN DURING WELDING

Hydrogen can be present in the welding arc atmosphere from a variety

of sources such as:

1) moisture in the flux and coating of SMAW electrodes, or the flux wused
in SAW, FCAW, or ESW;

2) moisture in the shielding gas of GMAW, GTAW, or FCAW;

3) any hydrogenous compounds on the base material such as oil, rust, or
degreasing fluids;

4) lubricating oils used for drawing of the electrode or wire. Also
other o0il, dirt, or grease trapped on the welding wire such as in the

seam of a FCAW wire;

5) entrainment of the ambient atmosphere into the arc region, or contact
between the atmosphere and the solidifying weld bead.

The potential hydrogen level available for each different welding
process can vary dramatically. Coe (Cl5) has quantified the amount of
hydrogen available from a number of different types of welding electrodes
as shown in figure 1.1. This histogram shows the relative frequency of
measurements over the total range. It can be seen that GMAW electrodes
have less hydrogen than the SAW electrodes or other filler metals despite
the fact that that the smaller diameter GMAW wires have a higher

surface-to-volume ratio.

Coe has also compiled values for the moisture content of various

fluxes and SMAW electrode coatings as is reproduced in figure 1.2. Since
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the silicate binders typically used in the coating of SMAW electrodes
require some moisture to keep them sound and free from cracks, the total
elimination of hydrogen from this welding process can be difficult if not
impossible. These types of binders are also hygroscopic and can pick up
substantial amounts of moisture from a humid atmosphere, as 1is demon-
strated in figure 1.3 (N1). Thus they must be carefully stored,
packaged, and dried. Baking will reduce the amount of moisture, but not
below a certain level. Typical moisture levels in two types of SAW
fluxes are also shown in figure 1.2; the overall 1level of potential

hydrogen in this process is a combination of the wire and flux contents.

The welding community has attempted to reduce the hydrogen potential
of SMAW electrodes for quite some time. There has been some success
through the addition of carbonates, etc., but the hydrogen levels are
still not low enough to be used for some applications. A sol-gel techni-
que has been patented at MIT which promises to provide a non-hygroscopic
SMAW coating (B3, R4). However, until a sol-gel coating has been fully
developed, the lowest hydrogen welding processes which can be used for

welding high hardenable steel are still GTAW and GMAW.

Hydrogen can also enter the arc atmosphere directly from the shield-
ing gas. This 1is normally a small fraction of the overall hydrogen
potential, but long lengths of tubing from the gas cylinder to the torch
may increase moisture levels (Cl5), or an almost empty cylinder may have
abnormally high amounts (K7). Standard welding grade cylinders have a

dewpoint of -76 C which amounts to about 10ppm water vapor. Little or no
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data has been generated on the effect of this amount of potential hydro-

gen on extremely crack sensitive steels.

Since we are interested in very crack sensitive steels which require
only minute quantities of hydrogen to promote cracking, the literature
will now be reviewed to provide a better understanding of the actual

mechanisms of hydrogen absorption into the weld pool.
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1.3 HYDROGEN ABSORPTION INTO THE WELD POCL

Coe has shown how the potential hydrogen level and resulting weld
hydrogen content are related for various weld processes. This relation-
ship is reprinted in figure 1.4. The potential hydrogen level and
coating moisture content axes are superimposed onto the same axis by
assuming that all the water in the coating breaks down directly into

available hydrogen. This assumption establishes the conversion factor:

lg HO - 1245 ml H, (1.1

It is not clear if this relationship always holds, however, espe-
cially when various gas forming compounds are added to the flux coating.
Many researchers have shown (C5, El, N1, V3) that the relationship
between coating moisture and hydrogen content can vary significantly with
the type of SMAW electrode. Moisture absorbtion is heavily influenced by
the flux composition, density, particle size, and binder formulation (B3,
B21, Gl, HS5, S2). The moisture in SMAW electrodes can be either chemi-
cally bound to the silicate binder or physically absorbed onto the
surfaces of the flux particles or the binder. Thermogravimetric analyses
show that the physically absorbed moisture can be removed at a lower tem-
perature than the chemically absorbed moisture. Some have suggested that
the physically absorbed moisture may not transfer to the weld pool due to
resistive heating of the electrode during .peration driving off this

weakly bound water.
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As can be seen in figure 1.4, not all of the available hydrogen is
transferred to the weld. The potential hydrogen level can vary more than
an order of magnitude with the same resulting weld hydrogen level when
different welding processes are considered. Obviously, there must be
other factors involved in the transfer of hydrogen than simply the poten-

tial hydrogen level.

Chemical thermodynamics can be applied to quantify these differences
and gain some insight into the mechanisms of hydrogen absorbtion into the
weld pool. Many people have assumed that the weld pool will become satu-
rated with hydrogen at 1 atmosphere. However, as can be seen in figure
1.5, the equilibrium solubility of hydrogen in iron will wvary with the
amount of hydrogen partial pressure above the molten iron as well as with
the temperature of the pool. Thus, in order to model the absorption phe-
nomenon, one must know the temperature of the reaction as well as the

amount of hydrogen in the gas phase.

The most fundamental relationship to describe the equilibrium

absorption of hydrogen in molten iron is the well known Sievert relation-

ship, which is derived from the reaction:

1/2 H (g) = H (in solution) (1.2

for which the equilibrium constant of:
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1/2
K= ay / (PHg) (1.3

can be determined. If one assumes that the hydrogen concentration is
within the Henrian activity region and an infinitely dilute standard

state is used, the most popular form of Sievert’'s law is obtained:

1/2
Cy = K (PHQ)

(1.4

where CH is the amount of absorbed hydrogen, K is a constant which is
often taken as the equilibrium constant or the solubility at 1 atmos-
phere, and PH is the pressure of hydrogen gas above the surface.
Although it c:n be argued that hydrogen in the arc atmosphere is monatom-
ic and Sievert’'s law is applicable only for diatomic gases, many people
have assumed that some form of this square root relationship holds true.

An example is shown in figure 1.6 (C7). . The methods used to gather this

data will be discussed in detail in section 1l.4.

From equation 1.4 and the basic thermodynamic law:

G=G" +RT InK (1.5

one can make estimates of the reaction temperature at which hydrogen
absorption takes place for various systems. These estimates have been

made for some welding operations which were not at equilibrium. However,
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these "effective equilibrium reaction temperatures" can provide insight
into the gas-metal reactions occuring and allow one to make predictions
about other systems of interest. Reaction temperatures determined for
welding systems represent the temperature at which the kinetic processes

become too slow for equilibrium to be maintained.

For example, splat cooling is used in the study of slag-metal reac-
tions to freeze equilibrium as close to the reaction temperature as
possible. In welding, the cooling rate is not fast enough to freeze
equilibrium, and one must wait until a low temperature is achieved before

the kinetics are sluggish enough to stop transport of the hydrogen.

Chew and Willgoss studied hydrogen additions to GTAW at various cur-
rents and determined the equilibrium reaction temperature to be 1840 C at
100 amps and 1570 C at 200 amps (C7). These results appear to be counter
intuitive, as one would tend to expect increased currents to increase
pool temperature. Chew and Willgoss argue that higher heat inputs lead
to slower cooling rates and slower cooling rates lead to lower effective
reaction temperatures. They also explained their results by reasciing
that the larger weld pool at higher currents enabied hydrogen to escape

from the solidifying weld more rapidly (C7).

Determinations of "equilibrium hydrogen absorption temperatures" in
SMAW have been as high as 2300 C (C6). White (W8), studying hydrogen
additions to GMAW, found that the apparent weld pool temperature

increased with increasing hydrogen contents. Savage, et al. (S6) found
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an equilibrium temperature of 1870 C when comparing the amount of mois-

ture versus the amount of hydrogen absorbed.

Christensen and Chipman (Cl10), studying SAW, found an effective
reaction temperature of 2000 C for manganese distribution between metal
and slag. This same reaction temperature was found by Belton, Moore, and
Tankins while studying silicon/silica partitioning in SAW. Others have
determined the temperatures to be from 1640 C to 1670 C for silicon deox-
idation (Cl16). The higher reaction temperatures can be understood by
realizing that the kinetics for silicon or manganese transport are far
slowver than for hydrogen. However, the cooling rates are far slower for
SAW than GTAW due to the insulating slag layer and the generally larger

heat inputs used for SAW.

The situation is actually more complicated than the above analysis
can model, even in GTAW, perhaps the simplest welding system. Howden and
Milner (H18) argued that the bulk of the absorption actually takes place
in a hot spot directly beneath the arc in the center of the pool, and
that the cooler regions of the arc give off hydrogen at a slower rate so
that the gas content throughout the pool approximates that in the absorp-
tion zone. They found weld metal hydrogen contents which were 1.4 times
greater than the melting point solubility and estimated the reaction tem-
perature in the hot zone to be 2100 C. They also determined that
hydrogen absorbtion in iron was lower than in other metals. For example,
the solubility of hydrogen in aluminum welds is 70 times the melting

point solubility.
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Howder and Milner also found that vaporization of iron at higher
temperatures would reduce the hydrogen partial pressure above the pool
(H18). Thus, at the boiling point there would be no solubility of hydro-
gen 1in iron since the atmosphere above the weld pool would be entirely
metal vapor. The resulting solubility curves, which include their metal

vapor correction calculations, are rep: ‘'uced in figure 1.7.

Block-Bolten and Eagar (B12, B13) have shown that the boiling tem-
perature of iron can never even be reached since evaporative cooling will
maintain a steel weld pool at a maximum temperature which they estimate

at 2500 C.

In more complicated systems such as SMAW, Chew (C5) suggests that
the reaction of interest actually occurs on the molten droplets which
form on the electrode tip before they reach the weld pool. Grong and
Christensen (G20), studying oxygen, carbon, silicon, and manganese levels
in GMAW, have calculated reaction temperatures of: 1600 C at the elec-
trode tip, 2400 C in the molten droplets, and 1800 to 2000 C in the hot

region of the weld pool.
It is also possible that the oxidizing tendency of many shielding

gases will help reduce the hydrogen absorption into the weld pool due to

the reaction:

2H + 0 = H. 0 (g) (1.6
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Christensen has postulated that as O increases, H decreases accord-
ing to this reaction (C9). This seems to be an interesting avenue of

research since most GMAW is performed with 95% Ar / 5% O,, or 98% Ar / 2%

20
02. This could also be a mechanism of reducing the absorbed hydrogen
when welding with 002 which would break down in the high temperature arc
plasma into CO and 02.

Another consideration is that the free energy data used in the above
studies is for hydrogen absorption in liquid iron, whereas all the exper-
iments were performed on steel. The simultaneous effect of a number of
alloying elements on the solubility can be calculated through use of a
Taylor expansion method as shown by Wagner (W2). This method results in
the use of free energy interaction coefficients to describe the effects
of concentrations of dilute components on the activity coefficient of a
selected dilute constituent. Elliot has shown the effect of alloying
elements on the solubility of hydrogen, and has tabulated the first and
second order interaction coefficients for most of the alloying elements
used in steelmaking (ES). A first order approximation of the effect of
the alloying elements typically found in a high strength steel (M10) on
the solubility of hydrogen at the melting temperature can be calculated

from:

AG = 8720 - 11.02 T = - RT 1In K (1.7

thus,
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log K = 1.36 = log H + log fH - 1/2 log PH (1.8
2
If one wishes the solubility at 1 atmosphere hydrogen, the fugacity can

be determined from the interaction coefficients tabulated by Elliot:

log £, = e,° (3C) + e Mo aMn) + ... (1.9

H

Using this me-hod, the solubility of hydrogen in the steel used in
this study is found to be 21.9 ppm instead of 23 ppm in pure iron at the
melting temperature The solubility difference at .0l atmospheres
amounts to less than 5%. This shows that using free energy data for
hydrogen in pure iron is a useful epproximation in the study of hydrogen

in steel.

Once the maximum concentration of hydrogen has been reached in the
molten weld pool, the weld will cool and a large portion of the hydrogen
wiil diffuse into the surrounding base metal Heat Affected Zone (HAZ) or
escape to the atmosphere. Karppi, et al. (K3) suggests that the crack-
ing phenomenon can be more closely modeled by the amount of hydrogen
remaining after the weld has cooled to 100 €. To understand this point

one must understand the diffusion of hydrogen in the solid state.
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1.4 DIFFUSION OF HYDROGEN

Hydrogen will diffuse away from regions of high chemical potential
towards regions of low chemical potential until there is no further gra-
dient in chemical potential. Hydrogen molecules are relatively large, so
only the atomic form of hydrogen can effectively diffuse through a steel
lattice. This diffusion can be mathematically determined through the use
of Fick’s Laws and kinetic theory (S1, S§15, S18). When a concentration
gradient exists in an unstressed body of uniform temperature, the steady

state flux of atoms crossing a plane is given by Fick’'s first law:

J =-D (dC/dx)t (1.10

where J is the flux of (hydrogen) atoms, D is the diffusion coefficient,
and (dC/dx)t is the concentration gradient at a fixed time. If steady
state does not exist, that is, if the concentration at some point is

changing with time, a more convenient form is Fick's second law:

dC/dt = d/dx (D dC/dx) (1.11

The driving force for diffusion of hydrogen can be: 1) a gradient

in the chemical potential which results from a gradient in the lattice
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hydrogen concentration, 2) a gradient in the hydrostatic component of an
elastic stress field, or 3) a gradient in an electric field (B8, Ml).
The driving force due to a concentration gradient may be opposed or aug-
mented by a stress gradient, since it is the chemical potential which is

the actual driving force.

Hydrogen will diffuse toward an elastic stress field that is tensile
in character. This is because the energy of the interstitial hydrogen is
lower in tensile stressed regions (the lattice opens up and has more room
for the hydrogen atom). The localization of hydrogen at triaxially
stressed regions, such as those caused by a notch or other sharp defect,
is known to be a very important factor in the characteristic delayed

fracture behavior of steels containing hydrogen (L8).

The rate of hydrogen diffusion is proportional to both the chemical
potential gradient and the diffusion coefficient (D). In theory, the
diffusion coefficient varies with temperature according to the Arrhenius

equation:

D = D° exp (-Q/RT) (1.12

where Do is a preexponential term, Q is an activation energy, R 1is the
universal gas constant, and T is the absolute temperature. In actual
practice, measurements of D tend to be somewhat scattered as is shown in

the compilation in figure 1.8. The variations in D are due to differ-
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ences in measuring techniques, amount of cold work of tne material, and

differences in steel composition.

The biggest influence on the diffusivity measurements of hydrogen in
iron, especially below 250 C, is the presence of traps. Tl.e mobility and
solubility of dissolved hydrogen can be heavily influenced by the pres-
ence of structural imperfections caused by factors such as cold working.
The phenomenon of hydrogen trapping has been extensively researched to
determine the density, depth, and interaction energies of the various
trapping sites such as dislocations, solid-solid interfaces, voids,
solute elements, and microcracks (B8, B9, H&, H10, H1ll, K6, K11, 05, P12,
R3, T7, Z2). Unfortunately, the results of this research have rarely

been applied to the field of welding.

During welding, the diffusing medium (i.e. steel) will not be at a
uniform temperature or an unstressed state, and the diffusion coefficient
(D) will undergo rapid changes. Coe and Chano have combined experimental
results and diffusion theory to develop a number of hydrogen distribution
plots for their weldments as a function of time (C13). Terasaki, et al.
(T2, T5) have assumed a rectangular weld bead and applied finite element
techniques using superposition of one-dimensional solutions to determine
the optimum size of a diffusible hydrogen specimen, but did not actually

calculate a hydrogen distribution plot.

Peng (P4), using the cooling curve for various welding conditions,

estimated the diffusion effect at various points along the curve, and
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added up the results to determine the residual amount of hydrogen re ain-
ing at the fusion line after the weld had cooled to 100 C. Since his
specimens cracked along the fusion line, he calculated that hydrogen
embrittlement occurred at .74 ml/100g (which is approximately .81 ppm) in
HY-80 steel weldments, and at .5 ml/100g in X-80-W steel (which had a

yield strenth of 94 ksi).

Peng’s calculated values for embrittlement are somewhat lower than
the values found by other studies. For example, Graville (Gl5) found
that a bulk value of 1 pom caused embrittlement ir his highly susceptible
quenched steel. This discrepancy between Peng and Graville could be due
to the welded microstructure being more susceptible, the fusion zone
being an unmixed region, or exhibiting segregation, or perhaps a low tem-
perature hydrogen transport phenomencn such as dislocation movement
actually increased the amount of hydrogen at the fusion line during

Peng’s implant test time.

Even though calculations are available for the amount or distribu-
tion of hydrogen remaining directly after welding (C13), a number of
authors have estimated that about half of the hydrogen determined from a
standard diffusible hydrogen test (to be explained in the next section)
remains after welding. Using this assumption, they have calculated the
time needed to reduce the average hydrogen level at the center of a weld-
ment to a fixed percentage of the initial hydrogen content using
solutions previously derived by Russell (R6). An example of one of these

curves used for a rough prediction of postheat temperature and time is
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reproduced in figure 1.9.

1.5 METHODS OF MEASURING HYDROGEN CONTENT

Before discussing actual testing techniques, some background on the
behavior of gaseous elements in metals is required. The fundamental phy-
sical and chemical principles involved in the determination of gases in
metal must be understood to obtain reliable and useful analytical infor-

mation.

Gas-metal interactions are classified into four general categories:
physical adsorption, chemical adsorption, solution formation, and bulk
compound formation (H6). Adsorption reactions are confined to the sur-
face, while in the last two types, the gas is absorbed into the metal.
All four types are of concern because of their effect on the analytical

results obtained in any test.

The first step in a gas-metal reaction involves the gas molecules
striking a metal surface and being adsorbed by physical or chemical
forces. In physical adsorption, van der Waals forces weakly hold the gas
molecule in place. This process 1is reversible, and the gas can be
removed by reducing the pressure since the exothermic heat of adsorption

is usually less than 20,000 Joules/mole (5 kcal/mole).

In chemical adsorption, usually called chemisorption, a very stable
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bond is formed between the gas and the metal. The bonds formed are
almost as stable as those existing in stoichiometric compounds (M9).
Vigorous treatments are often required to remove a chemisorbed layer from
a metal surface, as their heats of adsorption are wusually 80,000 to

400,000 Joules/mole (20-100 kcal/mole).

The adsorption of gases onto the clean surface of iron has been
classified along with most other metals (H6), and Trapnell has esta-

blished the general order of affinity (T9) as:

02 > C2H2 > Czﬂt > CO > H2

The adsorption of these gases on iron is a rapid and probably
nonactivated process detectable at 300 K and IO-A torr pressure (H$).
When the surfaces of most metals are carefully prepared for analysis, the
relative quantity of gas on the surface is usually insignificant compared
to the bulk quantity. Problems can arise, however, if low bulk contents

are being analyzed or if the specimen has a high surface to volume ratio.

Iron is classified as an "endothermic occluder". As such, it will
only form a solid solution with hydrogen and will not form a bulk com-
pound. Thus, the fourth category described above does not relate to
iron, but may be important for describing the effect of hydrogen as it

reacts with some of the precipitates. In pure iron, hydrogen will only
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be present as an interstitial solid solution.

Although the effect of alloying elements on the solubility of hydro-
gen in a liquid melt was shown previously, there is little information on
the effect of solubility in the solid. However, there have been some
studies on the distribution of hydrogen among the phases that result from

the addition of these elements.

Autoradiographic techniques using tritium have shown that hydrogen
will segregate to MnS and A120‘ (T13). Through use of a similar method,
Caskey (C2) has demonstrated that this technique can be applied to welded
materials and has shown that hydrogen segregates at dislocations, grain

boundaries, and inclusion interfaces--particularly carbides.

Chemical methods for distinguishing between atomic, molecular, and
oxidized hydrogen in steel have been used to show that water or hydroxyl
groups were associated with inclusions (K8). Direct evidence for the
presence of hydrogen as methane in microvoids in solid steel has also
been obtained (P9). In fact, it has been found that only a small frac-
tion of the hydrogen present in as-fabricated steel at temperatures less

than 200 C is in the form of interstitial solid solution (H8).

Methods which can be used to determine the amount of hydrogen in
metals have been extensively reviewed by Eborall (E3). The determination
of hydrogen in steel has been covered by Acosta (Al), Wojcik (W9), and

Martin, et al. (M2). Among the vast array of techniques used, some of
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the more common are: vacuum fusion, vacuum extracticn, inert-gas fusion,
inert-gas extraction, equilibrium pressure, isotope dilution, and combus-
tion (M9). A more recent method using a pyroelectric katharometer has

promised ultra-high sensitivity (G21).

After years of evolution, the preferred method for determining
hycrogen 1in steel appears to be extraction from a solid sample in vacuum
or inert gas. Several commercially available analyzers have been
developed which are based on this method of analysis, the most recent of
Qh{ch utilize a gas chromatograph to ensure that only the hydrogen gas is

being measured.

The values which are measured by any method will depend on the tech-
nique, sample preparation (surface roughness and cleanliness),
temperature (of extraction, not necessarily ambient), pressure (vacuum or
inert-gas), and the materials used within the instrument as well as the
type of crucible. All of these must be understood, as well as the fact
that hydrogen may be in various traps or in the form of methane or water,

in order to accurately use the values which are measured.

Several tests have been developed for the measurement of weld metal
hydrogen content (G21, I8, I9, I10, J2, P10). The two most widely used
methods for the measurement of this quantity are probably also the most
inaccurate. They are very similiar in that they allow the welded speci-
men to degas in some form of eudiometer tube filled with a collecting

fluid. The evolved gases are collected in the upper portion of rhe tube
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over the fluid and the resulting volume is measured. Results are calcu-

lated as the volume of gas collected per unit mass of weld deposited.

A major problem with these techniques is that the results can vary
significantly with fairly minor variations in the testing procedure (Bl7,
B18, F1, Ol, Q3). The two most widely used techniques involve the use of
either glycerin or mercury. Results are difficult to compare between
these two techniques, however, since the temperatures are typically dif-
ferent between these tests and the solubility of gases is.different in
the two types of fluids. 1In fact, one source (Cl5) states that most of
the published results using these tests are worthless since the exact
procedure is seldom recorded. Thus, the results are of 1little wuse
because they cannot be reproduced. Numerous variations of this test have
been put forth, including the use of different collecting fluids (Fl1, 01,

Sle6).

An alternative method is to use gas chromatography, which 1s much
more reproducible and reliable (I10, P10, Q4). Also, extraneous gases
are not included in the resulting volume, since the thermal conductivity

analyzer ensures that only hydrogen is being measured.

The moisture content in the electrode coatings car ve determined by
a number of techniques. A popular method consists of igniting the sample
in a stream of pure dry oxygen (C.5, L5, M13). The water expelled or
formed by combustion in this operation is collected in a suitable absor-

bent and weighed. Another method is the use of a Karl Fischer titration
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technique. This technique is apparently more precise and a recent arti-
cle compares this method with some of the other popular methods (M12).
Thermogravimetric analysis (TGA) 1s yet another method which may be used

(G1, R4).

The recently introduced Leco HW-100 and HW-200 both measure diffusi-
ble hydrogen, but they make the determination at different temperatures
(L3). The HW-200 performs its analysis at 400 C, whereas the HW-100 can
operate from 25-200 C. As shown in the last section, this may result in
different measurements due to trapping of the hydrogen at dislocations or

inclusions.

Increased hydrogen values can be expected when the analyzing pro-
cedure uses a higher extraction temperature. This is because much of the
hydrogen can be bound to traps which do not release the hydrogen until a

certain threshold cemperature.

1.6 MEASURED VALUES OF DIFFUSIBLE WELD HYDROGEN CONTENTS

Florian and Neumann (F5) have studied the effects of adding known
amounts of hydrogen to the shielding gas of GTA welds. Their results
show that weld parameters such as current and voltage change in the pres-
ence of hydrogen (shown in figure 1.10). They found that this wvariation
adds to the scatter in experimental data, but has little effect on the

overall weld hydrogen level (figure 1.11). Although they concentrated on
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strain rate and acoustic emission data, they did determine the effect of
percent hydrogen in the shielding gas on the resulting diffusible weld

hydrogen as shown in figure 1.12.

Savage, et al. studied hydrogen and moisture additions to GMAW and
found that pulsed current produced the most stable arc (S6). They also
found that moisture additions resulted in more hydrogen being added to
the weld than if hydrogen had been added directly (i.e. 1% Hzo resulted
in more added hydrogen than 1% H ). Unfortunately, they offered no
explanation for either of these occurrences. White (W8) also studied
hydrogen additions to GMAW and found that Sievert's Law could not be used
directly to explain her results. Both groups of researchers found that
high levels of hydrogen added to the shielding gas will create porosity
in the weld which will decrease the amount of hydrogen measured in the

diffusible hydrogen test.

Terasaki, et al. (T4) have also studied the effect of weld current
and voltage on hydrogen absorption. They developed a method which allows
one to calculate the initial hydrogen content absorbed into the molten
weld based on the amount of hydrogen remaining in the diffusible hydrogen
test. The method consists of measuring the cooling rate of the weld and
converting the temperature versus time curve into a diffusion coefficient
versus time curve. The area under this curve (which they term the "ther-
mal factor") is then related to the amount of hydrogen which has left the
specimen. Differences in heat input (by changing voltage and current),

preheat, and time to querch the specimen are then related to the amount
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of hydrogen remaining in the specimen. An example of their results 1is
shown in figure 1.13. This is the only known work which attempts to cal-
culate the actual amount of hydrogen initially absorbed by the molten

weld pool.

Other reseachers studying the amount of hydrogen remaining in a weld
have had conflicting results as is evidenced by the differing effective
equil}brium reaction temperatures quoted in section 1.3. The majority of
this type of research has been performed for SMAW to find the amount of
hydrogen absorbed as a function of moisture in the electrode coating.
Unfortunately, wultra-low moisture levels are not currently possible in
SMAW so the amount of diffusible hydrogen is quite large. The level of
hydrogen in SMAW can easily promote cracking in the high strength steels

being evaluated in this study.

1.7 EFFECT OF HARDNESS AND COMPOSITION ON CRACKING

Early work in the field of hydrogen embrittlement recognized the
importance of hardness as a prerequisite for hydrogen cracking, especial-
ly in the Heat Affected Zone (HAZ). Knowledge of the hardness itself,
however, 1s 1incomplete as a measure of hydrogen susceptibility, and
erratic results soon showed that the type of microstructure was of even
more importance (S17). Figure 1.14 shows that the HAZ hardness of a par-
ticular steel may be used as a means of detecting the degree of

embrittlement, but that this relationship can vary substantially for dif-
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ferent types of steel. The various microstructures found in ferritic
steels can be qualitatively ranked in terms of increasing hydrogen crack

susceptibility and generally follow the following trend (Pll):

Quenched and tempered, or spheroidize& steels have less susceptibil-
ity than normalized and tempered steels; followed by normalized steels;'

then by untempered bainite; and finally untempered martensite.

Chemical composition must also be considered since two steels may
have identical microstructures but widely different cracking behavior due
to different alloying additions. Heat treatment history is also of
importance since fine and round carbide shapes are more resistant to

embrittlement than coarse and angular ones (Pll).

The microstructure produced in any steel is dependent upon the cool-
ing rate through the transformation temperature of the steel and the
composition and hardenability of the steel. The hardenability of a steel
is difficult to quantify, and rankings such as the one given atove are
not always applicable. In an effort to find a useful way of describing
hardenability, a Carbon Equivalent (CE) is often used which takes account
of the important elements which are known to affect hardenability. An
enormous number of carbon equivalent formulae have been postulated over
the years. On a particular material or series of materials, these can be
of benefit for making predictions concerning crack susceptibility. These
predictions are usually based on empirical fits to data, and then either

interpolated or extrapolated, which can lead to erroneous results.
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Figure 1.15 shows that the carbon equivalent can be used to deter-
mine what hardness will be obtained for a given cooling rate (or vise
versa). Although these types of graphs are useful for establishing weld-
ing procedures for previously characterized steels, they cannot always be
fully relied upon. For example, two steels may have identical CE but one

may crack whereas the other will not.

Other reseachers have related hydrogen embrittlement to the percent
martensite in the HAZ rather than the hardness (C8, P2). This method
works quite well with the steels used in those investigations, but the

applicability of this method for other steels remains in question (K5).

Through the judicious use of preheat, a cooling rate can be chosen
which will produce the desired microstructure. Isothermal transformation
curves (TTT diagrams) (A4) can be useful for predicting the desired cool-
ing rate, and also for predicting what type of microstructure will be
developed. Preheat provides the additional benefit of allowing more
hydrogen to diffuse out of the weldment by reducing the cooling rate and

keeping the weldment at an elevated temperature longer.

1.8 MECHANISMS OF HYDROGEN EMBRITTLEMENT

A number of mechanisms have been proposed to explain the phenomenon

of hydrogen embrittlement. Since many of these mechanisms have been dis-

cussed in detail, only a brief list will be given here based on work by
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Louthan and McNitt in 1976 (L7).

1) Precipitation of hydrogen as a gas at internal defects, The
pressure developed by this precipitation is added to the applied stress
and thus lowers the apparent fracture stress. This mechanism was ini-

tially proposed by Zapffe (22).

2) Interaction of dissolved hydrogen to reduce the cohesive strength
of the lattice. This model was proposed by Troiano (T1l2) and modified by

Oriani (07).

3) Adsorption of hydrogen to reduce the surface energy required to
form a crack and thus lower the fracture stress. This theory was first

proposed by Petch (P5, P6).

4) Absorption of hydrogen to increase the ease of dislocation motion
or generation, or both. This mechanism, proposed by Beachem (B7),
differs in general from the previous models in that hydrogen 1is assumed

to enhance local plasticity rather than truly embrittle the lattice.

5) Formation of a hydrogen-rich phase whose mechanical properties
differ from those of the matrix. This model was generalized by Westlake
(W6) and is most readily associated with hydride, methane, or steam

embrittlement.

6) Association of hydrogen with dislocations either to restrict
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dislocation mobility or to provide localized hydrogen accumulations and
thereby embrittle the lattice. The dislocation-hydrogen association was

proposed by Bastien and Azou (B5) and refined by Tien (T7).

It is generally acknowledged (e.g. 1I2, T6) that none of.these pro-
posed mechanisms are general enough to account for all observed cases of
hydrogen embrittlement. Rather, it seems as though several of the pro-
posed mechanisms may be active at the same time, depending on the
particular experimental conditions. These mechanisms have rarely been

applied to welding.



PAGE 51

1.9 METHODS OF DETERMINING WELD HYDROGEN CRACK SUSCEPTIBILITY

Determination of the degree of hydrogen embrittlement of a particu-
lar steel can be a complicated task. The best method ultimately depends
on the specific application intended for the weldment of interest. There
are two classes of tests: direct and indirect. Direct tests are typi-
cally self-restrained joints that simulate production weld joints.
Indirect tests subject hydrogen charged specimens to an external locad or
strain. Borland (B19) has reviewed many types of cracking tests and dis-

cussed their characteristics and limitations.

The Controlled Thermal Severity (CTS), Tekken, Cruciform, and Lehigh
restraint tests are four of the most widely used direct: tests for study-
ing hydrogen cracking in weldments. A benefit of direct tests 1is that
the full range of HAZ microstructures can be evaluated. They are useful
for quick evaluations of weldability, but they require large amounts of
material. The length of the test weld in a direct test should be at
least 12 inches in order to develop maximum longitudinal residual
stresses. Also, the restraint stresses are difficult to determire and

can vary with changes in the welding procedure.

Indirect tests allow independent control over the hydrogen level,
stress level, and microstructure. Two of these types of tests Include
the constant load rupture test and the notched tensile test. The con-

stant load rupture test involves heating a notched tensile specimen in
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hydrogen and quenching in a blast of argon. This treatment charges the
sample with hydrogen, but only simulates a specific region of the HAZ. A
series of these specimens is then loaded at various stresses to give a
"static fatigue" curve such as is shown in figure 1.16. Bonisewski and
Morecton have observed that hydrogen introduced by this means may not
behave in the same way as does that introduced by an actual welding pro-

cess (Bl6).

In response to the problems associated with the above types of
tests, Granjon (Gl3) introduced the implant test. The implant test con-
sists of the static loading of a notched cylindrical test piece which has
been inserted (or implanted) through a hole in a base metal "specimen
plate”. A test weld is then deposited on the top surface of the specimen
plate in order to (1) fuse it to the top end of the cylindrical test
piece, (2) introduce a controlled amount of hydrogen, and (3) create a
weld HAZ that now contains the notch. A diagram of this is presented in
figure 1.17. The notch can be located in a specific area of interest in
the HAZ, or a helical notch (similiar to the threads of a screw) can be
used so that the notch is always in an area of highest crack susceptibil-
ity. By varying the test conditions it is possible to determine the time

and stress values needed for cracking or fracture.

The implant test has the following advantages over many of the other
hydrogen cracking tests (S13):

1. The stress imposed is independent of the welding procedure or
amount of restraint.

2. The effect of welding procedure on microstructure can be inves-
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tigated independently.

3. The amount of hydrogen introduced can be controlled by adjusting
the moisture content of the electrode or the hydrogen content of the
shielding gas.

4, The test specimens are small, and since the size and notch
dimensions are standardized, by wusing this test a vast data base of
research performed by other investigators may be utilized.

5. The test weld and specimen plate can be of a composition dif-
ferent from that of the test specimen, since they do not actively
participate in the test.

The cracking susceptibility is rated by varying the static 1load
applied to the specimen and noting the time to fracture. A lower stress
value will be reached where failure will not occur for an ar“itrarily
long time. This stress value is defined as the lower critical stress
(LCS), and can be used as an indication of the ability of the material to

resist hydrogen embrittlement. Another indication termed the "Embrittle-

ment Index," I, can be calculated from the relationship:
I = (NTS - LCS) / NTS,

where NTS is the short-time notch te¢nsile strength, and LCS 1s the
lower critical stress defined above. As the susceptibility to cracking

increases, the Embrittlement Index also increases.

The implant method has become one of the most widely used tests for
studying the hydrogen cracking tendency of steels (G15). Although there
is no standard metﬁod of performing implant testing, the IIW has proposed
a good methed (I7), and researchers have studied the effect of various

test procedures on test results (B22).
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1.10 METHODS OF PREDICTING AND PREVENTING HYDROGEN EMBRITTLEMENT

A number of researchers have proposed solutions or methods of pre-
venting hydrogen embrittlement in weldments. These typically rely on
empirical relationships which are then presented as a series of equations
or nomographs such as in figure 1.18. This technique is usually quite
adequate if the relationship being used was developed for that specific
material (or series of materials). The fact that these relationships do
not all agree with one another indicates that the use of them without

extreme caution is i1l advised.

Hydrogen embrittlement prevention relationships are usually based on
determining the critical preheat temperature to prevent cracking as a
function of the arc energy (or heat input), thickness of the materials to

be welded (or combined thickness), and some form of carbon equivalent.

There have been a number of variations of these relationships.
Pavaskar and Kirkaldy (P2).based their critical preheat temperature on
the HAZ hardness, percent martensite, and the hydrogen content as deter-
mined by the IIW diffusible hydrogen test. Christensen and Simonsen (C8)
and other researchers in Scandinavia (K5) have taken into account the
stress field pattern around the specimen notch or an actual weld joint
geometry. Thus they have made it possible to relate test results to

fabrication procedures.
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Karppi, et al. (K5) have used a more rational hydrogen value for
their relationships than the result obtained in a diffusible hydrogen
test. They use the amount of hydrogen remaining in the weld after it has
cooled to 100 C, which is when cracking actually begins to occur. This
procedure allows them to take into account the fact that much of the
hydrogen will diffuse away from the weld region and take no part in the
cracking phenomenon. Their relationships use the HAZ hardness rather
than the percent martensite. Furthermore, they use a stress field param-

eter to account for stresses rather than the thickness of the material.

Okuda, et al. (04) developed a single equation for the preheat
temperature which they claim 1is valid for submerged arc welds made on
steels with a strength of between 100 and 140 ksi. This temperature is
based solely on the strength of the steel and the hydrogen content as
found in the diffusible hydrogen test. Ueda and Kim (Ul) determined that
each of their steels required a different equation for the preheat tem-
perature. This temperature 1is based on the composition (a carbon
equivalent-like formula), the thickﬁess, the hydrogen content (as deter-
mined by the diffusible hydrogen test), and an efficiency of hydrogen

transfer rating for the type of electrode used.

Satoh, et al. (S5) developed a graph to predict the required
preheat for the first four passes of a multi-pass weld. This temperature
is based on the composition (using a carbon equivalent formula), the dif-
fusible hydrogen content, and the intensity of restraint. Alcantara and

Rogerson (A2) developed a nomograph to determine the amount of cracking
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(termed the average cracking coefficient) only in the weld. This rela-
tionship is based only on the arc energy and the diffusible hydrogen
content. Ito, et zl. (Ill) developed a series of graphs to predict.the |
implant rupture strength based on the diffusible hydrogen content,

preheat temperature, plate thickness, and composition.

Suzuki, et al. (S25 through S33) have developed a series of rela-
tionships which perhaps takes into account the largest number of factors.
These relationships are delineated in a number of papers regarding
aspects of what is alternately called the "hydrogen accumulation cracking
parameter" and the "cold cracking parameter"”. The most recent revision
(S.33) predicts the critical preheat temperature to prevent cracking
based on nine different factors. These factors include the time to cool
to 100 C (which in turn is dependent on the preheat temperature), the
composition, the hydrogen content (again, dependent on the preheat tem-
perature), the heat input or arc energy, the joint geometry, the
intensity of restraint, and the efficiency of hydrogen transfer (which

varies with the electrode type).

The choice of a relationship to determine which preheat temperature
to use will wultimately depend on the application and the material.
Obviously, if others have studied the same steel as one’'s application,
then their relationship will probably be the most accurate. It seems as
though no single relationship can account for all the factors involved in
hydrogen embrittlement for all materials. Even if such a relationship

could be found, it would probably be too cumbersome to use.
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1.11 CONCLUSIONS

Based on a thorough literature review and conversations with many of
the experts in the field of hydrogen embrittlement, the following areas
of research were found to be of particular interest in Gas Metal Arc

Welding of high strength steels:

1) Examine hydrogen measurement methods for accurately measuring the

relevant hydrogen content of welds.

2) Determine the effect of oxygen and carbon dioxide content in the

shielding gas on the amount of hydrogen absorbed by the weld pool.

3) Model the mechanism of hydrogen absorption into the meclten weld

pool for low values of hydrogen in the arc atmosphere.

4) Quantify the sources of hydrogen in welding and predict cthe
effect of each source on the resulting level of hydrogen in the weld pool

and in the weld.

5) Examine the effect of these hydrogen sources on the actual crack-

ing of high strength steel welds.

6) Utilize previous research available on hydrogen trapping,

hydrogen embrittlement mechanisms, thermodynamics, and analytical chemis-
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try as they relate to the field of welding.
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MEASUREMENT OF HYDROGEN IN WELDS

2.0 ABSTRACT

The primary objective of this experimental portion of the research
program is to determine the amount of hydrogen initially absorbed into
the molten weld pool, and to determine the amount of hydrogen responsible
for causing hydrogen assisted cracking in weldments. These desired
hydrogen values will be used in the theoretical discussions in chapters

3-5.

In order to accomplish this, the diffusible hydrogen test is studied
to understand how the hydrogen values measured in this test can be used

to determine the hydrogen values desired.

The method of measuring weld hydrogen content 1is investigated to
determine how technique variations affect the accuracy and reproducibili-
ty of the final numerical results. Technique variations studied include:
specimen size, outgassing temperature, calibration procedure of the gas

chromatograph, and time delay between weld completion and quench.

The effect of welding process variations on hydrogen content are
then investigated. Welding variations studied include: shielding gas

composition, droplet transfer mode, preheat, and steel composition.
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A method of determining the amount of hydrogen initially absorbed
into the molten weld pool is developed based on a method originally
develoned by Terasaki. A method of determining the amount of hydrogen at
the cracking zone is developed based on a hydrogen distribution model

initially deveioped by Coe.
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2.1 INTRODUCTION

At the outset of this research effort, the most widely recognized
standard in the world for measuring weld hydrogen content was the Inter-
national Institute of Welding (IIW) document IIS/IIW-805-85 (I9). This
is commonly refered to as the "mercu.ry method" which determines the dif-
fusible hydrogen content. In this test, a weld is made on a specimen
which is then quenched to lock in the hydrogen. The temperature of the
specimen is later raised, and the volume of outgassed hydrogen measured.
The salient caracteristics of the IIW test include:

- A 10mm X 15mm X 30mm specimen machined from mild steel with a sur-
face ground finish and degassed at 650 C for 1 hour prior to welding;

- Quenching the specimen as soon as possible after weld completion
(no specified time requirement);

- Outgassing under a mercury collecting fluid (no specified tempera-
ture or time requirement);

- Measuring the volume of gas evolved with a eudiometer tube.

A number of specifications and standards have been based on this
method of measurement or one of many modifications (E10, F1, G21, I8,
110, J2, K3, o1, P10, Q4, Sl6, S19, Tf: W4). Modifications include using
glycerin, water, or oil as the collecting medium. All of these tests
have been criticized (Bl17, B18, Cl4, C15, 02, Q3) for variations in the

measured values from lab to lab as well as for validity of the results.

The initial need for the IIW test was to differentiate between the

quality and moisture content of welding consumables. It was known that

‘
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certain compounds added to an electrode could reduce the amount of
as-deposited hydrogen even though the moisture may have remained con-
stant. This test was used rather than measuring the moisture content
since the effectiveness of a manufacturer‘s electrode formulation could

be tested.

Since this test was already in existance, a large number of
researchers have wused this technique for an entirely different purpose:
to predict hydrogen cracking of weldments, or hydrogen absorption reac-
tion temperatures. However, much of the initial hydrogen diffuses away
and plays no part in the embrittling phenomenon, and the diffusible
hydrogen test does not directly measure the amount of hydrogen absorbed;

it measures the amount retained a few seconds after solidification.

From a practical point of view, there is nothing wrong in principle
with determining the critical IIW diffusible hydrogen value required to
eliminate cracking in a specified application with a specified material,
preheat, postheat, heat input, and applied stress. The only problem is
to ensure reproducible measurements to control quality of the final pro-

duct.

From a scientific point of view, the precise amount of hydrogen
absorbed by the weld and the amount of hydrogen which actually causes
cracking are the important values. These values could be used to develop
a rational model for the absorption of hydrogen into the weld pool during

welding. Also, these values can be used to more fully understand the
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hydrogen cracking mechanisms of steel weldments.

This study has 3 objectives:

1) to understand the influence of testing technique variations and

weld process variations on the resulting value of weld hydrogen content;

2) to understand how much hydrogen 1is initially absorbed by the

weld, and how much remains at the time of cracking; and

3) to determine an accurate and reproducible technique for measuring
the hydrogen content of a weld. This is especially needed for low hydro-
gen contents, since at low hydrogen levels the experimental scatter can

be as high as the value of hydrogen being measured.

2.2 FUNDAMENTALS COF ANALYTICAL CHEMISTRY

The field of analytical chemistry deals with methods for the iden-
tification of one or more of the components in a sample of matter, and
the determination of the relative amounts of each. Much can be learned
from this advanced field to understand how to measure the amount of

hydrogen in steel weldments and to understand what the results mean.

The choice of analytical method is based on such considerations as

speed of analysis, accuracy, reproducibility, concentration range of the
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analyte, and availability of equipment. Success or failure of an ana-
lysis is often critically dependant on the proper selection of the method

as well as the technique.

The simplest, and for centuries the most accurate, method of chemi-
cal analysis was gravimetric analysis. The sensitivity is often in the
range of one or two parts in 1000. Today, this method of analysis 1is
generally used in precip;tation or volitization methods. For simple sys-
tems, containing more than 1% of the analyte, this method 1is seldom
surpassed by other methods (S22). Unfortunately, in the measurement of
hydrogen contents, the amount of hydrogen is so small, and the weight of
hydrogen so minute, that this method is not feasible for steel weldment

samples.

With tke introduction of carefully calibrated glassware, the volume-
tric method of measurement became possible. This method is often as
accurate as the gravimetric method when used with the titration process.
In the field of welding, the titration process {with Karl-Fischer
reagent) is often used to very accurately measure the amount of moisture

in a sample of flux.

The commonly used "mercury method" or "glycerin method" of measuring
the amount of hydrogen in welds does not have nearly the accuracy of
other volumetric methods of analysis. There are a number of sources of
error in these methods currently being used by the welding field.

Unfortunately, many of these sources of error are not systematic, but are
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variable, thereby making corrections for them difficult.

The first error is due to the fact that a number of gases can outgas
from the weld sample, all of which are collected in the calibrated
eudiometer tube. The resulting measured volume of gas is not necessarily
the amount of hydrogen. Another error is the solubility of hydrogen in
the collecting fluid. This solubility problem is slight in the case of
mercury, but mercury is an unattractive medium due to its toxicity and

dangerous embrittlement potential.

Glycerin has been used extensively in the United States as a col-
lecting medium. Glycerin is safe to use, but hydrogen is very soluble in
it. Some have attempted to solve this limitation by bubbling hydrogen
through the liquid to saturate it. However, this will introduce a large
concentration gradient across the glycerin container, and hydrogen will
diffuse down this gradient and increase the volume measured in the
eudiometer tube. Hydrogen solubility in water and oil also render these

media unacceptable.

The accuracy and reproducibility of the mercury or glycerin method
are difficult to estimate, but they have been criticized for lack of
both. A conservative estimate of the accuracy of the mercury method
would be about one part in ten. The accuracy of the glycerin method is

much worse.

The introduction of the gas chromatograph (GC) has significantly
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improved the ability to measure the amount of gaseous elements in a
metal. Chromatography refers to processes that are based on differences
in rates at which individual components in a mixture migrate through a
stationary medium under the influence of a moving phase. This technique
is beyond doubt the most extensively employed instrumental analytical
separation method (E1l). Although a GC can be used for a huge number of
applications, this discussion will be centered around a system for

measuring hydrogen in steel welds.

The essential parts of a GC are shown in figure 2.1. The moving
phase in this system will be the argon gas, the sample will be hydrogen
gas, and the stationary medium in the column is chosen so that the compo-
nents (e.g. argon, nitrogen, and hydrogen) will migrate through it at
different rates. The hydrogen can be extracted from the steel weldment
by heating it in an enclosed container for some period of time. The time
and temperature chosen will affect the amount which outgases from the
weld sample. Since hydrogen is naturally gaseous at room temperature, a
GC for this analysis need not be enclosed in an oven as is shown in fig-

ure 2.1.

The differential detector most often used for measuring hydrogen is
a thermal conductivity (TC) detector. This form of detector consists of
temperature sensitive resistors used in two arms of a Wheatstone bridge.
The electrical circuit of a TC detector is shown ir figure 2.2. An
increase in current causes a rise in temperature of both Rl and R, and

hence a change in their resistance, upward for a metallic wire and down-
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ward for a thermistor. The change is equal for both arms, and the bridge
remains balanced. If, however, the gas surrounding one of the resistors
is different, the heat developed in the two arms will be conducted away
through the gases at different rates. The two arms will then be at dif-

ferent temperatures, and the bridge will no longer be balanced.

The TC detector signal will be balanced (or zeroed) with pure argon
being passed over both sides of the Wheatstone bridge. When the sample
gas is introduced into the gas stream at the sample injection port, the
difference in thermal conductivities of the gases will cause the detector
to signal peaks such as are shown in figure 2.3. 1If more than one gas is
in the sample (i.e. hydrogen and nitrogen) they will move through the
packed column at different rates, and two peaks will be detected. Due to
the fact that the entire sample comﬁonent is consumed, the integrated
area under the signal-time curve must equal the mass of substance detect-
ed. The height of the curve at any point is proportional to the mass
flow rate of the sample vy - dm/dt; hence the area beneath the recorded

curve equals:

A-va dt-I(dm/dt:) dt = m (2.1

If the area can be properly integrated, this measurement of the amount of
hydrogen can be quite accurate. The area can be integrated by an approx-
imation method, by manually measuring the area off a strip chart

recorder, by using a planimeter, or by using an integration unit built
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into the electronics of the GC unit.

Since hydrogen will travel through the column at a different rate
than any other gases evolved from a steel weld specimen, this method will
eliminate the error of counting numerous gases in the measured hydrogen

content.

If a GC is properly used, the major consideration remaining for the
measurement of hydrogen in a steel weld is the choice of how to remove
the hydrogen from the sample. This will inevitably depend on what the
final values will be used for. The factors affecting these values will

be studied in the following sectioms.

2.3 EXPERIMENTAL OUTLINE

Based on the literature survey, it was determined that the optimum
measuring technique would utilize a Gas Chromatography method to increase
the sensitivity and eliminate the possibility of measuring gases other
than hydrogen. From an economic standpoint, it was decided to perform
the bulk of the testing on a Yanaco hydrogen analyzer model G-1006 (sold
in the U.S. by Oerlikon). This unit uses a thermistor type thermal con-
ductivity detector, argon carrier gas, and molecular sieve 5A in the
column. The advertised measurment error is 0.0lml per 2ml. The Yanaco
unit also measures the amount of nitrogen in the gas being analyzed.

This is useful for detecting leaks in the outgasing chamber.

m oy
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The IIW technique was used with a number of variations which were

systematically evaluated. These included:

1) calibration procedure for the Yanaco unit,

2) specimen size,

3) specimen surface finish,

4) outgassing temperature,

5) outgassing time, and

6) time delay between weld completion and quench.

During the course of this experimental program, the American Welding

Society (AWS) initiated commission A4.3-86 to develop a new standard for

diffusible hydrogen measurement of steel weldments. The results of this

commission were also studied in the present investigation wherever time

permitted.

After a standard method of diffusible hydrogen measurement was

determined with the above experiments, the effect of welding variations

was studied. The varlations studied included:

1) the amount of hydrogen in the weld shielding gas,
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2) the composition of the weld shielding gas,

3) droplet transfer mode,

4) base metal composition, and

5) preheat.
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2.4 RESULT OF HYDROGEN MEASUREMENT TECHNIQUE VARIATIONS

2.4.1 CALIBRATION PROCEDURE OF THE GAS CHROMATOGRAPH

The calibration procedure supplied with the Yenaco unit (W3) was
examined to determine if differences in the procedure would cause a

difference in the measured hydrogen value.

The Yanaco unit has an internal calibrated tube which holds a known
amount of hydrogen. This tube is filled with hydrogen, and then the
amount is measured by the Gas Chromatograph (GC) portion on the Yanaco
unit. The resulting output of the unit is then adjusted to Standard Tem-
perature and Pressure (STP) and should agree with the value supplied by
the manufacturer. If the output is different than the value supplied by
the manufacturer, the sensitivity is adjusted so tha. the numbers agree.
The procedure 1is repeated until the output reading remains steady, at
which point the measurement of the hydrogen in the specimens is performed

(one reading for each specimen).

This calibration procedure was examined for its accuracy and repro-
ducibility under different conditions with the following experiment. The
specimen holding chamber (shown in figure 2.4) has a valve on the top
which will 1let gas flow through any of the four chambers or bypass all
four. Chamber one was left empty, and a blank (hydrogen free) specimen

was placed in chamber two. The calibration procedure was then performed
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with the valve in the bypass, chamber one, and chamber two positions.
The sensitivity dial was not adjusted between measurements. The result-
ing measurments are tabulated in table 2.1 for a 12 X 25 X 80 mm specimen

size.

When this procedure is followed with the sample holder in th: bypass
position, a different number is found than when the procedure is followed
using a specimen chamber with a specimen in it. This average difference
of about .05 ml will cause a consister.t discrepancy between the measured

value and the actual value of the diffusible weld hydrogen content.

Also demonstrated in table 2.1 is the reproducibility of the cali-
bration procedure. The standard deviation among the readings is about
.02 ml. Also noted during this portion of the experiment was that the
Yanaco unit required a warm up time of about 15-20 minutes before it sta-
bilized. Any readings attempted before that time resulted in extremely

erratic fluctuations.

2.4.2 SPECIMEN SIZE

The initial diffusible hydrogen determinations were perfcrmed using
the IIW specimen size. These results as a function of varying hydrogen
content in the GMAW shielding gas are shown in figure 2.5. As can be
seen, there is a large amount of experimental scatter in the data. In

many cases the scatter is almost as large as the data itself (i.e. .07 %
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.05 ml H2)° This large amount of experimental scatter made reasonable

sclentific correlations difficult.

By increasing the specimen size, the amount of hydrogen available
for measurement was also increased substantially. The increased size was
chosen as the maximum width and depth that could fit into the Yanaco
chamber without dramatic alterations to the specimen holder. This was
also the cross-section size chosen by AWS standard A4.3-86. Therefore a
size of 25 X 12 X80 mm (1 X1/2 X 3 1/4 in.) was used in the present
study so that all of the dimensions, including the length, agreed with

the AWS standard.

Figure 2.6 shows the diffusible hydrogen content found in the larger
specimens, hereafter refered to as the AWS specimen size, as a function
of hydrogen content in the weld shielding gas. As can be seen, the
amount of experimental scatter is less for the AWS size than for the IIW
size. During all portions of these and ensuing tests, certified mixtures
of shielding gas were used to ensure that the percent hydrogen and oxygen
were consistent. This helped reduce the scatter due to variations in the

mixture caused by the rotometer usually used.

2.4.3 SURFACE CONDITION

The effect of specimen surface condition was briefly examined.

Specimens were welded in the as-rolled condition (hot-rolled A36) as well
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as after careful machining. The amount of hydrogen measured in the
as-rolled specimens was 20% lower than in the machined specimens. These
results, tabulated in table 2.2, show that the surface condition can
alter the amount of hydrogen which escapes from the specimen. A number
of specimens were also bead blasted after quenching but before outgass-
ing. This increased the amount of hydrogen outgassed by about 8 - 10%.

The remaining specimens were not bead blasted.

2.4.4 OUTGASSING TEMPERATURE AND TIME

Outgassing temperature was examined to quantify the effect on the
resulting diffusible hydrogen value. This can be especially important
since many investigators have used different outgasing temperatures. The
Leco HW-100 analyzes 12 specimens each hour after outgasing at 25 to 200
C. The Leco HW-200 analyzes 1 specimen at 400 C for one hour and then
heats the sample to 650 C to analyze what Leco terms the residual hydro-
gen. White (W8) performed her outgassing at 200 C. The IIW allows both

25 C and 45 C. The new AWS standard specifies either 45 C or 150 C.

The Yanaco specimen holders used in the present study nad viton 'O’
rings which failed at temperatures above 100 C. These were replaced with
teflon 'O’ rings for the higher temperature extractions. It was found
that higher extraction temperatures resulted in more hydrogen diffusing
out of the specimen, but that substantial leaking also occurred. Since

these tests were inconclusive, this portion of the research program was
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discontinued.

Outgassing time was varied to find the minimum time at which most of

the hydrogen left the specimen. The resulting data for outgasing per-

formed at 45 C is shown in figure 2.7.
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2.4.5 TIME DELAY BETWEEN WELD COMPLETION AND QUENCH

The time delay between weld completion and quenching was varied to
quantify the effect on the remaining weld hydrogen. The results for a
GMAW shielding gas composition of 2% H2 / 1% 02 / Ar are shown in figure
2.8. As can be seen, the resulting diffusible hydrogen level decreases

with time. Also, the scatter in the data decreases with time.

The remaining hydrogen content decreases approximately linearly with
the log of time and eventually remains constant. The amount of hydrogen
remaining in the specimen after 24 hours has been tabulated in table 2.3

for a variety of shielding gas compositions.

2.5 DISCUSION OF HYDROGEN MEASURMENT TECHNIQUE VARIATIONS

2.5.1 CALIBRATION PROCEDURE

The experiments performed on the calibration procedure of the Yanaco
unit show that great care must be taken in order to obtain accurate and
reproducible results. The zero level of the unit tends to float during
the course of an analysis, and the unit must be rezeroed often. If the
unit is not sufficiently stabilized by being left on for at 1least 15
minutes prior to analysis, the results are extremely scattered. The

internal tube should also be filled in a consistent manner (i.e. filled
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for 5 seconds, followed by a 5 second delay) otherwise the calibration

procedure will produce variations in the output.

Also, if the argon carrier gas cylinder pressure falls below 350
psig, the unit cannot be =zeroed due to erratic fluctuations in the
readout. Discussions with a gas cylinder manufacturer (K7) disclosed the
fact that almost empty cyliﬁaers may have large amounts of residual
impurities and should never be completely emptied. The author has been
unable to find any references to this phenomenon in the literature. This
could be an important point since these impurities could lead to welding
defects. If the erratic fluctuations in the GC readout due to these
impurities are at all realistic, then hydrogen contents of over 100 ppm
are left in an almost empty cylinder (new cylinders are typically certi-

fied at about 10 ppm moisture).

The results in table 2.1 show that the calibration procedure will
produce a different result depending on the position of the specimen
chamber valve. This is probably due tc the machine’s being peak sensi-
tive. It should be recalled from section 2.2 that the integration of the
area under the hydrogen peak can alter the resulting measurement of the
total amount of hydrogen. A peak width and height variation will produce
variations in the integrated number determined by the GC. When a larger
specimen and chamber are used, the'hydrogen peak will be more spread out
and the integration portion of the Yanaco unit will calculate a smaller
value for the hydrogen content. In the bypass position, the peak will be

taller and narrower. Even though the same amount of hydrogen is being
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analyzed in both cases, the taller peak will be seen by the integrator as

having a higher hydrogen content.

In order to obtain accurate results, this variation in the hydrogen
peak height between different sizes of specimen chambers must be account-
ed for. If this calibration factor is mnot included, the resulting

measured values of hydrogen content will be lower than the true value.

Before analyzing the hydrogen content of a specimen, the wunit must
be calibrated with the specimen chamber valve in the bypass position.
The value desired on the digital readout is .045 ml greater than that
which the standard calibration procedure would normally indicate. If
this adjustment is not made, all of the readings will be about .45
ml/100g too 1low (.045 times 100 divided by the deposited weld metal
weight of about 10 grams). This necessary correction in the calibration

procedure was first postulated by Kotecki (K10).

2.5.2 SPECIMEN SIZE

As the results in figure 2.5 demonstrate, the IIW specimen size 1is
too small for accurate measurement of low diffusible hydrogen concentra-
tions. The first reason for this is that the amount of hydrogen which
can be collected in such a small specimen is on the same order of magni-
tude as the experimental uncertainty. Thus, any statistical confidence

limits on the data are quite small. The second reason is that a signifi-
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cant amount of hydrogen can diffuse out of the specimen before it can be

quenched after weld completion.

A small specimen size is desired to reduce the amount of time needed
for total evolution of hydrogen from the specimen, thus reducing the time
needed to perform a measurement. A small size is also desired to fit
into an isolation chamber in which to outgas. However, a large specimen
size is required to retain all of the hydrogen absorbed by the weld pool

during welding.

Terasaki, et al. used a numerical analytical model of superposi-
tioned one dimensional analyses to theoretically determine the optimum
specimen size to meet all of these conditions. Their theoretical results
showed that a specimen size of 10 X 20 X 40 mm was sufficiently large to
collect most of the hydrogen produced by a 4 mm diameter SMAW electrode
with an arc energy of less than 17 kJ/cm (T2). Later, using experimental
data, they determined that a specimen size of 12 X 40 X 40 mm was more

appropriate for a wide range of welding processes and arc energies (T3).

Terasaki, et al. developed a theoretical equation for the minimum
specimen width as a function of the bead width and thermal factor (T2).
Substituting the maximum GMAW bead width and thermal factor used in the
present study, the required specimen width was determined to be 21 mm.
Using a similar set of equations for the minimum specimen thickress, a 12
me thickness was found to be more than adequate. Terasaki, et al. also

found that the diffusible hydrogen content determined with 40 mm and 80
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mm specimen lengths were virtually equivalent (although the scatter was
slightly smaller for the longer length). Thus, they chose the smaller
length as being adequate. The present study was performed using the 80
mm length so that a larger amcunt of hydrogen could be collected. This
is especially needed since very small amounts of hydrogen were being
measured. Thus the 12 X 25 X 80 mm specimen size was chosen as the
optimum size for the present study. This size also conforms with AWS

standard A4.3-86.

Of course some of the hydrogen absorbed by the molten weld pool will
escape through the surface rather than through the bulk of the specimen.
Thus, no matter how large the specimen 1is, some hydrogen will escape
Lefore the specimen can be quenched to freeze in the remaining hydrogen.
The amount of hydrogen absorbed directly by the molten weld pool must be

scmewhat higher than the diffusible hydrogen test can directly measure.

2.5.3 SURFACE CONDITION

The fact that specimen surface finish can affect the final value of
diffusible hydrogen is not surprising. The oxide coating on a hot-rolled
specimen will prevent diffusion of hydrogen across the surface. A simi-
lar observation has also been found by reseachers studying SMAW.
Boniszewski and Morris (B18) found that shot blasting the spocimen after
welding allowed approximately 10% more hydrogen to diffuse across the

surface than wire brushed samples (figure 2.9). However, they also found
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that shot blasting resulted in more experimental scatter (probably due to
residual compressive stresses caused by the shot blasting). The need to
shot blast or wire brush the specimen is greater for SMAW which has a
thick slag coating over the weld, than for GMAW. Whichever technique is
used, it should be explicitly stated by any reseachers presenting their
results. In the present study the GMAW specimens were carefully machined
prior to welding, and not bead blasted or wire brushed after welding,

since the effect was found to be slight.

If the expensive machining step could be eliminated, the cost of
preparing specimens would be significantly reduced. However, mill scale
effects the amount of hydrogen which can diffuse out of the specimen.
Since the amount of mill scale will be different from one set of speci-
mens to another, this will result in an increase in experimental error.
Thus, it 1is advisable to carefully machine the specimen surfaces to
obtain reproducible results. The IIW and AWS standards do not specify a
single method of surface preparation, but rather suggest a variety of

methods.

2.5.4 OUTGASSING TEMPERATURE AND TIME

Due to the limitation of the experimental apparatus, the diffusible
hydrogen as a function of outgassing temperature could not be quantified.
This is unfortunate since this may be a significant effect which is often

overlooked. It is known that hydrogen becomes bound to various types of
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imperfections in the steel specimen at different trapping sites. This
area of research has been extensively studied by physical metallurgists
for some time, and the specific types of trapping sites have been a topic
of much debate. The basic idea is that each trapping site will have a
different binding energy associated with it. Hydrogen will remain
trapped at that site until a critical temperature is reached, at which

point the trap will release its hydrogen.

In actual binding energy experiments, the hydrogen will not all be
released at a specific temperature; rather, the rate of hydrogen evolu-
tion will exhibit a maximum at a certain temperature. An example of a
thermal analysis for the determination of trapping sites in three types
of steel is shown in figure 2.10 (L4). A careful analysis of this figure
shows that a number of fairly distinct peaks can be discerned for each
type of steel. Lee, et al. have classified these peaks and identified
the type of trapping site associated with each. Their resulting tabula-
tion is reproduced in table 2.4. The height and location of these peaks
(and hence the binding energies) also vary with the amount of cold work
and amount of ferrite-carbide interfaces as is shown in figures 2.11 and

2.12.

As a result of differences in binding energy from trapping site to
trapping site 1in different steels, diffusible hydrogen experiments per-
formed by a method which uses a higher outgassing temperature may result
in a higher value than that found using a lower temperature. The

increased solubility of hydrogen at the higher temperature is an insigni-
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ficant fraction of the amount which will outgas. This is an area of
research which should be carefully evaluated in order to determine if the
various diffusible hydrogen testing temperatures need to be standardized.

The effect will also probably vary from one steel to another.

The results in figure 2.7 show that the IIW and AWS outgassing
recommendation of 72 hours at 45 C should indeed result in the vast
majority of the hydrogen teing allowed to outgas. This result has also
been theoretically confirmed by Terasaki (T2) as is shown in figure 2.13.
Obviously, any change in outgassing temperature will require a different
outgassing time. The higher the outgassing temperature the less time

required.
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2.5.5 TIME DELAY BETWEEN WELD COMPLETION AND QUENCH
(METHODS FOR DETERMINING INITIALLY ABSORBED HYDROGEN CONTENT AND

HYDROGEN REMAINING IN THE CRACKING ZONE)

As was shown in figure 2.8, if the weld is allowed to cool on its
own for some time before quenching, hydrogen will diffuse out of the spe-
cimen. Researchers have found that hydrogen cracking will only occur
once the weld has cooled to about 100 C (K5), and that the amount of
hydrogen which diffuses out before that temperature will play no role in

the cracking phenomenon.

Terasaki has theoretically modeled the amount of hydrogen which
remains in the specimen as a function of the summation of diffusion-time
incraments (which he terms the "thermal factor"). If the cooling curve
of temperature versus time is known, along with the diffusivity versus
temperature, a theoretical curve of hydrogen remaining versus time after
welding can be calculated. This theoretical curve is shown in figure

2.14, which shows experimental data as well as the theory.

Terasaki’s theoretical line correlates well with his plotted experi-
mental data. However, it is not clear how he found experimental data for
Ho/HR since it is imporsible to experimentally determine H directly.
Unfortunately, no mention is made of hov the data was obtained or modi-
fied for his graph. This question does not necessarily detract from the

validity of Terasaki’s theory, which was primarily aimed at finding an
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optimum specimen size. It makes sense that the amount of hydrogen will
be related to Terasaki'’s "thermal factor" since the solution of Fick’s

laws will result in a (Dt:)l/2 term.

It is the author’s opinion, however, that the Terasaki model is
fairly conservative since he does not consider the amount of hydrogen
which will escape from the weld through the weld surface. Rather, he
only calculates the amount which will diffuse out of the specimens’ sides
and bottom. Coe and Chano (Cl3) have shown that hydrogen will rapidly
diffuse out of the top surface of the weld. The fact that some hydrogen
will diffuse out the top will shift Terasaki’s theoretical curves down-
ward (i.e. the HR value will be lower than his calculation shows).
Also, hydrogen will be able to escape from the beginning of the weld dur-
ing the time it takes to complete the weld (i.e. hydrogen will escape
from the first 10mm of the weld while the last 10 mm is being welded).
Calculating the exact extent of this difference wouid be extremely diffi-
cult and is beyond the scope of this investigation. However, Terasaki's
results graphically show that the amount of hydrogen measured by the dif-
fusible hydrogen test is different from the amount initially absorbed by
the weld pool. Thus the use of diffusible hydrogen values in calculating

an equilibrium reaction temperature will result in a substantial error.

By knowing the diffusible hydrogen content and the cooling curve of
the specimen, Terasaki’s method will yield an approximation of the origi-
nal hydrogen content of that weld. These values of the original hydrogen

content can then be used to model the mechanism of hydrogen absorption



PAGE 104

from the arc atmosphere into the molten weld pool. The experimental dif-
fusible hydrogen values determined in this study will be converted to
initially absorbed hydrogen for the theoretical analysis to be performed

in chapter 3.

By extending the Terasaki analysis to much longer times (24 hours
rather than 3 seconds), one can obtain information about the amount of
hydrogen remaining in a specimen to cause cracking in an implant or other
cracking test. However, due to the errors inherent in the diffusivity
data below 250 C, the Terasaki analysis will also have an inherent error
if extended to very long times. Another important error will arise due
to the fact that the solubility and diffusivity of hydrogen will wvary
under an applied stress. Therefore, the weld residual stresses, or the
applied stress in an implant test, will invalidate the long time Terasaki

values.

Numerous researchers have proposed mechanisms of hydrogen embrittle-
ment which postulate that hydrogen will continually be supplied to the
advancing crack tip (e.g. as a Cotrell atmosphere). The numerical value
of this additional hydrogen will not be addressed in the present discus-

sion.

This discussion is concerned with the bulk hydrogen at the weld
fusion 1line which 1is where the implant fractures occur in the high
strength steels used in this study. The hydrogen distribution in a weld

has been modeled by Coe and Chano (Cl3). A sample ' £ their distribution
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plots is shown in figure 2.15. The effect of time on the hydrogen dis-
tribution 1is determined by the non-dimensional walue r. This value is

defined as:

r=Dt / 102 (2.2

where D is the diffusivity, t is time, and 1o is the bead depth.

As can be seen, hydrogen will become more evenly distributed
throughout the weld and HAZ as time progresses. For the welding condi-
tions in the present study, r is about .5 one hour after welding, and
about 1.0 twenty-four hours after welding. These values are higher if
preheat is used. Figure 2.16 shows the hydrogen concentration at various

locations near the weld as a function of r (the fusion line is at 1o -

.3).

Therefore, 1f the implant test specimen is loaded 24 hours after
welding, the hydrogen will be uniformly distributed in the weld and HAZ
with a concentration of 10 - 20% of the original content in the weld
bead. In order to account for errors in the diffusivity data, the ratio
of Q/Qo can be experimentally determined at various welding conditions
(and time after welding) to find the hydrogen concentration at the fusion
line for that value of r. In other words, Q/Q° can be used to more accu-
rately find the hydrogen concentration than r. If the implant test

specimen is loaded shortly after welding, the hydrogen concentration at
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the fusion line will vary as the test progresses.

The stress associated with fracture for both of these loading times
will be presented in chapter 5. The hydrogen concentration at the frac-
ture zone will be chosen with the aid of the model developed by Coe and

Chano.

2.6 RESULT OF WELD PROCESS VARIATIONS ON HYDROGEN CONTENT

Following the conclusion and analysis of the above results, the
effect of weld process variations on hydrogen content was studied. It
was decided to standardize on the AWS method of diffusible hydrogen ana-
lysis, wusing the Yanaco gas chromatography unit. All of the foliowing
data was ccllected using the 12 X 25 X 80 mm specimen size machined from
A36 hot rolled bar stock. The specimens were outgased at 45 C for 72
hours. Most of the specimens were quenched within 3 seconds after weld
completion, but some were quenched after 24 hours when the effect of
preheat was studied. The Yanaco unit was adjusted se that the correct

calibration was obtained with the AWS sized specimen chamber.

2.6.1 EFFECT OF SHIELDING GAS COMPOSITION

Welding parameters were initially chosen to produce a sound weld

when welding with a 98% Ar / 2% O, shielding gas. The addition of hydro-
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gen to the Ar/2%02 shielding gas caused arc instability and a slight
decrease in arc length. The droplet transfer mode also changed from
stable spray to globular (or in some cases to a combination of spray and
short circuiting transfer). For a given current and contact tube to work
distance, it was found that an increase in voltage would restore the
transfer mode to stable spray. This "transition voltage" was different
for each gas mixture. The transition voltage also varied with the base
material and electrode composition. The weld current could also be var-
ied to restore stable spray transfer, but the weld voltage had a stronger

effect on the transfer mode when switching between gases.

In order to eliminate the effect of changing transfer modes from one
gas mixure to another, the majority of diffusible hydrogen tests were
performed using weld parameters which produced a sound weld with globular
transfer. Table 2.5 shows the welding parameters used for all tests
unless otherwise noted. The effect of increasing the weld voltage into

the spray transfer region will be separately examined in section 2.6.2.

Many of the experiments on the effect of wcld shielding gas composi-
tion were performed at the U.S. Army Construction Engineering Research
Laboratory (CERL). CERL used linear mass flowmeters and "zero standard
gases" in order to study a wide variety of gas compositions. These
facilities were not available at MTL where all the other welding was per-

formed.

In order to ensure that the CERL results were consistant with the
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MTL results, MTL reproduced a number of the critical welds by purchasing
premixed certified gas cylinders. Other means of ensuring consistency
included shipping material from the same heats of steel (both A36 and
46100) to CERL, and monitoring the welding parameters directly rather
than wusing the readouts on the front of the welding power supplies. The
specific procedures and gas compositions studied at CERL are described in
detail in appendix 2A. The results are discussed in the main body of

this chapter.

The effect of varying the shielding gas hydrogen and oxygen concen-
tration on the diffusible weld hydrogen content is shown in figure 2.17.
This figure depicts the amount of weld hydrogen in ml / 100g of deposited
metal on the ordinate versus the amount of hydrogen in the shielding gas
on the abscissa. Each curve on this figure shows a different amount of
oxygen in the three gas mixture. As can be seen, increasing the oxygen
content also increases the amount of hydrogen absorbed by the weld (for a
given percent hydrogen in the shielding gas and identical welding parame-

ters).

It must be noted, however, that welds made without oxygen had a poor
bead appearance. Oxygen 1is needed to increase arc stability, decrease
spatter, promote wetting, and help prevent undercut. Carbon dioxide

serves a similar function when added to argon.

The effect of varying the shielding gas hydrogen and carbon dioxide

concentration on the diffusible weld hydrogen content is shown in figure
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2.18. The results indicate that differences in carbon dioxide content
from 2-10% seem to have little effect on the amount of hydrogen absorbed
by the weld. The three curves showing carbon dioxide content 1in figure

2.18 basically overlap once experimental uncertainty is considered.

If no carbon dioxide is added, the amount of hydrogen absorbed is
reduced. Once again, however, some amount of carbon dioxide is needed

for good arc stability and bead shape.

Figure 2.19 compares the amount of hydrogen absorbed for 2% co,
versus 2% 02. When no hydrogen is added to the shielding gas, the amount
of hydrogen absorbed is about equivalent (or slightly lower for the oxy-
gen). The carbon dioxide is more effective at preventing added amounts

of hydrogen from absorbing into the weld pool.

2.6.2 EFFECT OF DROPLET TRANSFER MODE

Regions of droplet transfer mode are mapped on a voltage versus cur-
rent graph for different electrode extensions in figure 2.20. The

regions are also mapped for different gas compositions in figure 2.21.

At low hydrogen concentrations in the shielding gas, increasing the
voltage to go from globular to spray transfer has little to no effect on
the diffusible hydrogen content. At higher hydrogen concentrations,

however, the transfer mode has a pronounced effect. Figure 2.22 shows
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the effect of voltage on hydrogen content for welds made with .5% H, in
the shielding gas. The voltage has little effect on the amount of weld
hydrogen until the transition to spray transfer 1is reached. At this

point the amount of hydrogen absorbed increases over 3ppm.

2.6.3 EFFECT OF BASE METAL COMPOSITION

The use of different steel for the diffusible hydrogen specimen,
rather than the standard mild carbon (A36) steel, was examined. Four
steels were evaluated: a high strength armor steel conforming to
MIL-A-46100, a 1018 cold-rolled mild carbon steel, a 1044 hot-volled car-
bon steel, and the standard A36 hot-rolled mild carbon steel. The
compositions of these steels are tabulated in table 2.6. An analysis of
the carbon contents of these steels revealed that the A36 had .16% car-
bon. The other steels had the same carbon content as is listed in the

table. The GMAW electrode composition used is shown in table 2.7.

A wide range of base metal compositions can thus be compared, as
well as the difference between hot and cold rolling. The results of dif-
fusible hydrogen content versus percent hydrogen added to the GMAW

shielding gas for each material are tabulated in table 2.8.

Figure 2.23 shows how the base metal affects the amount of diffusi-
ble hydrogen as a function of hydrogen in argon. The diffusible hydrogen

content of high strength steel is consistently 2 to 3 ppm more than the
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A36 mild steel. This trend is repeated with 2% oxygen in the shielding
gas as is shown in figure 2.24. The fact that welds made with 2% co,
absorb less hydrogen than those made with 2% 0, is also repeated for the

high strength steel as is shown in figure 2.25.

2.6.4 EFFECT OF PREHEAT

Preheat is often used to lower the rate of cooling. This increased
time at temperature effectively increases the amount of hydrogen which
diffuses out of the w2ld. In the diffusible hydrogen results shown in
table 2.9, the specimen was allowed to cool in air for 24 hours rather
than quenching immediately after welding. As can be seen, preheat lowers
the amount of hydrogen remaining in the weld. The numerical results of
this set of experiments are later used in studying the effect of preheat

on hydrogen cracking during an implant test.

2.7 DISCUSSION OF THE EFFECT OF WELD PROCESS VARIATIONS ON

THE DIFFUSIBLE HYDROGEN CONTENT

2.7.1 EFFECT OF SHIELDING GAS COMPOSITION

All of the results in figures 2.17 through 2.19 are presented in

terms of hydrogen absorbed (in ml HQ/IOOg deposited) as a function of

percent hydrogen added to the shielding gas. In this way the "effective-
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n:ss" of preventing hydrogen absorbtion for each gas mixture can be
assessed. This effectiveness does not necessarily imply that one gas
mixture 1is better than another. Other important considerations such as
amount of spatter, arc stability, oxidizing tendency, penetration, and
fluidity and shape of the weld bead also need to be assessed to determine

which gas composition is the "best".

The composition of the welding electrode and base metal also strong-
ly influences which gas composition would be the best for a particular
application. An example of this interdependance is that when welding
with a very oxidizing gas to obtain short circuiting transfer for
out-of-position welding, the electrode must have extra silicon or other
deoxidizers in order to prevent degradation of the mechanical strength of

the weld.

A thorough review of the interdependance of the gas, electrode, and
base plate composition is beyond the scope of this research effort.
However, one must be aware of the limitations of the ensuing discussion
when attempting to adapt the present results for a different set of elec-
trode/base metal. The following discussion will be primarily concerned
with the use of a Linde 95X .045" GMAW electrode to weld MIL-A-46100 high

strength steel. These compositions were listed in tables 2.6 and 2.7.

Increasing the oxygen content of the shielding gas increases the
amount of hydrogen absorbed into the weld pool. This trend applies when

welding sither A36 or 46100. The trends for the hydrogen content of the
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weld as a function of shielding gas hydrogen are all repeated if the dif-
fusible hydrogen results are replotted in terms of ml/100g fused instead
of deposited metal. For consistency and brevity, all the discussions in

this chapter will be in terms of deposited metal.

From figure 2.19, Ar/2% CO2 will result in less hydrogen absorption
than Ar/2% 02. This becomes an important consideration if high amounts
of hydrogen are anticipated. In a fabrication environment, spools of
electrode wire are often left for long times to pick up moisture, rust,
dirt, and oil. This hydrogen contamination will be less dangerous if a
shielding gas containing 2-10% CO2 is used. Bead appearance and spatter
are about the same whether oxygen or carbon dioxide is added to the argon

shielding gas.

Before one could make a final choice betweern the two gas composi-
tions, however, the mechanical properties associated with each may need
to be determined. The effect of increasing the carbon content of the
weld deposit when using Ar/2-10% CO, may alter the choice of electrode to
one containing less carbon. Thus, even though this research has shown
the promise of using Ar/2-10% CO2 over Ar/2% 02, the ultimate choice of

which gas to use may be influenced by other factors as well.

Welding with pure argon will result in little absorbed hydrogen, but
as was mentioned, poor bead appearance, low puddle fluidity, and under-
cutting, make this an unattractive choice of shielding gas for most steel

welding applications.
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The effect of oxygen and carbon dioxide on the absorbed hydrogen
content will be theoretically studied with the aid of newly developed

Fe-H-O and Fe-C-H-O phase diagrams in chapter 4.

2.7.2 EFFECT OF DROPLET TRANSFER MODE

Figure 2.22 shows that the voltage will primarily affect the weld
hydrogen concentration by altering the droplet transfer mode. Spray
transfer is often desired in welding applications because of superior
bead shape, smooth operation, and decreased spatter. If hydrogen crack-
ing is a potential problem, however, this research shows that globular
tranfer may be desired instead of spray. At low hydrogen concentrations,

the transfer mode has little effect on weld hydrogen.

The primary reason for studying this phenomenon in the present
research was for the purpose of choosing a set of welding parameters
which could be used toc study the effect of shielding gas composition on
the amount of absorbed hydrogen. It has been shown that the effect of
metal transfer will vary with the amount of hydrogen. It has also been
shown that the amount of hydrogen will alter the transition voltage and
current. In order to eliminate these effects, a set of welding parame-
ters was chosen so that the mode of metal transfer was consistently
globular. The lower voltages in globular transfer may also decrease the
effect of humidity on the resulting diffusible hydrogen content as was

shown by Quintana (Q4).
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The specific reason for increased hydrogen absorption when welding
with spray transfer is unknown at the present time. It may be that the
increased ratio of surface area to volume in spray transfer allows more
hydrogen to be absorbed onto the droplet surface during its traverse

across the arc. This should be an interesting area for future research.

2.7.3 EFFECT OF BASE METAL COMPOSITION

The experimental findings in table 2.8 show that the use of a dif-
ferent material than the standard mild carbon steel test specimen results

in a different value of diffusible hydrogen.

The high strength steel diffusible hydrogen content was about 2-4
ppm higher than the mild steel hydrogen content. By examining the effect
of alloying elements on the solubility of hydrogen in steel (as was per-
formed in the first chapter), one can determine that the extra alloying
elements in this steel result in a .7ppm reduction in the solubility com-

pared to mild steel. This will not cause a 2 ppm increase.

Figure 2.26 plots the diffusible hydrogen content versus the
(analyzed) carbon content in the steels for various levels of percent
hydrogen added to the shielding gas. As can be seen, increasing the car-
bon content increases the amount of diffusible hydrogen. This
experimental result is contrary to the fact that carbon reduces the solu-

bility of hydrogen. This may be because increasing carbon content will
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decrease the oxygen partial pressure which has been shown to decrease the

amount of absorbed hydrogen.

The effect of carbon content on hydrogen absorption will be further
examined in the analysis presented in chapter 4, where Fe-C-H-O phase

equilibria will be studied.

2.7.4 EFFECT OF PREHEAT

This experimental section is primarily performed in order to provide
data required for tne hydrogen assisted cracking discussion in chapter 5.
In chapter 5 the implant fracture strength and fracture mechanics will be

used to assess the various proposed mechanisms of hydrogen cracking.

The hydrogen distribution model developed by Coe and Chano (Cl3) can
be used to determine the amount of hydrogen present in the fracture zone.
The preheat data in table 2.9 can be used to determine Q/Qo' This . value
will then be used to find the r associated with that preheat from figure
2.16. The hydrogen concentration in the fusion zone at that r can then

also be determined from figure 2.16.
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2.8 CONCLUSIONS

1) Variations in the IIW diffusible hydrogen method were studied to
determine the accuracy and reproducibility of this test. Results show
that:

a) The specimen size should be increased to 15mm X 30mm X 80mm.
This is in conformance with the results found by Terasaki and AWS
A4.3-86.

b) While the gas chromatography method can be more accurate and
reproducible than other methods of measurement, it must be properly cali-

brated and operated or the results will be erroneous.

c) Variations in the carbon content of the specimen will result in
different diffusible hydrogen contents.

d) Variations in the time to quench after welding will affect the
reproducibility of the diffusible hydrogen results.

e) Standardizing on one specified outgassing temperature should be
considered.

2) Gas Metal Arc Welding process variations were studied to deter-
mine the effect on the diffusible hydrogen content. Results show that:

a) Welds made with argon / 2 - 10% CO2 shielding gas will absorb
less hydrogen than welds made with argon / 2% 02.

b) Increasing the oxygen content of the weld shielding gas will
result in increased amounts of hydrogen absorbed by the weld.

c) Welds made with spray transfer absorb more hydrogen than welds
made with globular transfer. This effect is not as strong at very low
hydrogen levels.

3) The amount of hydrogen initially absorbed into the molten weld

pool can be found by determining the amount of diffusible hydrogen per

100 grams of fused weld metal, and then converting this value into origi-
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nally absorbed hydrogen by using a relationship derived by Terasaki. For
this study, the amount of hydrogen remaining in the diffusible hydrogen

specimen was found to be about 70% of the amount originally absorbed.

4) The hydrogen concentration in the cracking zone can be approxi-
mated by wusing the hydrogen distribution model developed by Coe and
Chano. These values will be more uniform if the implant specimen is not

loaded until 24 hours after welding.



VALUES

MEAN

STANDARD
DEVIATION

PAGE 1@

TABLE 2.1
BYPASS CHAMBER #1 CHAMBER #2
(empty) (w/specimen)
1.96 1.87 ]793
1.96 : 1.85 1.94
1.96 : 1.83 1.91
1.95 1.83 1.90
1.95 1.86 1.90
1.94 1.84 1.88
1.97 1.85 1.90
1.91 1.83 1.88
i.95 1.83 1.90
1.950 1.843 1.904
.017 .015 .020



MEAN

STANDARD

DEVIATION

TABLE 2.2

Effect of Surface Condition of Measured Diffusible Hydrogen

(Results shown are for Ar/.1% HZ/ZZ 0, on A36, AWS Specimen)

As - Recelved
(m1 H,/100g Deposited)

3.56
2.71
3.11
3.39
3.72
4.62
3.16
3.29

3.45

.56

Machined
(ml H2/IOOg Deposited)

PAGE L7

4.41
4.04
3.78
4.28
4.78
4.44
5.08
3.85

4.33

.45
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TABLE 2.3

Tabulated Values of Diffusible Hydrogen

Remaining in AWS Specimen After 24 Hours

Z H2 202 ml H2/100g Deposited Metal
0 2 .74
.01 2 1.09
.1 2 1.23
.5 2 1.96
.5 ] 1.80

2 1 2.19



TABLE 2.4

Temperature where maximum hydrogen release occurs

for various trapping sites (Ref. L.4)
classification of heating peak
trapping site rate t%?p.
(°C/min) (FC)
grainboundary (pure iron) 3.88 118
F-C interface (0.497% C steel) 2.6 129
F-C interface (AISI 4340 steel), 3.4 115
dislocation (pure iron) 3.88 253
dislocation {0.497 C steel) 2.6 205
dislocation (AISI 4340 steel)] 3.4 272
e - — e e e
microvoid (pure iron) 3.88 311
microvoid (0.49% C steel) 2.6 -
microvoid (AIST 4340 steel)] 3.4 338
405 9C peak (pure iron) 3.88 -
405 °C peak  (0.49% C steel) 2.6 387
405 °C peak (AISI 4340 steel)| 3.4 405
MnS interface (pure iron) 3.88 -
MnS interface (0.49% C steel) 2.6 -
MnS interface (AISI 4340 steel)| 3.4 495

PAGE 1272



TABLE 2.5

Welding Parameters Used Throughout

This Study Unless Otherwise Stated

Process

Voltage

Current

Travel Speed

Wire Feed Rate
Contact Tip-to-Work
Preheat

Electrode Diameter
Polarity

Gas Flow Rate

GMAW

25 Volts
220 Amps
20 in/min.
295 in/min.
3/4"

75°F

. 045"

DCRP

60 ¢ f h

PAGRE 123
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TABLE 2.8

Diffusible Hydrogen Content

Determined on Different Steels

Diffusible Hydrogen

Material ZH (ml HZ/IOOg Deposited)

2 2
1018 0 2 3.38
A36 0 2 2.14
1044 0 2 2.76
46100 0 2 2.93
1018 .1 2 4.65
A36 .1 2 4.52
1044 .1 2 5.73
46100 .1 2 5.19
1018 .5 2 8.98
A36 .5 2 | 8.28
1044 .5 2 -
46100 .5 2 12.0
1018 2 | 2 -
A36 2 2 14.2
1044 2 2 9.58

46100 2 2 18.0
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TABLE 2.9

Tabulated Values of Diffusible Hydrogen

Remaining in AWS Specimen After 24 Hours

as a Function of Preheat

250°F
Z H 202 No Preheat Preheat
0 2 .74 .22
.01 2 1.09 —_—
1 2 1.23 .42
.5 ) 1.96 ———
.5 1 1.80 1.58
2 1 2.19 1.31
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2.1 Schematic of a typical Gas Chromatograph (Ref E.11)



2.2

Electrical circuit of a thermal conductivity detector.

R, and R, are temperature sensitive elements, R,

and R, are ratio arms, R, is a zero adjustment, and
Ry, is a current limiter, In practise the galvanometer
5 is replaced by a voltmeter. (Ref E,11)
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Sampie

A

() 3

Solvent
(1l

Packed
column
= i
Detector §
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]
®
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2
w
Time or volume
2.1 Schematic of an elution chromatographic separation of a

two-component mixture. (Ref S.22)
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2.4 Disgram of the specimen holding chamber for the Yanaco
gas chromatography umit.



B 1372

PAG

*se8 SoIpIoTys "OBL/IV 03 Peppe us802pLAy jueszed jo

woyjounj ® s® uowroods oZfs MII U® uf uoSolpAy 91qrsuijr@ $°2
sog Ple1yg ©} PePPY UeBoUpAH %
0°'S R 8°¢ g'c 8! 8°'9
T T T I A T A 1 _ ' a oo
| v
m
| ¥V v
_ ¢ g9
-
\V4
|
=

B

44 4 9

———— e ———

‘ol
‘el
‘£l

‘Si

|pjel pei}isode( 6pg | /ueBoupAy W



PAGE 133

*s8f SurploIys °QWI/IV 03 peppe uaBoipiy juesxed 30

T0FIoGN} 8 s¥ uowydeds 9z} s SNy UB ur taBoapAy a[qysujijrqg 9°2
sog p|eiys ©} peppy ueBoupAy y

8'e S} -} S'e 2°6
ﬁ_ A N B N _ Ll 1
.
i —
m |
| L
i v

H4q

e'€e

e'c!

8's).

|pjell pe}isodeq Bgg|/ueBodpAy |w



PAGE 134

("0%2/"HuS " /3V ‘SAV ‘9€V) ‘D Sp Jo eanjweduey
fuyssefino uv J0j owy) susICA juewolnsvem ulIfoxpdy eJqQEsSNIJIQ

(S4nol) 2w | Buissobing
00! o8 s av ac

i N ! 1 ! | ! [

L'

‘el

| w

|pie pej!isoda( 6pp | /ueboup Ay



z | . : ] [
H%Z/ 0%1/3V ‘SAV ‘OEV)
( :wuonv pus worjejdwod plom TWaOA3Iq Asvjep oq3 JO 3

*jue3uo0d usfoipAy pazuseam oY3j UWO

25334 8°1

ﬁ.U@WV CO_..—Q_QF_OU *U_wz L@M%O r._Ucm_Jo OM QE_.F

w@— .
TINEE I

0!
yuirig

1

]!
ey y ot

l

20}

N1l
I I I

4 <«

4 K

IV O |

4 KK

UL 177*1 AFAI [ I | | I UL

%

09l

|eje| pellsodsq Bgg| /ueboupAy |w



13

12

HYDROGEN EVOLVED, ml H, /100g

2.9

PAGE L3¢

ESAB (GB) LABORATORY
"COMPLETE' EVOLUTION

1
230°Cl2h 450°C/1h
AE-DAYING CONDITIONS

Average diffusible hydrogen content after "complete”
evolution as a function of sample cleaning method and
electrode re-drying conditions. (Ref. B.18)
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® CW 50% PURE IROM
H.R, 2.6°C/min
® 0.49% CARBON STEEL
H.R. 2.6°C/min
o AISI 4340 STEEL
H.R, 3.4 °C/mn

nN
I

EVOLUTICN RATE / gFe

TEMPERATURE (*C)

2.10 Thermal analysis peaks of hydrogen inm pure iron, 0.49%

carbon steel, and AISI 4340 steel furnace cooled at 850 C.
(Ref, L.4)
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EVOLUTION R
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30
10

T

r °

(-]

c.w
cw.
Cw

45 %,
20 %,
0 “%

2.11

100

TEMPERATURE (°C)

Dependence of the hydrogen peak height as a function of
the amount of cold work., (Ref. L.4)
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o PEARLITIC STRUCTURE
® SPHEROIDIZED STRUCTURE

o
T

o
w
T

'
100

TEMPERATURE (*C)

2.12 Dependence of tho hydrogen pesk height as a function of
the amount of ferrite-carbide irterface., (Ref. L.4)
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D=012exp(-7820/RT)
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e TWI data

a Boreszewsk data
—— Theory(hy=z2.2mm)

0-5 1.0
VEDat (cm)

.13 Comparison betwsen experimental and theoretical hydrogen
evolution curve., (Ref T.2)
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1.0

" SMAW-W.Q. SAW-W.Q.

o ® Author's data

JAPAN A Fujii's data
SAW-WQ.

1777774 | ——_Theory

|

t/A

JAP AN S
SMAW-VX.O.
hw=0.22cm
h=2-5cm
TWI TWI b 8 A
A

0

2.14

JJJJILLA[JIIIILIII
|

Comparison between experimental and theoretical results

of retained diffusible hydrogen content. H,/H. is the
ratio of retained hydrogen to originally absorbed hydrogen.
hw is the bead width, and h is the specimen thickness

used in the theoretical calculation. (Ref T.4)



Hydrogen concentration, 7

H=500
lo=03

06 07 08 09 10

Top surface Fusion line Bottom surface

2.15

HAydrogen distribution as a function of distance in
weld for T = 0.011, 0.044, 0,10, 0.20, and 0.30.
(Ref. C.13)

the
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APPENDIX 2A

-

A portion of the diffusible hydrogen measurements presented in this
document was performed at the U.S. Army Construction Engineering
Research Laboratory (CERL). These results were monitored by Steven
Gedeon of the U.S. Army Materials Technology Laboratory under MTL con-

tract AW-6-MD004S.

This research used linear mass flowmeters to study the effect of
shielding gas variations on the diffusible hydrogen content of Gas Metal
Arc Welds (GMAW). Zero gas standards were used for the input gases for
all tests. The steel used was MIL-A-46100 and A36 shipped from MTL spec-
ifically for use in this study. The AWS A4.3-86 method of specimen
preparation was used. The welding parameters were designated by MTL and
conform to those listed in table 2.4. The shielding gas compositions to

be studied were also designated by MTL.

The method of diffusible hydrogen measurement is based on the method
originally developed by Maria Quitana of the General Dynamics Electric
Boat Division, and used by Dawn White at CERL for her Ph.D. thesis at
the University of 1Illinois at Champaign. All of the experimental
apparatus was already available at the start of this research effort.
The method used essentially consists of injecting a known amount of heli-
um into the outgassing chamber and then ratioing the hydrogen peak

against the helium peak and multiplying by the known amount of helium
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injected. This value is then adjusted to standard temperature and pres-

sure.

The resulting diffusible hydrogen values measured in this study,
along with the calculated mean and standard deviation, are presented in
the following pages. The experimental scatter is larger than that exper-
ienced at either MTL or Electric Boat. After discussions with Marie
Quintana and Dawn White, it is felt that this is due primarily to varia-
tions in humidity from one test to another. Another possible source of
error is that the amount of helium injected into the outgassing chambers
varied somewhat. Also, the weld was not always placed in the center of

the diffusible hydrogen specimen.

The values found in this portion of the study were independently
verified at MTL by using certified gas mixtures. Due to the cost of
these specially mixed cylinders, only a limited number of verifications
could be made. However, the MTL results coincide very closely with the

average of those found at CERL.
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2% 0? on 46100 (#338-507)

Standard
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T.I.M.F. on A36 (#54-97)
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0 3.033°2 4.14 1.98
5.6354
5.9676
1.9111

0.05 4.1184 5.75 1.37
6£.9220
5.1174
6.8615

0.1 3.6126 5.67 2.03
7.8183
6.9525
4.2928

0.15 10.3039 8.63 1.77
9.0542
9.0437
6.12729

n.2 4.9479 7.49 2.37
10.6787
7.3529
6.9680

0.25 6.8425 8.99 1.86
10,9941
9.9801
8.1316

0.35 11.R535 10.28 1.36
9.4178 :
9.5759

0.5 9.4284 9.50 1.93
7.7086
12.1923
B.6724

0.75 13.6326 12.15 1.49
12.1768
10,6553

1.0 14,5302 12.81 3.48
16 .8255
9.3040
10.5915

2.0 14.5786 13.96 .54
13.5561
13.7440



0.5

Simulate T.I.M.E. w/o 02 on A36

mlH?IIOOQ Neponsited

2.4373
2.2960
5.9925

3.1336

7.6293
5.657?
5.5997

5.7361

12.8156
4 8952

10,0022

14.3084
12.5478

7.6149

18,2111
18.0093
6.6839

6.7611

15.5454
5.9214
12.2972

7.2128

14.3301
16.5347
18.8947

(#279-306)

Mean

3.46

6.16

9.24

11.49

12.42

10.24

16.59

PAGE 167

Standard

Neviation

1.72

.98

3.47

6.58



PAGE 168

THERMOCHEMICAL ANALYSIS OF HYDROGEN ABSORPTION IN WELDING

3.0 ABSTRACT

Many researchers have used Sievert’s law to describe hydrogen
absorption in weld pools. Sievert's law is based on the equilibrium
absorption of diatomic gases and neglects the effect of dissociation
which can occur in the high temperature region of the welding arc plasma.
A thermodynamic analysis is applied in order to quantify the effect of
dissociation on the theoretical hydrogen absorption levels, and the ensu-

ing effect on the reaction temperature obtained.

Previous researchers have used diffusible hydrogen measurements to
determine an "effective" equilibrium reaction temperature. It is shown
that if the actual amount of hydrogen initially absorbed into the molten
weld pool is used, then Sievert’s law predicts impossibly high absorption
temperatures. Sievert's law is shown to be invalid for modeling hydrogen

absorption in weld pools.

Experimental results on hydrogen absorption in Gas Metal Arc Welds
are used to develop a new hydrogen absorption model including tne effect
of dissociation in the high temperature region of the arc. The effect of
temperature distribution in the weld pool is also considered and results
indicate that the majority of hydrogen absorption actually occurs due to

monatomic hydrogen absorption into the outer region of the weld pool.
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3.1 CALCULATION OF HYDROGEN ABSORPTION REACTION TEMPERATURE

USING SIEVERT'S LAW NEGLECTING DISSOCIATION

The most often used equation to describe the absorption of hydrogen

in steel is the well known Sievert relationship. Sicvert’s law is based

on the equilibrium reaction:

1/2 H2 (g) = H (ppm) in liquid iron (3.1

The free energy of this reaction has been found to be:

G = 8720 - 11.02 T = - RT 1n K (Kcal/mole) (3.2

where:

K =1/ ()7 (3.3

These equations can be used to plot the absorbed hydrogen as a func-

tion of the diatomic hydrogen partial pressure for various assumed

equilibrium reaction temperatures as is shown in figure 3.1. This data

has been replotted in figure 3.2 as the amount of absorbed hydrogen as .
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function of the assumed reaction temperature for various hydrogen partial
pressures. As can be seen, the amount of absorbed hydrogen increases

with both temperature and hydrogen partial pressure.

The simultaneous effect of a number of alloying elements on the
solubility of hydrogen in steel has been calculated in section 1.3. The
results show that the free energy of hydrogen absorption in steel is
within 5% of the free energy of hydrogen absorption in pure iron. Thus,

the data in table 3.1 is appropriate for steel welding research.

Many previous investigators have used the results of diffusible
hydrogen measurements in their hydrogen absorption reaction temperature
calculations. This is a gross error since the value of hydrogen measured
in this test does not equal the amount of hydrogen initially absorbed by
the weld pool. Some have even used results in terms of ml/100g deposited
rather than fused metal. Diffusible hydrogen measurements can be con-
verted to initially absorbed hydrogen values by using Terasaki’s
theoretical analysis shown in figure 3.3. This conversion was described
in detail in section 2.5.5. The thermal factor associated with an AWS
sized specimen quenched 3 seconds after weld completion is indicated in
the figure. Thus, dividing the <iffusible hydrogen content (calculated
in ml HQ/IOOg FUSED metal) by .7 will provide a reasonable estimate of

the amount of hydrogen initially absorbed by the weld pool.

Using the diffusible hydrogen results obtained in the previous

chapter, converting from ml/100 g deposited to ml/100 g fused metal using
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the results shown in figure 3.4, and applying the conversion factor from
figure 3.3, the hydrogen initially absorbed as a function of hydrogen in
the weld shielding gas can be found for various gas mixtures. For con-
venience, the data will also be converted to parts per‘million using the

conversion:

1 ml H2/100 g steel = 1.1 ppm (3.4

The resulting data for hydrogen initially absorbed by the weld pool
as a function of diatomic hydrogen added to the GMAW shielding gas are

shown in figures 3.5 through 3.7.

Comparing this data with figure 3.1 (using Sievert’s law 1in equa-
tions 3.2 and 3.3), the reaction temperature found for the absorption of

hydrogen in GMA welds is in excess of 2000 C.

This value is unreasonably high. Block-Bolten and Eagar (B12) have
shown that evaporative cooling of iron vapors will limit the maximum tem-
perature of a weld made on steel to 2500 C. Howden and Milner (H18) have
shown that iron vaporization will also limit the amocunt of hydrogen which
can come into contact with the weld pool at high temperatures.
Spectroscopic research by Quigley, et al. (Ql) has shown that vaporiza-
tion will significantly reduce the arc power transfered to the workpiece,

and they showed the weld pool to be between 2400 and 2750 K (i.e a maxi-
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mum of under 2500 C). Other research by Quigley, et al. (Q2) found that
evaporation is the dominant mechanism for energy loss from the weld pool,

and estimate the center pool temperature to be 2500 K, but no more than

2750 K.

Chew and Willgoss (C7), studying GTAW, realized that they were not
analyzing the initially absorbed hydrogen and instead measured what they
termed an "effective reaction temperature”. Thus, their results were
strongly dependent on the heat input (and thus the cooling rate) as is
shown in figure 3.8. If their diffusible hydrogen results are converted
to initially absorbed hydrogen (since they followed the IIW procedure, a
time to quench of 5 seconds is assumed in this conversion) their hydrogen

absorption reaction temperature would have been in excess of 2500 C.

Another important point is evidenced in figure 3.8: an increase in
current decreases the amount of hydrogen and decreases the effective
reaction temperature. Thus, Chew and Willgoss’ effective reaction tem-
perature does not at all reflect the absorption temperature, but rather
reflects a decrease in the cooling rate, which allows more hydrogen to
escape. Numerous reseachers have mistakenly reported their effective

reaction temperatures as absorption reaction temperatures.

Investigators working with GTAW, SMAW, and SAW have published effec-
tive reaction temperatures of between 1600 C and 2300 C using Sievert's
law (references in chapter 1). These temperatures are meaningless,

however, since Sievert’'s law applies only to equilibrium absorption of
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diatomic gases. The data of the above reseachers includes the additional
effects of solidification and diffusion of hydrogen away from the weld
peol. If the results of these 1nvestiéations are reinterpreted to
account for the loss of hydrogen through diffusion before the specimen is
quenched, then the absorption temperatures calculated using Sievert's law

are in excess of 2500 C.

Salter, collecting data by arc melting metal on a water-cooled
copper hearth, found that the arec significantly aided hydrogen transfer
to the pool. His data indicated that hydrogen was absorbed into the "hot
spot" .of the pool at a temperature well in excess of 2500 C; a tempera-
ture now known to be impossible to reach. He also found that 1increasing
the hydrogen content of the gas Iincreased the temperature of the weld

pool.

White (W8), studying hydrogen in GMAW, did not establish an equili-
brium reaction temperature, but rather concluded that increasing hydrogen
contents increased the temperature of the weld pool. Her reasoning was
that hydrogen made the arc unstable, and that an increase in current
aided in stabilization, thus increasing the temperature. Research by
Flofian and Neumann (F5) on GTAW, reproduced in figure 3.9, shows that
the presence of large amounts of hydrogen increases heat input, but by
- increasing the voltage: rather than the current. White’'s diffusible
hydrogen data is reproduced in figure 3.10. The fact that she did not

report her values in terms of ml/100 g fused metal makes it difficult to
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use her values to examine hydrogen absorption. However, if the results
from the present study for the ratio of fused metal to deposited metal as
a function of hydrogen and oxygen content in the shielding gas are wused
(figure 3.4) along with the conversion to initially absorbed hydrogen
(figure 3.3), then the reaction temperatures associated with her data are

in excess of 2500 C; an impossibility.

Savage, et al. (S6) studied the effect of adding hydrogen gas or
water vapor to the shielding gas of GMAW. They found that water vapor
added more hydrogen to the weld than did an equal amount of hydrogen gas.
They also found that a pulsed arc was more stable in the presence of
hydrogen than welding with direct current reverse polarity {(DCRP). They
did not attempt to explain either of these occurrences, but a reproduc-
tion of their data, plotted as ppm hydrogen in the fused weld metal, is

shown in figure 3.11.

Savage, et al. reported a reaction temperature of 1870 C by seem-
ingly arbitrarily choosing the solubility of hydrogen as 43 ppm at one
atmosphere. If the correct solubility of hydrogen 1is wused (about 23
ppm), the equilibrium reaction temperature which best fits their results
is about 2225 C. Unfortunately, their results cannot be used directly to
accurately examine the amount of hydrogen initially absorbed by the mol-
ten weld pool since they waited approximately 10 seconds after welding
before quenching the specimen. Also, their use of silicon oil for a col-
lecting fluld adds doubt to the validity of their diffusible hydrogen

measurements. The fact that much hydrogen will be lost during their 10
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second delay, and that hydrogen is soluble in silicon o0il, will mean that

their reaction temperatures are actually in excess of 2500 C.

Howden and Milner (H18) used a stationary 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 thoroughly deoxidized
iron will absorb much 1less hydrogen than iron which contains a normal
amount of oxygen. Figure 3.12 shows their results for hydrogen solubili-
ty in pure deoxidized iron (as well as nickel, cépper, and aluminum).
Figure 3.13 shows that dramatically more hydrogen will be absorbed into
iron containing oxygen. Using Sievert’s law, the reaction temperature
associated with the hydrogen absorption in normal iron (containing oxy-

gen) is well in excess of 2500 C.

Research performed on the solubility of nitrogen in arc melted iron
examined the possibility that the nitrogen became dissociated before
absorption (I6). That research concluded that nitrogen absorption obeyed
Sievert’s law, but that the arc resulted in a substantial increase in
solubility. They attributed this to "energy acquired by nitrogen molec-
ules in the anode boundary zone through interaction between electrons and
neutral particles". However, this does not rule out the possibility that
hydrogen will not dissociate because the dissociation energy for hydrogen

is far less than for nitrogen as is shown in figure 3.14.

One final consideration is that residual hydrogen is not measured in

a diffusible hydrogen test. If the residual hydrogen is added to the
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diffusible hydrogen test values of all the previous researchers, the cal-

culated absorption temperatures would be even higher.

Thus, by systematically analyzing previous research on hydrogen
absorption, it has been shown that Sievert’s law cannot be directly used
to assess the hydrogen absorption reaction temperature. Previous
research using Sievert’s law has been shown to not accurately reflect a
true hydrogen absorption temperature, but rather reflect an "effective"
temperature at which the kinetics are sluggish enough to slow down hydro-
gen diffusion away from the weld region. The major assumption in the
Sievert relationship, that diatomic gas alone is being absorbed by the
weld pool, must be reconsidered. In order to understand this, the disso-

ciation of hycrogen in the high temperature arc plasma must be examined.
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3.2 ABSORPTION OF MONATOMIC HYDROGEN INTO THE WELD POOL

Basic thermodynamics can be used to combine thermodynamic data to

calculate the free energy of a reaction of interest:

1/2 H2 (g) = H with free energy Gl (3.5

H2 (g) = 2 H (g) with free energy G2 (3.6

can be combined into the reaction:

H (g) = H with free energy G = -1/2 G2 + G1 (3.7

Using the thermodynamic data in table 3.1, the free energy associat-

ed with equation 3.7 is equal to:

AG = -44,780 + 3.38 T (kcal/mole) (3.8

Thus, one can plot the amount of absorbed hydrogen as a function of
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the partial pressure of monatomic hydrogen for various assumed reaction
temperatures as is shown in figure 3.15. This is replotted as absorbed
hydrogen as a function of assumed reaction temperature for various par-
tial pressures of monatomic hydrogen in figure 3.16. These graphs show
quite a different relation than for the non-dissociated hydrogen in fig-
ure 3.1 and 3.2, namely, that the amount of absorbed hydrogen decreases
with temperature rather than increases. It can also be seen that at the
reaction temperatures quoted in the literature (which vary from 1600 C to
2300 C), the amount of absorbed hydrogen (assuming that all of the hydro-

gen in the arc is fully dissociated) is unreasonably large.

The fact that the solubility of "active" gases increases with
decreasing temperature is a well known phenomenon in high temperature
systems (F4). Gaseous solubility in aqueous solutions can be described

as "physical” or "chemical". In some systems both types may be present.

Physical solubility has been theoretically modeled by calculating
the work associated with creating a cavity or so-called "hole" in the
fluid, and then fitting a gaseous molecule into the cavity with an addi-
tional energy term representing the interaction of the gas with the
surrounding solvent molecules. Since the number of holes increases with
temperature, the solubility of physically absorbed molecules increases as
well. Physical solubilities are usually low in magnitude and are accom-
panied by endothermic partial molar heats of mixing. However, the
overall heat effect for dissolution could still be exothermic because of

the predominance of the heat contribution due to condensation (F4).
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The solubility of diatomic hydrogen in liquid iron may be described

as "physical”.

The solubility 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 entropies of mixing are expected to

be negative.

Since the amount of hydrogen absorbed from even a minute amount of
dissociated hydrogen gas is quite large at low temperatures, the degree

of dissociation must be further investigated.
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3.3 HYDROGEN DISSOCIATION IN THE WELDING ARC

The degree of hydrogen dissociation as a function of temperature has
been previously calculated by Christensen (C9), and is reproduced in fig-
ure 3.17. At first glance, it seems as though the degree of dissociation
at the reaction temperatures quoted in the literature are negligably
small and so can be ignored. However, it must be noted that the dissoci-
ation curve in figure 3.17 is for a pressure of 1 atmosphere hydrogen.
During a welding operation the partial pressures of hydrogen can be as
low as .0001 atmospheres (.0Olg H, in the shielding gas). Thus the per-
cent dissociation needs to be calculated for lower partial pressures of

total hydrogen (diatomic plus monatomic).

A sample calculation for the percent dissociation resulting from 5%
diatomic hydrogen gas in an inert argon shielding gas will now be per-
formed at a specified temperature. This method can then be repeated for
varying hydrogen partial pressures and temperatures to recalculate the
percent dissoclation as a function of both temperature and pressure.
This particular calculation and ensueing graph have never before been

published in the open literature.

Table 3.2 lists the known and unknown quantities used in the follow-
ing series of calculations. The 1initial partial pressures being
introduced to the high temperature region of the arc are designated with

a prime. The initial molar fraction of each component is designated with
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a primed letter n and the resultant molar fraction after exposure to the
high temperature is unprimed. Since argon is inert, its final number of
moles must be equal to its initial number of moles. The final molar
fractions of diatomic and monatomic hydrogen yet need to be determined.
Since this is an "open system", the total pressure must remain at 1

atmosphere by definition.
A number of relationships exist between the molar fractions and the
partial pressures. For example:

Pt -1 = PAr + P, + P (3.9

P - (nAr /nt ) Pt = n

Ar Ar'/nt' = .95 (3.10

PAr - (nAr/nt) Pt - nAr/nt = nAr/ (nAr + nH2 + nH) (3.11

Since one molar fraction of diatomic hydrogen will dissociate into

two molar fractions of monatomic hydrogen, the following is also known:

My ' =my +1/2 0 (3.12
2 2
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Thus, the final total molar fraction will be somewhat more than one
and the final partial pressure of argon in equation 3.11 will be less
than .95 atmospheres. A set of equations similar to 3.10 and 3.11 can be

written for the molar fractions of diatomic and monatomic hydrogen.

From the free energy of dissoclation in equation 3.6, the relation-
ship between the partial pressures of diatomic and monatomic hydrogen as

a function of temperature is known. Namely:

-53,844.6 / T + 14.49 = In (pH)2 / By (3.13
2
at a specified temperature -- let's say 3000 K -- equation 3.13 can be
rewritten:
P2 - 0314 P (3.14
H ) H ’

which in terms of molar fractions is:

2
(nH/nt) - .0314 (nHz/nt) (3.15

or,
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2
(n,)¢ = .0314 n, = .0314 (.95 + 0, + n, ) (3.16
"y ‘“1-12 t “H2 4 “1-12

Now, using the known value for n, ' of .05 in equation 3.12:
2

05 =, +1/2 n, (3.17
2

Thus, two equations (3.16 and 3.17) and two unknowns (nH and nH) are
2
obtained. This set of equations can be solved to determine the final

molar fractions of diatomic and monatomic hydrogen, which are:

= 03274 and = ,03363
™ .

this results in a percent dissociation of:

((.03274 7 2) 7 .05) 100 = 323 (3.18

This methodology can be followed for varying initial hydrogen concentra-
tions and temperatures to calculate figures 3.18 and 3.19. This

computation was performed on an IBM PC.

As can be seen in figure 3.18, neglecting to consider the reduced
pressure can result in a large variation in the percent dissociation

anticipated. Thus, at a temperature of 3000 K, the percent dissociation
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rises from 8% to 32% by reducing the pressure of hyrogen from 1 atmos-
phere to .05 atmospheres. It rises to virtually 100% at .0001

atmospheres.

This large amount of hitherto unanticipated dissociation will now be
shown to have a large effect on the amount of hydrogen absorbed by the

weld pool.

3.4 THE EFFECT OF DISSOCIATION ON THE AMOUNT OF HYDROGEN

ABSORBED INTO THE WELD POOL

It was shown in section 3.1 that the use of Sievert's law results in
impossibly high predicted hydrogen absorption reaction temperatures. One
possible explanation for this is that Sievert'’s law neglects the effect

of dissociation.

Table 3.3 shows the resulting hydrogen absorption if diatomic hydro-
gen first dissociates into the proper amounts of monatomic and diatomic
hydrogen (according to figure 3.18) and then the monatomic hydrogen and
diatomic hydrogen separatsly absorb into the weld pool (according to

equations 3.8 and 3.2 or figures 3.15 and 3.1, respectively).

Figure 3.20 graphically shows the total absorbed hydrogen as a func-
tion of the reaction temperature assumed in table 3.3 for three amounts

of diatomic hydrogen added to the shielding gas. As can be seen, the



PAGE 185

curves for each percentage original hydrogen exhibit a maximum. The tem-
perature at which this maximum occurs reduces with a reduction 1in

original hydrogen content.

Comparing these theoretical absorbed hydrogen values with the exper-
imental results in figures 3.5 through 3.7, it can be seen that the
predicted values (for reasonable temperatures) are almost high encugh to

be in agreement with the experimental results.

This analysis can be further refined to take into account the fact
that the dissociation reaction may take place at a higher temperature

than the absorption reaction.

3.5 THE EFFECT OF NON-EQUILIBRIUM DISSOCIATION IN THE WELDING ARC ON

THE AMOUNT OF HYDROGEN ABSORBED INTO THE WELD POOL

The previous section implicitly assumed local thermodynamic equili-
brium (LTE). However, due to the extremely large temperature gradient
from the weld pool surface to the arc plasma, reactions occurring in or
near the cathode boundary layer will probably not be at LTE. 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 majcrity of arc plasma physics research has been performed
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on the anode boundary layer rather than the cathode due to the added com-
plexity of the cathode region. Quigley (Q2), however, has estimated the
cathode boundary layer to be about 10.6 m thick. The temperature immedi-
ately above this layer must be greater than 8000 K in order to ionize the
argon so that current can flow across the arc. Current flow across the
cathode boundary layer is due to thermionic emission, positive 1ion bomn-

bardment, and field emission.

Dinulescu and Pfender (D4), studying anode boundary layers, found
that substantial deviations from LTE occurred. A detailed numerical cal-
culation using plasma physics showed that a number of different boundary
layers are involved. The thermal boundary layer is approximated by the

energy exchange free path, A_,, which can be interpreted as the distance

E’
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,
Ar’ which can be interpreted as the distance traveled by an electron in

the direction of the electric field Dbetween two successive

ionization-recombination collisions.

The electrons contained in a layer adjacent to the anode of thick-

ness AE will arrive at the anode without suffering any further energy

losses by collisions with heavy particles (D4). By analogy, a proton (or
ionized monatomic hydrogen) contained in a layer adjacent to the cathode
of thickness AE will arri.  at the cathode at a substantially higher tem-

perature than the heavy species (i.e. argon). Thus, the temperature of
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monatomic hydrogen will probably be higher than the temperature of either
the weld pool surface or the argon in the cathode region. Dinulescu and

Pfender (D4) estimate )\_ to be about .2mm and Ar to he about .3 to .6mm.

E
Quigley, et al. (Ql) also found that there would be virtually no elec-
tron collisions across the anode boundary layer (which is about 6 to 10

times thicker than the cathode boundary layer).

Based on these values, a positive hydrogen ion in the high tempera-
ture arc could travel through the cathode boundary layer and strike the
weld pool without losing its thermal or kinetic energy through collision.
The fact that the cathode requires positive ion bombardment in order to
allow current flow further supports this hypothesis. Thus, it 1is quite
reasonable to assume that the hydrogen dissociation which occurs in the
high temperature region of the arc may not completely recombine before it
strikes the weld pool. This deviation from LTE can be approximately

modeled by assuming two different equilibrium reaction temperatures,

Table 3.4 demonstrates the resulting hydrogen absorption if the dis-
sociation reaction and absorption reaction occur ar different
temperatures. As can be seen, high enough hydrogen absorption values can
readily be calculated if the dissociation temperature is about 10% to 20%
higher than the absorption temperature. By using this model, a reason-
able weld pool temperature can be used for absorption, and then a
dissociation temperature can be determined so that the amount of hydrogen

absorbed will equal experimental observations.
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Using an estimated weld pool temperature for hydrogen absorption of
2300 C, a dissociation reaction temperature of 2500 will result in hydro-
gen absorption values which are in close agreemenc with experimental
observations. If a 2000 C weld pool temperature is assumed, then a dis-
sociation temperature of about 2100 C will result in experimentally

determined hydrogen content:.

The agreement between experimental and theoretical results now rests
on the choice of weld pool temperature. The choice of weld pool tempera-
ture will dictate the resulting calculated dissociation temperature.
This 1is important since hydrogen absorption must take place at the same
temperature as the weld pool surface. However, since the weld pool tem-
perature 1is far from homogeneous, the effect of temperature distribution

must now be considered.

3.6 THE EFFECT OF RADIAL TEMPERATURE DISTRIBUTION AND A MOVING WELD POOL

In the previous discussion, a homogeneous weld temperature and dis-
sociation (or boundary layer) temperature have been implicitly assumed.

The effect of radial temperature distribution will now be considered.

A reasonable estimate of temperature as it varies across the weld
pool surface is shown in figure 3.21. Only recently, the first actual
measurements of the weld pool surface temperature have been accomplished.

These wunpublished results (performed in 1987 at INEL by H. Krause on
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GTAW) were unavailable at the time of this writing. What is known 1is
that the maximum temperature near the center cannot be greater than 2500
C, and that dT/dx at the edge of the weld pool must be greater 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 remain fairly constant throughout

the rest of the pool.

Based on the research of Dinulescu and Pfender (D4), a homogeneous
cathode boundary 1layer thickness {(and temperature) will be assumed. It
is quite possible that the boundary will be thicker near the outer radius
of the weld pool, and thus cocler. However, this consideration is well

beyond the scope of the present research.

If a dissociation temperature of 2500 K 1is assumed, figure 3.22
shows the resulting amounts of hydrogen absorbed at various locations in
the weld pool. An immediate observation is that the majority of the
hydrogen absorbtion will take place around the outer edge of the weld
pool. This is a direct contradiction to the postulates of others who
have 1looked at Sievert’s 1law and deduced that the maximum absorption

occured at the high temperature central region.

Most of the hydrogen absorbed into the outer region of the weld pool
will become evenly distributed throughout the pool through convection.
Howéver, near the trailing edge of the pool, solidification may overcake

the édiffusion of hydrogen out from this stagnant region. Chew and

!
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Willgoss (C7) found that hydrogen will accumulate in the weld pool near

the trailing edge even though they postulated that hydrogen was absorbed

into the center of the weld pool.

Hydrogen will diffuse through this stagnant region according to
Fick's 1laws. During a specified period of time, hydrogen will diffuse a

distance of approximately:

x = 2 (Dt)1/2 (3.19

Taking the diffusion coefficient of hydrogen in liquid steel at its
melting point to be 10-7 mzsec-1 (H12), hydrogen will diffuse about 2.0 X
10-4 m in .1 second. Using the travel speed from the welds made in the
present investigation of 20 in/min, the weld pool will advance a distance
of 8.5 X 10-4 m in that same time. Thus, much of the hydrogen absorbed
into the trailing edge of the weld pool will become trapped in the. soli-
difying weld metal. The previous quick calculation is based on the
assumption that the stzgnant boundary layer (defined as the region over
which hydrogen movement is diffusion controlled rather than convection
controlled) 1is at least 2.0 X 10-4 m thick. A precise analysis of this
boundary layer would entail a detailed numerical calculation which is
beyond the scope of the present effort. In any case, it is apparent that
some hydrogen is likely to become trapped by the advancing solidification

front.
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Another rationale for the hypothesis that hydrogen is trapped rather
than rejected by the advancing solidification front, is the fact that
lictle porosity is found in steel welds. If substantial amounts of
hydrogen were being rejected, significant levels of porosity would be

evidenced as well (such as is found in aluminum welds).

Howden (H15) also postulated that hydrogen would be “pumped" into
the solidifying weld metal rather than the hydrogen being rejected by the
solidification front, as had been thought by some up until that time.
His research results agree with the present trapping hypothesis even
though he assumed that the majority of the hydrogen was 1initially

absorbed into the center of the weld pool.

If one assumes that the hydrogen content of the molten weld pool is
approximated by the amount initially absorbed into the trailing edge of
the weld, the absorption reaction temperature of interest will be approx-
imately 1540 C. Using this absorption temperature, the calculated
dissociation temperature (at the outer edge of the cathode boundary
layer) which results in the experimentally determined hydrogen content,
will be about 190C - 2000 K (about 10% greater than the absorption tem-
perature). In actuality, the hydrogen will probably only absorb onto the
top surface of the weld stagnant layer. 1In this case, the dissociation

temperature will be substantially higher.

Due to the complexity of the proposed mechanism and the many assump-

tions and estimates involved, an exact calculation for the temperature of
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dissociation is not appropriate. From all of the above considerations,
however, it is apparent that the temperature of dissociation is about 10%
to 30% higher than the weld pool temperature at the point of absorption.
The 1logical conclusion of this hypothesis is quite important: hydrogen
will absorb into the outer region of the weld rather than into the hot
central portion. This revolutionary new theory needs to be substantially
quantified before any realistic numbers can be assigned to the dissocia-
tion reaction temperature. One fact is clear, however: The simple model
of hydrogen absorption using Sievert’s law usually used by most research-
ers 1is not wvalid, and arc phenomena in the anode and cathode boundary
regions must be carefully considered before any realistic chemical reac-

tion mechanisms can be proposed.

3.7 FUNDAMENTALS OF THE SIEVERT RELATIONSHIP

In the chemical reaction:

H, (g) - 2H (3.20

the two end conditions (hydrogen gas and hydrogen in solution) are
thermodynamic state functions. State functions are conditions which can
be completely specified by their extensive parameters (mole fraction,
volume, and internal energy) and a combination of intensive parameters
(i.e. temperature and pressure). In Sievert’s law, a theoretical ana-

lysis 1is developed which relates the difference between the two state
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functions. This relationship is valid under equilibrium conditions (i.e.

isothermal, closed system).

However, in welding, this simple, equilibrium, closed system model
is not valid. Work, heat, and matter all cross the boundary in this open
system. While the end conditions remain fixed (the experimental data for
hydrogen solubility versus hydrogen partial pressure), there will be an

infinite number of paths between these two states of hydrogen.

The hypothesis proposed in this thesis 1is that the energetically
favored path consists of hydrogen dissociation followed by monatomic
hydrogen absorption. Using this path, the calculated temperatures of the
weld pool are meaningful and realistic. When the Sievert law path of
direct diatomic hydrogen absorption is assumed, the calculated tempera-

tures are unrealistically high.

Some previous researchers have applied the Sievert law relationship
to their data which resulted in somewhat reasonable temperatures (the
temperatures were within the realm of the possible). However, these
values are not meaningful as they do not accurately reflect the true tem-
perature of absorption. Many reseachers have concluded that an increase
in current will decrease the equilibrium temperature; but this has no
basis in fact. Increasing the current will allow more hydrogen to escape

from the already solidified weld metal by slowing the cooling rate.

The final value of hydrogen content will be governed by three dis-
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tinctly different phenomena: hydrogen absorption into the molten pool,
hydrogen trapping or rejection from the solidification front, and hydro-
gen diffusion away from the solidified weld. These are separate
occurrences which can be separately modeled (by absorption theory, soli-
dification theory, and diffusion theory). Any attempt to explain these

separate occurrences with a single value is scientifically meaningless.

The fact that hydrogen solubility versus diatomic hydrogen pressure
in the welding arc can be approximated by a parabolic function is a spu-
rious relationship which has, unfortunately, 1led many reseachers to
assume that Sievert’'s law was responsible for the shape of the curve.
The functional 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 result of Sievert’s law.

Hopefully, a more fundamental approach to the chemical reactions
occuring within the weld pcol (which also consider the cathode or anode
boundary regions) such as taken in this work will also be wuseful for

other gas-metal reactions occurring during welding.
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3.8 SUMMARY

The use of Sievert’s law to calculate the hydrogen absorption reac-
tion temperature has been shown to be invalid by a systematic review of
previous research. In order to account for this, a new model of hydrogen

absorption is proposed.

This model uses a novel calculation of the hydrogen dissociation as
a function of both pizssure and temperature, and proposes that the hydro-
gen dissociation reaction is governed by the higher temperature of the
cathode bcundary layer, and that the hydrogen absorption reaction is
governed by the surface temperature of the weld pool. Following this
hypothesis further, the majority of the hydrogen will actually absorb
into the outer portion of the weld pool rather than the central region as
has been proposed by others. The hydrogen initially absorbed into the
trailing edge of the weld pool will become trapped in the solidifying

weld metal.

The dissociation reaction temperature has been estimated to be about

10% to 30% higher than the absorption reaction temperature.
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TABLE 3.2

Table of values for hydrogen dissociation calculation

initial argon

initial diatomic
hydrogen

initial monatomic
hydrogen

initial total

final argon

final diatomic
hydrogen ‘

final monatomic
hydrogen

final total

.95

.05
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.95

.05



oL'T ‘Th ol 9nTllT GeCCC- 4 Gl i 0cge
nt'¢e Lo T Lo°T cotsc TECIC 4 C 64 ¥ 0092
geg'e TT°T T 7LGCCCT £2CCC % 0°LE ¥ 00¢2
9c 2 - ET'T ET'T TSCCCT ¢7L0C0O" AT A Qone
60°2 SH0° T GrC" T #02C00" §€QC00° % 20T A Q0ce
gL T 68" €G- cgaccacer €2€0C0° % T°¢ A 000¢e
89" & 78" 2 g e Leee: STECO” % 0°LE ¥ ooLe
2L"S 98¢ 9g- < LeCe eixelel 9% 0°L2 ¥ 009¢
89°§ 18- ¢c ng°c geTCe: 3Q0n0C" % 8°9T N 0042
on" s gL gL-e TAdolon c.encos 9% 62T A 00Ke
AR Ls°¢2 LG 2 gLCCC" T9rCO" 9 8°L A 00ge
e’ 1 Te'¢ Tc°¢c acoCe Lgnco: 9 €°¢ A 00Te
oL-L GQ°¢t ¢3°¢ aT.0" cgioce: % 0°9S A 00ce
7se'g IR LSy 2sLocT 722C0”’ % 9°LE X 0082
99°¢9 EE"n €Ty acQe” LqLco- 9 €62 3 oole
9n°¢§ e2'q €2 (Sh{vlon C5Co° 4 0°0c ¥ 009¢
1c°§ AR i’y Lece: ¢agee: 4% G°€T 1 00S2
98- L €£6°€ £s°¢ STCO” T6CO- % 0°6 ¥ 00he
geE"L 69 ¢ 69°¢ TT2C” gnéco” % GG 3 ocge
g 2 g1'¢ c1s L2Cice L9¢6co- ¥ €€ ¥ acee
€9 91°¢ 6T € gelces Tg6CO” 4 6°T -3 00T2
0L*S ¢g2 192 zcoee 6600° % 0T 1 ocez
(wdd) (udd)

(wdd) 0 THO3BUO dTIC1BT(] (w3e) (113%) (3 seaa8ap)
T®2cy 01 ano 01 aunp dT=CcLzUC) 2Two1=2 I

usjoapay usadoap.\y UsS3FoIp.y ST 33944 9. MSS3ug 20SSTQ ¢ 3am31BIsSCII]

ueBuapAy 3JueoXed puv einjviedwel
UO}J0B03 pounsstv Jo uWOFIoUNj ® s uoyjdiosps ueBoapdy ¢ & °TABL

mn

LSS 3
In

LR

nm

133

mn

n

1SR
[*a

L BR  BR ER LR kR B WX
A A ~A A A A i

8

Ll

<L

—A

b

L



PAGE 199

ne-et
6511
ge- et
L8 o€
€s-ct
6g° 42
99°8

g2 et
89°1c
"G "6
LT et
Leoz
95" Ch
$6° g6

(wdd)
usadoxp Ay
TB30L

296
c'TT
26
n°92
0°6
622

€€ 1
g
QT
87 9n
6°g
noLT
T1°g¢€
696

(mdd)
0 TWO}BUON
01 anp

uadoao .y

AN
6€ "€
g0°¢
Ly-2
€5°€
862
EE Y
£€9°¢
ge-¢t
nL-e
L2t
Lg-e
on-e
go2

(udd)
STwoleTJ
01 anp

usJoapAy

006T
0<ee
00Te
006T
ooge
00Te
ooLe
00se
ooge
00Te
ooLe
00se
0oge
1 00Tc

MoM oM oM oM M XM

B

oM oMoX

g£000°" TQ600" % 6T
9500° ¢9800° % G €T
TT00" S1600° % G°S
TT00" Gh600* % GG
¢lLeoc: $9g0o0* % GET
¢L200" ¢9gC0" % G €T
9500° LtLoo® £€-q2
9%00° Lwloo: ¥ £°62
9%00° LyLoo- % £°62
900" LrLoo- 9% €762
9TTO0" 2roo" % 0°8$
9tT0" 2noo° 4 0°9S
9TTO" gnoo" % 0°96
9TTO" gwoo* % 0°96
(u3e) (u3®)

~dws] cTwolBUCY oTmo2B I

qIospy

a.mssazg  aJnssaxd — 20SSIQ

saznjvradwal uorloseax uorjdiosps pus
UOoT3BTO0SSTp pownsse Jo uorjounj ® s®v uworjdiospuw uadoxpdp

of
yrd

'€

00Te
0o<e
ooge
ogee
0062
00se
ool
oolLe
oolLe
ool
000¢€
000€
000€
ooce

MoM M M oM oM M M XM M M OoX X
B B! KR BR  BR B} R B R KR OBR BR
A 4+ 4 4 4 A4 4 4 A A4 4 4 4 A

R bR

e

(¥ ssax3-n)
aamaeIadma],

378T00SSTq uUaSoapAH

aTqeg,

o
2



‘saanjeviadway uojaidiosqe paumsse
snojiea 103 ainssaid Tejired usBoaply ormolvIpP
Jo uotrjouny ® se A3117qnTos uafoapAy umiaqyTinby 1°¢

sJaydsowily Ul uabBoupAH Dtwolo!l g %

e'cl 08l Q'8 8°9 o'V [, P ae
EEENENEENEISNERENEN SRS NENESEEENREN SN ERENNERERE] |

A eese
A geed
X @9l<
A QgeoE

dkoOs

‘a8l

R4

B4

‘81

(wddy Aj1|i1gqnjog uebBoupAy



PAGE 201

‘seanssaid Tetaxed usBoipdy
J2TWO3BTP SNOTIEA 103 ainjexadwal uotadiosqe aya
jo uor3ouny e se KITTrqnios ueBoxpAy umiaqrTinbi YA

dunjodadws| UO | }d08y uo| jddosqy

0009S 2GSty 209y 8Q<E 800E @osc 8902 08si
cdlea e oy by v ber s Loy by v Ly o
\\l. —
ueBoupAy %1 ,v\.\*\ -
cooont.»u %S* M - \O —
ueBoulpAly 1 ¥ \*\\\l*
ueBolpAy X @ -
e -
i — -
.

e —

'8

@'

e'd

e ol

C wddy Aji1|1qn|og usbBoupAy



PAGE 202

o ® Author's data
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3.3 Ratio of retained hydrogen to initially atsorbed
hydrogen as a function of the "thermal factor".
(Ref T.4)
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miitre H, NTP/100g fused metal
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Measured hydrogen content of GTA weld metal as
function of the square root of hydrogen partiai
pressure. (Ref, C.7)
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H,0 in Shielding Gas (vol %)

Diffusible hydrogen content of pulsed GMAY welds
on a fusion zone basis with moisture additions to

the shield gss. (Ref S.6)
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3.12 Variation of hydrogen content with hydrogen
partial pressure at differemt currents for:
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Results of a seriecs of determinations of
hydrogen absorption by iron containing oxide
(numbors give the order of testing). (Ref H.18)
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3.21 Temperature distribution on the surface of arc-
melted iron, Shielding gas argon and various
additions of nitrogen; current 80A, (Rrokin 1978)



Hydrogen Absorbed (ppm.>

30.

25.

20.

15.

e ——— e - —

©® Monatomic Absorption
# Diatomic Absorption’ 4

_’0——_—
S—

_——°
<

/

/
N, S

> S
—

-10.9 -5.8 0.0 5.0 10.8
Weld Pool Width (mm.>D

5
’/,/’

IllLJllllllL!lL]llllIlllLl_LlllLll
e
—

|
|
|

3.22 Theoretical hydrogea absorption due to monatomic

and diatomic hydrorzn as a function of weld pool
location. Calculsa”ion assumes a dissociation
temperature of 2500 C, an absorption temperature
as given above, and .01 atm hydrogen.
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THE EFFECT OF Fe-C-H-O PHASE RELATIONSHIPS ON

HYDROGEN ABSORPTION IN WELD POOLS

4.0 ABSTRACT

Available thermodynamic data has been used to construct Fe-H-O and
Fe-C-H ternary phase diagrams which were never published previously.
These ternary systems and the previously published system Fe-C-0 are com-
bined to develop slices through the quaternary Fe;C-H-O system. These
systems are then used to explain the effect of weld shielding gas compo-

sition on the absorption of hydrogen in weld pools.

When welding with 0, in the shielding gas, all available H,6 will be
in the form of the more thermodynamically stable H,0. Thus, hydrogen

absorption will be governed by the Fe-H-O -phase diagram.

When welding with CO2 in the shielding gas, there will be finite
amounts of both H2 and HZO. The ensuing hydrogen levele will be inter-
mediate between welds made with 02 (hydrogen absorption governed by the
Fe-H-O phase diagram), and those made with pure argon (hydrogen absorp-

tion governed by the Fe-H phase diagram).
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4.1 GENERAL PHASE EQUILIBRIA

Several good texts explaining the necessary conditions for phase
equilibria and the rules for constructing multicomponent phase diagrams
exist. Gaskell (G2) is an excellent introductury text and explains the
basics of thermodynamic equilibrium in single and binary systems, as well
as reactions involving gases and condensed phases. Rhines (R2) offers an
explanation of the various types of binary and ternary systems. Masing
(M3) provides a good introduction to applications of the phase rule in
multicomponent systems. Other more complex and comprehensive treatments
of multicomponent systems include Prince (P13), and Palatnik and Landau

(P1).

Another excellent document which gives a short, concise explanation
of some of the concepts involved in gas-metal reactions occurring in mol-
ten steel was written by Elliot (E5, E6). These concepts are needed to

adequately construct new ternary and quatarnary phase diagrams.

4.2 THERMODYNAMIC DATA

The problem of determining new phase diagrams can be approached with
the aid of available thermodynamic data and the generalized rules govern-
ing phase diagrams treated in the above references. Data from the binary

phase systems which bound the ternary are needed. For our systems of
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interest we need Fe-H, Fe-C, Fe-0, H-0, C-0, and C-H.

Binary phase diagrams are shown in figures 4.1 - 4.4 for the Fe sys-
tems. Thermodynamic data, freezing point depression data, and
segregation coefficients which can be found in the literature and are
needed for this work, are shown in tables 4.1 - 4.3. Since the freezing
point depression data for hydrogen in iron has never been determined
experimentally, it must be calculated from basic principles (E7). The
relationship between the segregation coefficient (l-k) and the effect of
an alloying element on the melting point of iron can be derived with the
use of the Gibbs-Helmholtz equation as was shown by Elliot (ES5). If it
is assumed that 1iron in the liquid and solid phases follows Raoultian

behavior, the following equation can be written:

1n [xFe (1) / Xg, (s)] - AHim / R [ 1/Tm - 1/T] (4.1

where xFe (1) and xFe (s) are the mole fractions of iron in the equili-
brium 1liquid and solid, respectively. AHm is the enthalpy of fusion, Tm
is the melting temperature, and R is the universal gas constant. Thus
the freezing point coefficient for hydrogen in iron can be calculated to
be 1500 degrees C per weight percent hydrogen (or .198 C/ppm). This

value has been listed 1n‘tab1e 4.2,
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4.3 EQUILIBRIUM PHASE RELATIONSHIPS DURING SOLIDIFICATION

4.3.1 THE Fe-H-O TERNARY SYSTEM

For the purpose of illustrating the phase relationships of interest,
a series of polythermal projectlions onto the basal Fe-H-O plane will be
presented. These projections will then be used to understand the effect

of oxygen on the absorption of hydrogen into the molten weld pool.
The equilibrium solubility of hydrogen and oxygen in liquid iron at

1538 C (the melting temperature of iron) can be calculated by combining

the free energy data in table 4.1 into the following equation:

H,0 (g) = 2H (ppm) + 0 (%) (4.2

for which the free energy is:

G° = 49440 - 36.67 T (cal/g atom) (4.3

thus:

24879/T - 18.45 = In H° 0 / P (4.4

H20
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Figure 4.5 is a polythermal projection of this relationship. The
lines represent surfaces of saturation of the liquid (or solid) with
respect to another phase. The coordinates are solubility of hydrogen in
parts per million vertically, and solubility of oxygen in weight percent
horizontally. The figure shows that variations in the partial pressure
of H,0 have a significant effect of the solubility of oxygen and hydrogen

in liquid iron.

For consistency of presentation, the following series of polythermal
projections at lower temperatures have been developed for .01 atmospheres
water vapor except where noted otherwise. This system 1is relevant for
welding applications using an argon-oxygen gas mixture contaminated with

small amounts of hydrogen.

As the temperature is lowered, delta iron wil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>