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ABSTRACT

The beneficial properties and superior surface finish 
resulting from using hydrogen as a heat treating atmosphere 
have been known for decades, However, there is a major 
concern that hydrogen embrittlement of steel occurs with the 
resultant loss of ductility and tensile strength of the 
hardened steel, A systematic study was designed to quantify 
the presence of hydrogen in three high strength steels and 
correlate any harmful effects.

High strength steel specimens were charged with dry 
hydrogen gas at one atmosphere pressure and 900° C for various 
times and quenched in liquid nitrogen to limit desorption of 
the gas from the samples. The hydrogen solubility of each 
alloy was established by using a Leco DH-102 Hydrogen 
Determinator to quantify the hydrogen concentration. Charged 
specimens were also subjected to various temperatures in air 
for one hour to establish the extent of desorption of the gas 
from the steel These results were used to determine the 
extent of any hydrogen embrittlement in the steels which may 
jeopardize their future use.

The solubility limits of dry hydrogen gas in AISI 4130, 
AISI 4340, and Laddish D-6ac steels were determined to be 
between two and three parts per million at 900° C and one
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atmosphere pressure. The equilibrium solubility is unique for 
each alloy composition and temperature. The equilibrium 
constant, K, has been determined for each alloy investigated 
and a value reported for future hydrogen solubility 
calculations.

Desorption of charged AISI 4340 steel specimens showed 
significant hydrogen loss at 100° C and less than one-half of 
the total concentration was present after one hour at 150° C 
in air. Hydrogen concentrations below the as-received 
condition were achieved at 400° C for one hour in air.
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1„0 INTRODUCTION

The hydrogen-iron system is one of the best known 
hydrogen-metal systems. Technical data by many authors 
indicate that iron interacts with hydrogen in many ways, 
starting with physical adsorption of hydrogen on the iron 
surface and ending in absorption in the bulk metal. 
Interrante (1) and Beachem (2) have compiled articles and 
technical papers that discuss advances in theory or provide 
significant additions to existing theories, as well as 
problems and solutions to hydrogen related damage in metals.

Hydrogen damage or hydrogen embrittlement refers to the 
results of the action of hydrogen in reducing the physical and 
mechanical properties of materials to a degree that renders 
them unattractive, unreliable, or dangerous.

Hydrogen embrittlement may be classified into three 
categories (3) :

1 hydrogen stress cracking;
2 hydrogen environment embrittlement, and;
3, loss in tensile ductility.

Hydrogen stress cracking is characterized by a brittle type 
failure under a sustained load below the yield strength. 
Hydrogen environment embrittlement is observed when specimens 
are plastically deformed in a hydrogen environment. Loss of
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tensile ductility is sensitive to strain rate and becomes more 
pronounced with decreasing strain rates. However, even among 
scientists today, exact definitions are not agreed upon as 
witnessed by a debate between Fidelle and Nelson (4) in their 
comments regarding the differences and similarities of
internal hydrogen embrittlement and hydrogen environment 
embrittlement.

The theories proposed to explain the mechanisms of
hydrogen embrittlement phenomena are numerous and reflect the 
many ways in which hydrogen has been observed to interact with 
steel The most widely discussed mechanisms are listed below. 

1 Precipitation of hydrogen as a gas at internal
defects. Pressure developed by this precipitation 
is added to the applied stress and thus lowers the 
apparent fracture stress This mechanism was
initially proposed by Zapffe (5)

2. Interaction of dissolved hydrogen to reduce the
cohesive strength of the lattice. This model was
proposed by Troiano (6)

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 (7,8)



T-3627 3

4. Absorption of hydrogen to increase the ease of 
dislocation motion. This mechanism, proposed by 
Beachem (9), differs from previous models in that 
hydrogen is assumed to enhance plasticity locally 
rather than actually embrittle the lattice.

5. Formation of a hydrogen rich phase whose mechanical 
properties differ from those of the matrix. This 
model is generalized by Westlake (10) The hydride 
mechanism has never been widely accepted for the 
case of steel Controversial data exist on the 
preparation of iron hydrides (11) It is believed 
that, instead of iron hydrides being formed, 
investigators have obtained powdered metals with 
large amounts of absorbed hydrogen or that they 
have made a fine metal powder with hydrogen 
chemisorbed on its surface.

6. Association of hydrogen with dislocations either to 
restrict dislocation mobility or to provide 
localized hydrogen accumulations and thereby 
embrittle the lattice. Thé dislocation-hydrogen 
association was proposed by Bastien and Azou (12) 
and refined by Tien (13)

7 The trap theory of hydrogen embrittlement is a
synthesis of various other theories that have been
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proposed. It assumes that, regardless of the 
mechanism of embrittlement (pressure, decohesion, 
etc.), in order for hydrogen to be damaging, 
defects must be present and the concentration of 
hydrogen at defects must exceed some critical 
value. The tendency for a trap to hold hydrogen is 
related to the energy of the trap and to the nature 
of the trap (14)

Direct observations of the hydrogen embrittlement 
mechanisms have been made by numerous authors. Shewmon (15) 
made empirical observations that the most striking indications 
of hydrogen attack showed up in the reduction of area in a 
room temperature tensile test following high temperature 
exposure to high pressure hydrogen. Tensile specimens were 
exposed to hydrogen for as long as 200 hours at temperatures 
ranging from 204 ° to 538 ° C and pressures exceeding 14 
megapascals (MPa) It was observed that, if exposure to high 
temperature, high pressure hydrogen continued beyond an 
incubation period, the opening of numerous fissures lead to 
rapid decarburization of the steel.

Hakkarainen, et.al , (16) reported one experimental
investigation of hydrogen attack in a 2% Cr - 1 Mo steel at 
elevated temperatures. Samples were exposed to high
temperature, high pressure hydrogen for twenty days and then
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creep tested at 600° C in a hydrogen atmosphere at a pressure 
of 110 MPa for 162 hours, He performed some excellent 
metallographic work to show methane bubble nucléation around 
a manganese sulfide particle. Bubbles were observed around 
manganese sulfide particles both at the grain boundaries and 
in the grain matrix.

Cathodic polarization of the steel in an aqueous solution 
is frequently used to introduce hydrogen into the steel prior 
to mechanical testing. This process is basically used to 
understand the decohesion mechanism of hydrogen embrittlement. 
Oriani (17) cathodically charged wire in 0.1 normal (N) sodium 
hydroxide solution with ten milligrams of arsenic oxide per 
liter at specified times during creep testing. He showed that 
a burst of dislocation activity is generated by the sudden 
decrease of internal stress which is produced by hydrogen 
assisted decohesive nucléation and growth of microvoids. 
Garber (18) used a standard tensile test after introducing 
hydrogen by electrolytic charging in four percent sodium 
hydroxide solution with the addition of one milligram per 
liter of arsenic. Charged versus uncharged steel samples 
showed differences in the fracture surface morphology. Other 
mechanical tests, such as Charpy impact, fracture toughness, 
and four point bend, have also been used to reveal the effects 
of hydrogen embrittlement on steel (19-22)
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Although the use of such electrochemical techniques in 
hydrogen charging has yielded valuable data, the penetration 
of hydrogen into the surface layer of the metal is not exactly 
identical to that in the case of molecular hydrogen. First, 
part of the hydrogen is already in an atomic state as 
evidenced by the effect of recombination poisons, such as 
arsenic, which greatly increase the amount of hydrogen that 
enters the metal in cathodic polarization experiments and 
second, an electric field may exist across the surface layer 
of the metal, Therefore, data from cathodic polarization 
methods would not always be applicable to predict the behavior 
of a metal with respect to hydrogen permeation from the 
gaseous state.

The amount of hydrogen present in a metal is practically 
never equal to the maximum amount of hydrogen that can be 
absorbed by that metal. The absorption of hydrogen by metals 
is an equilibrium process and true equilibrium is difficult to 
achieve in any practical process. It is possible to create 
conditions under which metals absorb hydrogen in amounts 
greater than the so called solubility limit. Cathodic 
charging of steel with hydrogen may lead to the formation of 
surface layers with higher than equilibrium hydrogen 
concentrations. It has been reported (11) that hydrogen 
concentrations as high 51, 1 milliliters per 100 grams have
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been found in Armco iron after electrolytic hydrogenation at 
room temperature and one atmosphere pressure. The equilibrium 
hydrogen concentration under those conditions is only about 
thirteen milliliters per 100 grams.

Hydrogen induced intergranular fracture is a result of
cathodic polarization charging methods and has been found to
be significantly influenced by impurity segregation. Recent 
investigators have used a standard notched specimen for the 
impact fracture stage of an Auger electron spectrometer to 
study grain boundary compositions after electrolytic charging 
and fracture, Bruemmer, et al , (23) used notched specimens
charged with hydrogen in 1 N sulfuric acid with twenty 
milligrams per liter of arsenic oxide added to the electrolyte 
as a poison to enhance hydrogen uptake and a cathodic 
potential of -1,0 volts at 20° C for 16 hours. Sulfur was 
found to be the primary element responsible for the 
intergranular hydrogen embrittlement of nickel A direct 
relationship exists between grain boundary sulfur coverage and 
cathodic potential, each promoting a change in fracture mode 
to an intergranular mode and a sharp loss of ductility. This 
behavior exemplifies the cooperative interaction between a 
grain boundary segregant and hydrogen embrittlement.

In high strength steel, Craig (24) showed the impurity of
most significance in the hydrogen impurity interaction is
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phosphorus. At tempering temperatures less than 500° C, 
hydrogen stress cracking is predominately intergranular and a 
result of a hydrogen interaction with carbides at the prior 
austenite grain boundaries. Decohesion affected by phosphorus 
acting as a recombination poison is the predominant mechanism. 
Craig (24) makes the interesting observation that hydrogen 
stress cracking and temper embrittlement have certain 
similarities. Their fracture paths commonly follow prior 
austenite grain boundaries, both have a strength dependence, 
and the same elements that are responsible for temper 
embrittlement (phosphorus, sulfur, antimony, tin, etc.) are 
known hydrogen recombination poisons. Impurity segregation in 
these studies appears to be mostly due to heat treatment 
segregation. However, it is not clear how much segregation is 
a result of cathodic polarization influences.

A similar study by Hayes (19) showed the effects of 
hydrogen embrittlement in 17-4 PH stainless steel. Hydrogen 
was introduced into the tensile samples by means of cathodic 
charging at room temperature in ten percent sulfuric acid 
solution containing ten milligrams per liter of arsenic oxide, 
which was used as a poison to promote absorption of atomic 
hydrogen. Current density was nine microamperes per square 
millimeter and was employed for times varying from 0.5 to 24 
hours. Hayes showed a correlation between charging time and
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loss in percent reduction of area. Also, the susceptibility 
for hydrogen embrittlement damage was reversible with 
appropriate recovery times and temperatures providing that no 
surface damage was created by the cathodic charging process.

A different type of experiment is used to understand 
movement of hydrogen in metals when the hydrogen is the 
external environment. Takeda and McMahon (20,21) tested 
precracked specimens in hydrogen to obtain the apparent 
threshold fracture toughness. They postulated that, as plain 
strain plastic yielding occurs at the tip of a precrack or 
notch in hydrogen, atomic hydrogen is carried along the slip 
lines in the cores of dislocations injected at the free 
surface (22) The hydrogen is not only trapped and carried 
along by the dislocation cores but it enhances screw 
dislocation mobility and slip planarity. These experiments 
also showed that material relatively free of nonmetallic 
inclusions was highly resistant to rupture which seems to 
correspond to a high degree of grain boundary purity.

There have been several experimental measuring techniques 
used to study the hydrogen-iron system. The electrical 
resistance or resistometric method has been used successfully 
in measuring the diffusion coefficient of metals within a 
metal (25-27) Shanabarger (28) used this resistance change 
technique to determine the chemisorption kinetics of the
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hydrogen-iron system. The chemisorption induced resistance 
change is a phenomenon wherein the resistance of the metal 
film substrate is changed due to chemisorption on its surface.

A more advanced technique promoted by Johnson (29) uses 
permeation methods to study hydrogen in iron. Permeation 
methods are quite useful for hydrogen-iron equilibrium 
studies, including trapping and hydrogen transport. Gas phase 
charging offers attractive advantages for permeation 
experiments, The difficulty with gas phase charging has been 
iron surface impedances, presumably oxides, which hinder or 
prevent hydrogen entry and exit at temperatures in the 
vicinity of 300° K. Consequently, in the past, gas phase 
permeation measurements have been carried out only at 
temperatures well above 300° K. For this study, gas phase 
charging techniques were used, but the total hydrogen content 
was monitored throughout the experiment.

Ultimately, the most meaningful measurement technique is 
the effect of hydrogen on the properties of steel. Hirth (30) 
has formulated a review of the effects of hydrogen on the 
physical and mechanical properties of steel, No single 
mechanism exists for the degradation of the properties of 
steel by hydrogen.

The experimental techniques used in this thesis were 
chosen because of the elimination of some of the testing and
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scientific variables. Gas phase charging was used to 
eliminate any harmful electrochemical effects. Charging at 
one atmosphere eliminates any internal pressure increases. 
Holding the specimens at high temperature and in an unstressed 
condition, eliminates any cracked tip phenomenon or transport 
assisted failure by dislocation sweep. Most importantly, the 
techniques used simulate the industrial setting encountered by 
the heat treat process. The information retrieved may be in 
turn correlated to the industrial practice.

1,1 Adsorption

The adsorption of hydrogen on metals is a surface 
interaction that affects the subsequent behavior of the 
hydrogen metal system. This phenomenon is of importance for 
catalytic processes, corrosion, mechanical properties, vacuum 
technology, hydride formation, etc. Hydrogen adsorbed on 
metal surfaces is a major source of contamination in high 
vacuum apparatus and other devices requiring a high degree of 
cleanliness. Conversely, the adsorption phenomenon is 
frequently used to remove hydrogen from such devices using 
getter materials. By using large getter surfaces, it is 
possible to achieve high evacuation rates. The adsorption 
rate on getter surfaces increases with increasing temperature.
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The total amount of hydrogen that may be adsorbed on a metal 
surface is equivalent to many molecular layers and depends on 
the nature of the metal, the state, and the orientation of the 
surface.

Surface adsorption may be of two types; physical and 
activated chemisorption. Physical adsorption is not
characteristic of a given gas. Virtually all gases are 
adsorbed to approximately the same extent. The rate and 
degree of adsorption depends mainly on the nature and the 
state of the metal surface. Physical adsorption is a very 
rapid process and is completely reversible. The amount of 
adsorbed gas increases with increasing pressure and approaches 
a value approximately equal to a monomolecular layer of the 
gas on the true metal surface.

The hydrogen-iron system is one of the best known 
hydrogen-metal systems. Iron interacts with hydrogen in many 
ways, starting with physical adsorption of hydrogen on the 
iron surface and ending with absorption in the bulk metal, A 
model for the adsorption process, and particularly for the 
chemisorption process, was presented by Langmuir in 1916 and 
led to a simple, but important, theoretical understanding of 
the adsorption isotherm (31) Fast (32) has categorized the 
total process of gas permeation through metal crystals into 
five steps and has mentioned specific examples in which each
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of these five steps is the controlling factor. His list of 
the processes is as follows:

1. Dissociation of the gas molecule in the layer of 
gas adsorbed upon the metal surface.

2. Transfer of the gas atom from the adsorbed layer to 
solution within the metal crystal.

3. Diffusion of the gas atom through the metal 
crystal.

4. Transfer at the exit surface to an adsorbed layer.
5. Recombination to form a molecular vapor at the exit 

site.
These processes formulate the basic experimental framework for 
studying the hydrogen-iron system, most notably with the use 
of the permeation method. All permeation techniques have in 
common the measurement of the time necessary for hydrogen 
introduced on one surface to enter into the metal, migrate 
through the thickness of the specimen and then be detected on 
the output side.

Bernstein and Thompson (33) have illustrated some 
possible input conditions. These input conditions are:

1, Molecular gas adsorption, dissociation, and absorp
tion.

2. Adsorption and absorption from hydrogen ions in 
aqueous solutions,
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3, Adsorption after decomposition from a hydride.
It is widely accepted that the atomic form ahci subsequent 
behavior of dissolved hydrogen is identical for all three 
input conditions. Any difference in behavior found between 
techniques or unaccounted differences within a given technique 
must be traced to the events occurring on or near both the 
entering and exiting surfaces of the membrane. A number of 
studies have addressed the issue of surface control of the 
hydrogen entry reaction, most particularly for input condition 
one, where gas dissociation reactions can control kinetics 
(34,35) The first process of input condition one, the 
dissociation of the gas molecule, appears to be a frequent 
rate controlling factor.

That all diatomic gases must dissociate upon entering 
solution in metals is inherent in Sieverts1 Law (11) It 
states that the solubility of the diatomic gas in metals at 
constant temperature is proportional to the square root of the 
gas pressure. Dissociation is usually affected by some kind 
<53Î surface reaction and its rate is sensitive to the condition 
tit the surface. Both the presence of reaction films and the 
presence of foreign substances upon the surface may influence 
'tSæ efficiency of dissociation. It is common to find that the 
zate- of gas permeation through metals diminishes with time 
wlmg  to the gradual accumulation of interfering substances.
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Surface poisoning can also influence the rate of the second 
input condition, the transfer of absorbed gas atoms into 
solution in the crystal, and these two effects of foreign 
substances are not always distinguishable. Srikrishnan (36) 
studied the role of gas impurities in the hydrogen 
embrittlement of steel. The effect of the presence of gaseous 
hydrogen on mechanical properties of steel is shown to be 
dependent on the ability of the steel to adsorb hydrogen. A 
series of crack growth and adsorption experiments clearly 
showed that the supply of hydrogen at the metal surface can be 
chemically controlled. This chemical control can be used to 
either accelerate or retard crack growth in an AISI 4340 steel 
specimen. The study concluded that any impurity gas which 
acts as a catalytic poison, S02 or CO, will retard hydrogen 
embrittlement while any impurity which increases the hydrogen 
atom supply, H2S, will accelerate hydrogen embrittlement.

Early data on the physical adsorption of hydrogen on iron 
at below 0° C temperatures showed that physical adsorption is 
the predominate process at low temperatures and that the 
amount of adsorbed hydrogen sharply decreases with increasing 
temperatures (37) Analysis of the data shows that physical 
adsorption occurs over the lowest temperature range while two 
kinds of activated adsorption with different heats of 
activation occur at higher temperatures. A thermally
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activated transfer from a physical adsorbed state of hydrogen 
on iron to a chemisorbed state with a corresponding increase 
in the rate of adsorption with increasing temperature has also 
been suggested by Hirth (30)

Iron has been classified as a metal that readily adsorbs 
hydrogen by an activated chemisorption mechanism (38) The 
formation of covalent bonds with electrons of the d-band has 
been suggested. According to Hirth (30), monolayer hydrogen 
adsorption on iron should be expected at temperatures up to 
400° to 500° K, but it has been shown that a maximum in the 
chemisorption rate is observed at about 300° K. Activated 
adsorption occurs only when the metal and hydrogen can form a 
chemical compound. The exact mechanism of chemical adsorption 
for different metals may differ since chemical bonds of 
different kinds could be involved. Chemisorption is a slow 
process and chemisorbed hydrogen is desorbed with great 
difficulty.

1.2 Diffusion

Hydrogen diffuses through most known metals. The 
diffusion is always preceded by activated adsorption of the 
hydrogen on the metal surface, since the hydrogen must be 
dissociated in order to diffuse. This fact is illustrated by
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Kumnick and Johnson (39) in which they concluded in their 
experiment that hydrogen and deuterium exhibit the same 
solubility in iron.

The diffusion rate of hydrogen in a given metal is a 
constant for a given set of parameters (composition and 
structure of the metal, temperature, etc.) and is always 
greater than the diffusion rate of any other gas under the 
same conditions.

The effect of pressure on the diffusion of hydrogen in 
metals at constant temperature may be expressed by an equation 
of the type:

D = K P% (1.1)

where D is the coefficient of diffusion or diffusivity, K is 
a temperature dependent coefficient, and P is the partial 
pressure of hydrogen. It has been found to provide good 
agreement with experimental data at atmospheric or higher 
pressure. At low temperatures and pressures, there is rather 
poor agreement between the experimental and calculated data. 
For the hydrogen-iron system, a linear dependence of the
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permeability on P/l has been reported over a wide range of 
temperatures and pressures (40)

The following equation is frequently used for the 
quantitative description of the isobaric diffusion of hydrogen 
in metals :

D = D0 exp(-Q/RT) (1.2)

where D0 is the frequency factor, Q is the activation energy 
and RT has the usual significance. Unfortunately, the values 
of D0 and Q reported by various authors may differ widely 
mainly because of differences in the experimental techniques. 
In many cases, the measured quantity is not diffusion alone, 
but a combination of temperature dependence from adsorption, 
diffusion, dissolution, and desorption processes more properly 
described as permeation. Other processes may also contribute, 
as in the case of measurements based on the electrolytic 
generation of hydrogen on one wall of the metal combined with 
measurements of the rate of increase in hydrogen pressure in 
an evacuated space at the other wall (41)

Taking the natural logarithm of both sides of equation
1.2 gives:

In D = -Q/RT + In D0 (1.3)
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This is an equation in the form Y = mX + b, where the 
dependent variable is In D and the independent variable is 
1/T. The ordinate intercept is In D0 and the slope equals 
-Q/R. It is evident that if natural logarithms of exponential 
values of the diffusion coefficient yield a straight line when 
plotted against the reciprocal of the absolute temperature, 
then the data conform to equation 1.2, The slope of the 
experimentally determined straight line determines the 
activation energy, Q, at the same time the intercept of the 
line with the ordinate yields the frequency factor, D0.

In this study, diffusivity is determined experimentally 
by using fractional saturation or average composition of a 
cylinder during diffusion (42-44) Fractional saturation, F, 
is equal to:

(c„ - c„) / (Cs - C0) = 2.256 (Dt)%/L (1.4)

where Cm is the mean concentration at time, t, C0 is the 
uniform initial concentration, Cs is the constant surface 
concentration, and L is the radius of the cylinder.

Hydrogen diffuses in metals in an atomic or protonated 
state. A large volume of experimental data confirmed that 
hydrogen cannot diffuse in metals in a molecular state. The 
paths of hydrogen diffusion have been studied in detail
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Smithells and Ransley (45) have shown that the diffusion rate 
is independent of the grain size of the metal, Grain 
boundaries either play no role in the diffusion process or 
diffusion along grain boundaries is much slower than 
transgranuiar diffusion. They showed that the transport is 
transcrystalline and that grain boundaries have little effect. 
Hydrogen diffuses by an interstitial mechanism through the 
iron lattice. Movement of the hydrogen proton is not 
associated with or dependent on the formation of a vacancy.

The permeation rate of hydrogen through iron is affected 
by the surface state of the metal. The surface state affects 
the adsorption step which is essential for diffusion. Traces 
of oxygen on the surface or very thin oxide films slow down or 
even stop the transport of hydrogen in the metal. The use of 
very clean metal surfaces is essential for any study of 
penetration and diffusion of hydrogen in steel. In many cases 
the hindering effect of surface barriers is overcome by the 
deposition of a barrier free metal, such as palladium, on the 
surface of the metal to be studied.

Another variable altering the experimental data of 
hydrogen diffusion in steel is mechanical stress. Diffusion 
occurs at an accelerated rate through metal under stress (46) 
All mechanical stresses on the steel samples will be avoided 
as part of this study. Another interesting fact in the study
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of hydrogen diffusion is that it becomes easier for hydrogen 
to move into a region where hydrogen is present already (47) 

Cathodic polarization of steel in an aqueous solution is 
frequently used to generate hydrogen on the exposed surface 
for diffusion studies. Although the use of such techniques 
has yielded valuable data, the penetration of hydrogen into 
this surface layer of the metal is not exactly identical with 
that in the case of molecular hydrogen. First, part of the 
hydrogen is already in an atomic state, as evidenced by the 
effect of recombination poisons, such as arsenic, which 
greatly increase the amount of hydrogen that enters the metal 
in cathodic polarization experiments. Secondly, an electric 
field may exist across the surface layer of the metal. This 
is true if the surface layer is covered with some lower 
conductivity substance, such as an oxide. Thirdly, an 
interstitial solute may migrate under the influence of a 
direct current. The occurrence of such an effect in a liquid 
electrolyte or an ionic solid is common knowledge. Its 
occurrence in metals is not nearly as well known, though it 
appears to occur in most alloy systems. Therefore, data from 
cathodic polarization methods would not always be applicable 
to predict the behavior of a metal with respect to hydrogen 
permeation from the gaseous state.
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1.3 Dissolution

The term dissolution refers to the penetration of a 
gaseous element into the bulk of the metal and its retention 
without changing the metallic nature of the metal. The 
product is usually known as a variable composition solid 
solution. A solubility limit is assumed to exist when dealing 
with a solid solution. Although the above notions play an 
important role in the development of the science of hydrogen 
in metals, present day knowledge indicates that the terms 
dissolution and solubility limit are, in this case, incorrect. 
The term solid solution does not represent the true nature of 
the physical phenomena that takes place in metals or alloys 
and serious discrepancies exist between experimental 
observations of the behavior of the hydrogen-iron system and 
the behavior predicted by the classical theory of solid 
solutions (11)

Other terms are widely used in addition to solubility. 
The term occlusion does not refer to any specific physical 
phenomena but indicates that the gas penetrates and is 
retained within the metal. Similarly, absorption is a general 
term without specific reference to the nature of the process. 
In fact, the three terms may be used interchangeably, and 
usually no distinction is made between them.
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The amount of hydrogen absorbed by metals may be 
expressed in various units; for example, volume per weight, 
parts per million (ppm), atomic percent, weight percent, and 
number of hydrogen atoms per one atom of the metal. This 
study will use ppm and milliliters per one hundred grams iron.

The absorption or dissolution of hydrogen in metals is 
never a molecular process. Absorption is always preceded by 
dissociation of the hydrogen molecules on the surface of the 
metal. At low hydrogen pressures, the solubility of hydrogen 
in steel is a square root function of the pressure in the 
form:

S = [H] = kV  (1.5)

where <S is the solubility, H is the hydrogen concentration, K 
is a constant, and P is the partial pressure of hydrogen. The 
existence of a square root law indicates that the absorption 
of hydrogen is an atomic process. Such a simple relationship 
has been observed by many investigators (37, 46) , most notably 
Sieverts.

The amount of hydrogen present in a steel is 
practically never equal to the maximum amount of hydrogen that 
can be absorbed by that steel under a given set of conditions. 
The absorption of hydrogen by steel is an equilibrium process
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and true equilibrium is difficult to achieve in any practical 
process. It is possible to create, for some steels, 
conditions under which they absorb hydrogen amounts greater 
than the solubility limit. Cathodic charging of the steel 
with hydrogen may lead to the formation of surface layers with 
higher than equilibrium hydrogen concentrations.

An early investigator. Smith (46), studied the effect of 
temperature on the absorption of hydrogen by metals. He
reported that the solubility of hydrogen in some metals
increases with increasing temperature; the absorption is 
endothermie. In other metals, the solubility decreased with 
increasing temperature; exothermic absorption. However, more 
recently it was found that there are metals whose absorption 
behavior to hydrogen is neither endothermie nor exothermic, 
since the solubility first increases, then decreases with 
increasing temperature. The reverse behavior has also been 
observed. The classification of metals into endothermie and 
exothermic groups with respect to hydrogen is inadequate. 
However, Smith classified iron as an endothermie occluder. 
The solubility of hydrogen in iron increases sharply when the
metal melts. The solubility also changes when the metal
undergoes phase transformation. Thus, the absorption of 
hydrogen in iron is a complex process that cannot be described
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as a simple exponential function over a wide temperature 
range.

The theory of solid solution formation in the case of 
endothermie absorption of hydrogen in iron does not present a 
true picture of the process taking place. The best fit 
between theory and experimental data is observed by assuming 
that hydrogen is present in the metal lattice in a protonated 
form and that the protons penetrate the electron shells of the 
metal atoms. This assumption was advanced for the first time 
by Krasnikov (48) and served as a basis for a series of high 
accuracy, high resolution x-ray spectroscopy measurements. At 
high temperatures, the concentration of atomic hydrogen formed 
as a result of dissociation of hydrogen molecules on the 
surface of metals is quite high and may approach the same 
values as in the case of cathodic charging of steel with 
hydrogen from aqueous solutions. Calculations show that, at 
temperatures in the range of the melting points, the 
concentration of atomic hydrogen is equivalent to its 
concentration in molecular hydrogen under a pressure in excess 
of 1000 atmospheres.

The interaction of hydrogen with metals is affected by 
the same factors that influence the interaction between two 
atoms of the same metal. These factors affect the metal 
structure. The change in structure would cause a change in
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hydrogen absorption. Any phase transformation in the metal is 
always accompanied by a change in hydrogen solubility. The 
amount of absorbed hydrogen increases with increasing 
temperature. Phase transformations or melting are accompanied 
by sharp changes in the solubility of hydrogen (46,49) 

Substantial absorption of hydrogen in the bulk of iron 
takes place above 400° C. The amount of hydrogen dissolved in 
iron below 400° C is so small that accurate measurements are 
difficult. Such measurements are rendered even more difficult 
by the fact that the establishment of absorption equilibrium 
between iron and hydrogen at such temperatures is very slow 
and very long times are needed for each measurement. Hirth 
(30) proposed the following equation for the solubility of 
hydrogen in iron at near room temperatures:

C0 = 0.00185 P'A exp(-3440/T) (1.6)

where C0 is the atomic fraction of hydrogen in equilibrium 
with gaseous hydrogen, P is the partial pressure of hydrogen 
in atmospheres, and T is the temperature in degrees Kelvin. 
Data on the solubility of hydrogen in iron above 400° C are 
shown in Table 1.1 and are based mainly on the early paper of 
Martin (50) Graphical representation of the hydrogen-iron 
system (51) is shown in Figure 1.1.
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Table 1., 1
Solubility of hydrogen in iron above 400° C (50)

Temperature (°C) Hydrogen solubility 
(ml/100 g)

440 0.30
522 0.75
572 1.06
649 1.49
772 2 „ 10
896 2.83
924 4.46
953 4.76

1005 5.35
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The degree of purity of the iron affects solubility of 
hydrogen in iron. The effect of an impurity element is 
frequently complex. Additions of an alloying element to the 
metal affects the solubility of hydrogen in the metal. Carbon 
reduces the hydrogen solubility in alpha iron but increases 
the solubility in gamma iron. Small additions of molybdenum 
tend to increase hydrogen solubility slightly while larger 
additions begin to decrease solubility. Additions of vanadium 
and titanium tend to increase hydrogen solubility in iron.

Even minute amounts of secondary purity elements in a 
very high purity metal may considerably affect the behavior of 
the metal with respect to hydrogen dissolution. Oxygen is one 
of the elements that actively reduces the amount of hydrogen 
absorbed by iron. Oxygen blowing of molten steel is one of 
the best means of markedly reducing the hydrogen content. 
Hasegawa and McLean (52), from their laboratory experiments on 
the dissolution of hydrogen in metal from slag exposed to 
atmospheres of controlled humidity, found that the rate of 
hydrogen dissolution in the metal is dependent on the oxygen 
content of the metal. Also, the oxygen activity at the metal 
interface hindered the dissolution process.

The development of the Stirling engine makes use of the 
oxygen barrier concept. To reduce hydrogen permeation in
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Stirling engine heater head tubes, a low permeability oxide 
coating on the inner surface is formed. Mulligan and Tomazic
(53) showed that a minimum water content is required to avoid 
the reduction of the oxide coating by hydrogen during the 
operation of the engine. This effect is not desirable in the 
heat treat process. Oxygen in the pure hydrogen reducing 
protective atmosphere will decarburize delicate parts very 
quickly at heat treat temperatures. The beneficial effect of 
a hydrogen heat treat atmosphere is that it reduces the oxide 
film while protecting the surface integrity of the parts.

1.4 Mechanical Behavior

It is known that the mechanical properties of iron are 
affected by occlusion of hydrogen under any conditions. 
Systematic studies have been performed for decades to evaluate 
mechanical properties of embrittled steel, One such study
(54) showed the mechanical behavior of embrittled AISI 4340 
steel in the presence of stress concentrations. Cathodic 
embrittlement was used to charge the specimens. Three 
different mechanical tests were performed to evaluate the 
effect of hydrogen embrittlement on steel: tensile, bend, and
stress rupture. Although a complete understanding of the 
embrittlement theories was not achieved, much valuable data in
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evaluating hydrogen embrittlement in ultra-high strength 
steels were collected. Similarly, a four year research 
program at Yale University (55) produced a limited 
understanding of the delayed fracture process in hydrogen 
embrittlement.

Not until Troiano's work in the late 1950s did a more 
thorough understanding of delayed fracture in high strength 
steel become available. He discovered that the static fatigue 
limit decreased with both higher hydrogen concentrations and 
sharper notches (56) These behaviors suggest that a crack 
will initiate when a critical combination of hydrogen 
concentration and triaxial stress state is obtained. Also, an 
incubation period for crack initiation was observed which 
lengthened with decreasing hydrogen concentration and was 
independent of the applied stress.

While hydrogen was known to degrade mechanical behavior, 
attempts were made to detail the mechanisms of degradation. 
Cathodically precharged and dynamically charged samples were 
used to investigate the effects on void initiation and growth 
and crack initiation and fracture on hydrogen damage. It was 
shown that cracks always initiated at the free surface rather 
than in the interior where both the normal stress and triaxial 
stresses are maximum (57) The notch curvature had no effect 
on the critical strain for crack initiation for precharged
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specimens. Again, cracks always nucleated at the free surface 
so that notched curvature had no effect on critical strain for 
nucléation for dynamically charged specimens.

Hydrogen does not seem to have a major effect on initial 
void growth (58) However, it does have an important effect 
on the intermediate and latter stages of void growth and 
coalescence where the voids propagate along internal 
interfaces. The resistance of steel to hydrogen degradation 
is attributed to trapping hydrogen on defects. The resistance 
of cold drawn wire to hydrogen induced delayed failure is 
attributed to an increased density of internal traps for 
hydrogen (59)

If the dissolution of hydrogen in steels is causing the 
susceptibility to hydrogen embrittlement, even the foundry 
practices may be significant in the resistance to damage (60) 
Using cathodically charged specimens in sea water, it was 
shown that, in all cases, vacuum-arc remelt was more resistant 
than electroslag remelt with regard to hydrogen embrittlement 
cracking in AISI 4340 steel.

Numerous sources of hydrogen can produce the same 
mechanical property degradation in steels by the dissolution 
of hydrogen with resultant embrittlement, for example, sour 
gas. Hydrogen induced cracking resistance is one of the most 
important properties of sour gas service line pipe for the
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petroleum industry. Several metallurgical features were 
studied to enhance hydrogen induced cracking resistance with 
the effects of chemical composition changes being the most 
notable (61) The presence of very low sulphur and phosphorus 
contents in the alloy composition is essential for excellent 
hydrogen embrittlement resistance in sour gas line pipe steel.

In most hydrogen embrittlement studies which determine 
the effects on the mechanical properties of the material, a 
limited quantitative approach is taken to determine at what 
minimum level hydrogen concentration is necessary to cause 
damage. Of course, one of the main problems in quantifying 
the amount of occluded hydrogen in steel is an accurate and 
easy measurement of the hydrogen uptake. This analysis has 
not been easily done until recently with the invention of 
hydrogen determination equipment.

An excellent early attempt to quantify cathodically 
charged hydrogen absorption in high strength steel was 
accomplished by Farrell (62) This well ordered study 
describes some cathodic hydrogenation experiments that cause 
permanent damage in high strength steel. He showed that a 
critical arsenic concentration of 0.5 milligrams per liter is 
necessary to enhance cathodically charged hydrogen absorption 
in steel. During enhanced hydrogen absorption, the amount of 
hydrogen absorbed increases linearly with the square root of
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the charging time to what appears to be a saturation level of 
five to six parts per million of hydrogen, beyond which there 
is no increase with charging time. Depth of penetration tests 
confirm that the hydrogen penetrates far into the specimens. 
Saturated specimens will degas at room temperature, but aging 
times exceeding 400 hours are required for evolution of the 
bulk of the injected hydrogen. Much of the inherent 
resistance to embrittlement is recovered if the degassing is 
permitted before mechanical testing. However, permanent 
damage is caused by near surface cracks introduced during the 
charging operation.

In an attempt to further the basic postulates of the 
decohesion theory, Oriani (63) experimented with high strength 
steel to demonstrate the existence in hydrogen induced crack 
propagation of a threshold hydrogen pressure and stress 
intensity factor. Probably the most recent and fundamental 
study to evaluate the critical hydrogen concentration for 
hydrogen induced crack propagation was Maier (64) The 
calculated average critical hydrogen concentration amounts to 
only one part per million hydrogen in iron. It is supposed 
that fracture is triggered by local hydrogen accumulation at 
microstructural heterogeneities.

Another aspect of the embrittlement of steel by the 
dissolution of hydrogen is the phenomenon in which even
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hydrogen free metals may lose part of their ductility if they 
are deformed under compressed hydrogen gas. Recent studies 
have suggested that the hydrogen may not be carried by moving 
dislocations, but that the hydrogen enters the metal by 
ordinary diffusion (65) Since plastic deformation does not 
influence the transport mechanism of hydrogen in steel, it 
must change the absorption process because undeformed 
specimens kept under pressure for extended periods do not 
contain hydrogen in appreciable amounts.

Hydrogen cannot enter steel from the atmosphere as long 
as the surface is covered by adsorbed oxygen (65) The role 
of plastic deformation would then be to produce a fresh 
surface where the hydrogen is able to enter the metal. No 
embrittlement is observed when the hydrogen atmosphere 
contains traces of oxygen. Samples deformed under such 
atmospheres do not contain any appreciable amounts of 
hydrogen. Obviously, these small quantities of oxygen are 
sufficient to poison the metal surface as quickly as it is 
formed. Hydrogen from a high pressure atmosphere dissolves in 
steel at room temperature and then diffuses farther into the 
metal if a new surface is created by means of plastic strain.

Recently, the concept of a "trap theory" has been 
formulated to help explain the diffusion and dissolution of 
hydrogen in steel with resulting hydrogen embrittlement (66)
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The trap theory of hydrogen embrittlement describes various 
situations where three groups of parameters are important:

1. The means by which hydrogen diffuses into the
material,

2. The location of hydrogen prior to the test
(internal versus external hydrogen)

3. The character of traps (irreversible versus
reversible traps)

The extent of embrittlement will vary as to what combination 
of these parameters exist in a given test (67) Hydrogen does 
not produce the same effects whether it has been first 
introduced into the material (internal hydrogen embrittlement 
or IHE) or it is present as an external atmosphere (external 
hydrogen embrittlement or EHE) (68) With interstitial 
diffusion of external hydrogen, all reversible and
irreversible traps will act as sinks when hydrogen normally 
diffuses. The stronger the reversible trap, the less 
diffusing hydrogen penetrates the material. There are 
significant differences between hydrogen transport by 
dislocations and hydrogen diffusion by interstitial jumps. 
Less hydrogen will accumulate during interstitial diffusion 
than with dislocations because the trapping capacity of 
dislocations is greater than that of diffusion sites. The 
penetration of hydrogen is much less because all traps now act
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as sinks. Only severe charging conditions will produce 
appreciable external hydrogen embrittlement when interstitial 
diffusion occurs. This result does not have to be the case, 
however, when dislocations transport hydrogen.

Hydrogen in high strength steels can exist in two forms, 
namely, trapped, or immobile, and diffusible, or mobile, 
hydrogen. The trapped hydrogen does not diffuse and does not 
contribute to hydrogen embrittlement (69) Among the
postulated causes of hydrogen trapping are microstructural 
features such as grain boundaries, dislocations, second phase 
particles, voids, and interstitial solute atoms. Results can 
be obtained to qualify and quantify the type, number, and 
strength of reversible and irreversible traps. Such varied 
characterization studies permit predictions of the optimum 
microstructures expected to show enhanced resistance to 
hydrogen embrittlement. Conditions may vary where hydrogen is 
present as an external environment or where the hydrogen is 
dissolved in the material prior to the application of a 
stress. The intelligent use of various testing techniques 
will provide the information to improve the understanding of 
this complex phenomenon.
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1.5 Purpose

As with most scientific studies, obtaining knowledge or 
the extension of knowledge is its own reward. A more complete 
understanding of the nature of our world and how things 
interact will allow us the creativity to be progressive. With 
hydrogen being the most abundant element in the universe, it 
would be worth our time to understand its harmful and 
especially its beneficial properties.

A major concern is that when high strength steels are 
exposed to high temperature hydrogen during a heat treatment 
process, embrittlement will occur with the resultant loss of 
ductility and tensile strength of the hardened steel. It is 
the major thrust of this thesis to address this issue and 
quantify the presence of hydrogen in three high strength 
steels during several stages of the heat treat process. 
Ingress diffusivity, solubility limit, and egress diffusivity 
are of the greatest importance. These properties will 
determine how the high strength steels are responding to the 
hydrogen at different temperatures. These properties will be 
correlated to known critical hydrogen concentrations which can 
then determine if any harmful effects have been imparted to 
the high strength steels during heat treatment in a hydrogen 
atmosphere.
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2.G EXPERIMENTAL APPROACH

A study of the dissolution of hydrogen in three high 
strength steel alloys was devised to determine thermodynamic 
and diffusion properties. A quantitative approach was taken 
in that the hydrogen concentration was determined directly and 
used to calculate the solubility limits, standard free 
energies of formation, and diffusion rates, both infusion and 
effusion. From the information retrieved from this study, a 
conclusion shall be drawn as to the harmful (or beneficial) 
effects of hydrogen on the properties of high strength steel 
alloys as a result of elevated temperature exposure to a 
hydrogen environment in the context of a heat treatment 
process.

2.1 Materials

The alloys investigated were of the medium carbon low 
alloy family of ultra-high strength steels. Included were 
AISI 4130 steel, the deeper hardening higher strength AISI 
4340 steel, and Laddish D-6ac steel which contains the grain 
refiner vanadium, slightly higher carbon, chromium, and 
molybdenum than AISI 4340 steel, and slightly lower nickel. 
The chemical composition of each alloy was determined by
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emission spectroscopy and is shown in Table 2.1. These alloys 
were chosen for this study due to their commercial popularity. 
They are all heat treatable. There is also a significant 
amount of literature available on the study of hydrogen
embrittlement of this class of high strength steels (1, 2)

The low alloy AISI 4130 steel is a commonly used alloy 
steel. It has good formability and weldability with an 
excellent combination of mechanical properties. Its optimum 
combination of properties is developed in limited section 
thicknesses by quench and temper heat treatment due to its 
relatively low hardenabi1ity. Sufficient strength and 
toughness for many applications can be obtained by
normalizing. It is recommended for use at temperatures up to 
a maximum of 371° C because its strength decreases markedly 
with increasing temperatures above that level. At cryogenic 
temperatures, it undergoes a transition from ductile to 
brittle behavior at temperature levels that vary with heat 
treatment. For applications in moist marine and other 
corrosive environments, paint, electroplate or other
protective coatings can be applied to inhibit rusting and
other corrosion.

The preferred common low alloy steel for airborne weapon 
systems where good strength, high hardenabi1ity, and 
uniformity are desired, is AISI 4340 steel. It can be heat
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Table 2„1
Chemical composition in weight percent 
of high strength steel alloys used in 

hydrogen solubility study.

AISI AISI Laddish
Element 4130 4340 D-6ac
Carbon 0.292 0.410 0.452
Sulfur 0.007 0.014 0.003
Phosphorus 0. 009 0.016 0.011
Silicon 0.238 0.27 0.280
Chromium 0.98 0.82 1.06
Nickel 0.12 1.69 0.546
Manganese 0.53 0.75 0.796
Copper 0.245 0.108 0.055
Molybdenum 0.200 0.218 0.92
Aluminum 0.016 0.037 0.012
Tin 0.02 3
Vanadium 0.123
Cobalt 0.026
Iron REM REM REM
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treated to strength values within a wide range. The term, 
ultra-high strength steels, is applied to such steels that are 
used at various values of tensile strengths above 1379 MPa and 
up to about 2068 MPa. At strength values up to about 1379 MPa 
tensile strength, other low alloy steels which have sufficient 
hardenabi1ity possess nearly the same mechanical and other 
properties as AISI 4340 steel. At tensile strengths greater 
than 1380 MPa, AISI 4340 steel has been found to be superior 
to other common low alloy steels including some of the 
recently developed more complex low alloy steels.

Laddish D-6ac steel was originally developed and used for 
hot die applications. More recently it has found extensive 
application in the aerospace industry as a pressure vessel 
material in seamless rolled rings in closed die forgings and 
as main structural members at yield strength levels up to 1482 
MPa. Hardenability is superior to AISI 4340 steel. Its high 
toughness is more characteristic of the materials with yield 
strengths below 1310 MPa. Tensile strength levels up to 2068 
MPa can be achieved by conventional quench and temper 
treatments. Such high strength conditions are obtained with 
a considerable sacrifice in fracture toughness. This alloy is 
susceptible to stress corrosion cracking and corrosion fatigue 
in aqueous environments. Careful consideration must be
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given to its use when exposures to these environments are 
contemplated.

2.2 Experimental Matrix

This investigation is actually a diffusion study which 
has two basic parts. Part one is the infusion of gaseous 
hydrogen into high strength steels at elevated temperatures 
for specified times. Table 2.2 indicates the number of tests 
that were run at each temperature and the duration at that 
temperature. Two samples of each alloy were run per test. In 
order to establish the time necessary to reach equilibrium or 
determine the solubility limit of each alloy, a temperature of 
900° C was chosen and tests were run at various time intervals 
as shown in Table 2.2. All test temperatures were in the 
austenitic region of the three high strength steels, however, 
the test temperatures were not the optimum heat treatment 
temperatures. Samples were maintained at 900° C for up to 
sixteen hours in order to verify the equilibrium solubility 
limit.

The second part of the diffusion study deals with the 
effusion of hydrogen from the saturated high strength steel 
samples. Only one alloy was selected, that being AISI 4340 
steel, for this study. One sample per test was used. Table
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Table 2.2
Ingress diffusion matrix showing test temperature 

and time of exposure (minutes) to hydrogen environment 
for three high strength steels.

850°C 900°C 950 °C 1000°C 1050°C
15 4 8 8 4

8
90 15 90 90 90

30
60
90

120
240
480
960
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2.3 shows the aging temperature used to drive off the hydrogen 
at various times. Egress diffusivity and rate of hydrogen 
expelled were the data retrieved from this part.

2.3 Experimental Procedure

This research is essentially a study of the diffusion 
rates of hydrogen in iron alloys at various temperatures. The 
basic concept was to simulate the commercial heat treat 
environment in order to directly correlate the results to 
industrial practice. The elimination of as many as possible 
of the hydrogen embrittlement mechanisms must be done in order 
to simulate the appropriate system. Gaseous hydrogen charging 
was performed at one atmosphere to eliminate any pressure 
effects. The test specimens saw no stress before, during, or 
after testing to eliminate any dislocation sweeping of 
internal hydrogen and also to eliminate any decohesion 
effects. It will be assumed that no hydrides have formed or 
that hydrides are not significant in this study. The single 
most important variable that must be eliminated is the 
electrochemical effect. This effect is the main reason that 
gaseous dry hydrogen was used. At this time, the relative 
effects of hydrogen charging by electrochemical means versus
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Table 2,3
Egress diffusion matrix showing aging temperature 

and time of exposure (minutes) in air 
for AISI 4340 steel.

25 °C 100°C 150 °C 200°C 250°C 300°C 350 °C 400°C
24 hrs 60 15 15 15

30 30 30
60 60 60 60 60 60

120 12 120
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permeation by gaseous hydrogen of high strength steel is still 
unclear.

Another analytical procedure that can be used in studying 
the hydrogen-iron system is the gaseous permeation technique 
developed by Lin and Johnson (70) A gaseous permeation 
technique utilizes the well-defined input fugacity of gas 
phase charging, coupled with the sensitive electrochemical 
detection method for studying hydrogen diffusion behavior at 
low temperature. Gas phase charging is used extensively to 
study the solubility, diffusivity and permeability of hydrogen 
in iron at high temperatures. Finally, relatively short times 
are used in testing which more closely simulates the 
commercial heat treatment environment versus the longer times 
(up to several weeks) in hydrogen experiments.

Dissolution of hydrogen into the steel samples was 
accomplished using an industrial bottom-drop retort which 
maintained the protective environment throughout the heating 
cycle. All experimental tests were performed under a hydrogen 
stream flowing at five liters per minute which represents a 
retort volume change every thirty seconds. The dew point of 
the hydrogen gas was maintained between -51° to -57° C. The 
steel samples were held at various temperatures for known 
times then quenched in liquid nitrogen. The quenched test 
specimens were stored under liquid nitrogen to limit the
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diffusion of hydrogen from the specimens until the hydrogen 
content could be measured. Measurements were made with a Leco 
DH-102 Hydrogen Determinator within 24 hours from the quench 
time.

The first series of experiments were performed to 
determine the time necessary to obtain the solubility limits 
of hydrogen for each alloy at 1173° K. Ninety minutes was 
determined to be sufficient in order to establish equilibrium. 
Four other temperatures were then used to establish the 
solubility limits at 90 minutes. This information now 
provides sufficient data to determine the thermodynamic 
properties of each alloy within the austenitic region.

The second section of this study determined the infusion 
rates of hydrogen into the steel, The solubility limits must 
be known at each temperature and also the hydrogen 
concentration at an intermediate time must be taken. In order 
to maintain an accurate measurement of the time, argon gas was 
used to blanket the samples until equilibrium temperature was 
reached. At that time, the pure hydrogen gas was injected
into the retort replacing the argon. This time of injection 
was the initial starting point of the experiment, i.e., time 
equals zero seconds.

The third and last section of the experiment dealt with 
egress of the hydrogen from the steel. Effusion rates were
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measured using the total hydrogen content as in the infusion 
experiments. Samples were charged in the same manner, at the 
same temperatures, for 90 minutes to establish equilibrium. 
One sample was maintained under liquid nitrogen and used to 
determine the equilibrium saturation of the hydrogen in the 
specimen. The other samples were aged for one hour in air at 
various times and temperatures (refer to Table 2, 3) , then 
immediately quenched and stored in liquid nitrogen until 
hydrogen determination could be accomplished within the 24 
hour time limit.
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3„0 RESULTS AND DISCUSSION

A quantitative study investigating the dissolution of 
hydrogen in high strength steel alloys within the austenitic 
temperature range was attempted. Significant data retrieved 
were the solubility limits, thermodynamic properties, ingress 
diffusivity and egress diffusivity. The results for the three 
high strength steel alloys were compared to data from other 
investigators in previous experiments.

The data for the high strength steels were relatively 
consistent to each other in all categories tested. However, 
the most significant solubility and diffusion data available 
are for pure iron. The availability of information of 
hydrogen in iron is an advantage because it assists in the 
explanation as to the effects of alloying ingredients on the 
solubility limits and interstitial diffusion of hydrogen in 
steel,

It is important to remember that the data retrieved from 
this study are directly dependent upon the charging techniques 
used. Significantly more hydrogen may be imported into iron 
using electrochemical techniques. Also, the measured infusion 
process is not diffusion alone but a combination of 
adsorption, diffusion, and dissolution. The rate limiting 
step controls the final results. Also, effusion of hydrogen
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from gaseous charged steel specimens in air was limited by 
surface conditions established by the experimental procedure.

The emphasis of the study was to correlate any harmful
effects of heat treatment of high strength steels in a
hydrogen environment to the data retrieved.

3.1 Solubility Limit

The initial step of the study was to determine the
solubility limit of each alloy at 900° C. Figures 3.1 through 
3 3 show the solubility limits obtained for each alloy. It 
was discovered that AISI 4130 steel had the lowest affinity 
for hydrogen and, Laddish D-6ac steel, the greatest absorption 
capability. There seemed to be a greater amount of scatter in 
the data for AISI 4130 and AISI 4340 steels than for Laddish 
D-6ac steel. Equilibrium was obtained after sixty minutes. 
Ninety minutes, however, was chosen as the subsequent time for 
the equilibrium solubility limit test at the other
temperatures. The solubility limit for each test temperature 
is plotted in Figure 3.4, as well as the data for pure iron 
from Martin (50) previously shown in Table 1.1 and Sieverts 
(71) It is clearly seen that the hydrogen concentration in 
alloyed steel is well below the pure iron solubility line. 
The complex interaction of the alloying ingredients
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Figure 3,1 Equilibrium solubility of hydrogen
in AISI 4130 steel at 900° C.
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in AISI 4340 steel at 900° C.
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Figure 3.3 Equilibrium solubility of hydrogen
in Laddish D-6ac steel at 900° C.
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has a net effect to reduce the hydrogen absorptivity of 
hydrogen in the steel. However, AISI 4130 steel has overall 
the least amount of alloying ingredients, yet showed the 
lowest solubility. AISI 4340 and Laddish D-6ac steels have 
somewhat different chemistries varying in their chromium and 
molybdenum content, yet showed similarities in their 
solubility limits.

Sorokin and Sidlin (72) and Elliott, et al. , (73) have
shown that oxygen has a significant effect on hydrogen 
solubility in iron. With an increase in the degree of 
oxidation in the metal, the hydrogen content decreases. 
Conversely, niobium, as a strong deoxidant, increases the 
hydrogen content. The hydrogen content can be reduced by 
increased alloying with chromium, molybdenum, and tungsten. 
The decrease in oxygen content which increases the hydrogen 
solubility explains why electroslag remelt steel had higher 
hydrogen levels than vacuum-arc remelt steel (60) The 
electroslag remelt process can reduce the oxygen content in 
the metal to lower quantities than the vacuum-arc remelt 
process.

The pressure of hydrogen gas in thermodynamic equilibrium 
with a given amount of dissolved hydrogen is provided for in 
the relationship between hydrogen dissolved in the lattice,



T-3627 57

temperature and pressure given by the following empirical 
expression (74):

T = (3000 - 0.062P)/ (log P - 2log X + 3„6) (3.1)

where T is the temperature in degrees Kelvin, P is the partial 
pressure of hydrogen in atmospheres, and X is the hydrogen 
concentration in milliliters of hydrogen per 100 grams iron. 
Using this expression at 900° C, the initial solubility test 
temperature, and a pressure of 0.8 atmospheres adjusting for 
a test run at 1524 meters elevation, yields a value of 2.98 
milliliters of hydrogen per 100 grams of iron.

During the equilibrium solubility tests, specimens for 
metallographic investigation were extracted, Metallographic 
cross sections were prepared to show the surface condition 
produced during heat treatment in hydrogen. Two test pieces, 
one AISI 4340 steel and the other Laddish D-6ac steel, were 
run at 900° C in hydrogen for one hour and quenched in liquid 
nitrogen. The polished cross sections showing the edge of 
each sample after a 2% nital etch are shown in the 
photomicrographs in Figures 3.5 and 3.6. These
photomicrographs reveal the beneficial effect of pure hydrogen 
in the heat treat environment, No decarburization layer is
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Figure 3.5 Photomicrograph of cross section of
AISI 4340 steels processed at 900° C in 
dry hydrogen for one hour showing absence 
of any decarburization layer. 400X 2% 
Nital,
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Figure 3,6 Photomicrograph of cross section of
Laddish D-6ac steel processed at 900° C 
in dry hydrogen for one hour showing 
absence of any decarburization layer. 
400X 2% Nital
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visible which in turn means no subsequent machining or 
cleaning is necessary after heat treatment in hydrogen.

3.2 Thermodynamic Properties

Initial studies on the solubility of gases in metals is 
attributed to Sieverts (71), who found experimentally that the 
amount of diatomic gas dissolved monatomically in the metal is 
directly proportional to the square root of the partial 
pressure of the gas. This observation is known as Sieverts * 
Law which states that when a diatomic gas reacts with the 
metal, it dissolves in the atomic form. Thus, in the case of 
hydrogen dissolved in the metal:

The hydrogen loses its gaseous character after dissociation 
and absorption. Assuming ideal solutions, the equilibrium 
constant, K, for this reaction is:

where aH is the activity of hydrogen in solution in iron and 
Hppm is the hydrogen content reported in parts per million.

H2(g) = 2H (dissolved) (3.2)

K = a2H/PH2 = [Hppm] 2/Ph2 (3.3)
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According to Howden (75), the activity coefficient is assumed 
to be equal to one, which corresponds to extending Raoult's 
Law for a dilute solution.

The equilibrium constant is of particular interest when 
determining the standard free energy change of the hydrogen 
absorption process. The standard free energy change, AG*, 
refers to a reversible equilibrium reaction for which all 
reactants and products are in their standard states at a given 
temperature and at one atmosphere pressure. The expression 
used is:

AG* = -RT In K (3.4)

By taking the solubility limit determined at the test 
temperatures and substituting into equation 3.4, the standard 
free energy change can be found at each test temperature. A 
convenient form of presentation of AG* values as a function of 
temperature is by use of a Richardson Diagram. This is a 
graphical representation of the standard free energies of 
formation of compounds from the elements in which AG* is 
plotted versus temperature. Each alloy is represented 
graphically in this plot. The change of standard free energy 
for the three high strength alloy steels are shown in Figures 
3,7, 3,8, and 3.9. All three alloys are represented in a
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Figure 3,7 The change of standard free energy of
solution of hydrogen in austenitic AISI
4130 steel as a function of temperature.
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Figure 3.8 The change of standard free energy of
solution of hydrogen in austenitic AISI 
4340 steel as a function of temperature.
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single plot in Figure 3.10. The standard free energy 
expression for each steel tested is as follows:

AISI 4130: AG° = 5573 o 7 - 8.3320 T (3.5)

AISI 4340: AG° = 7708.9 - 10.784 T (3.6)

Laddish D-6ac: aG° = 7424.4 - 10.662 T (3.7)

These equations are convenient forms that may be used in 
determining the standard free energy change at a particular 
temperature and ultimately the equilibrium concentration of 
hydrogen in each alloy in terms of parts per million by 
weight. However, their use should be restricted to 
temperatures within the austenitic region. The constant, K, 
is unique for each alloy composition and temperature. In 
solving for hydrogen concentration, the desired hydrogen 
pressure must be expressed in atmospheres.

The change of standard free energy of solution of 
hydrogen in austenitic pure iron is given by the following 
equation (76):

AG° = 5408 - 7,.672 T (calories per 0.5 (3.8)
mole hydrogen)
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Figure 3.10 The change of standard free energy of
solution of hydrogen in three austenitic 
high strength steels as a function of 
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The equilibrium constant has units of cubic centimeters of 
hydrogen at standard temperatures and pressure per 100 grams 
of iron times atmospheres to the one-half power, This 
equation was altered to be in the same units as previously 
described for the high strength steels tested. The data from 
the modified expression for pure iron are plotted with the 
high strength steels and shown in Figure 3 11, The equation 
of the line for pure iron is now:

AG° = 10816 - 14.894T (calories per mole (3.9)
hydrogen)

According to the principles of thermodynamics, equations 
3.5, 3.6, 3.7 and 3.9 are in the same form as:

AG° = AH° - AS°T (3,10)

AH° and AS° are the enthalpy and entropy difference between 
products and reactants, A positive value of the heat of 
formation, AH°, refers to an endothermie process. Barrer (77) 
has reported a change in enthalpy of seven kilocalories per 
mole for iron. Referring to equations 3,6 and 3,7, the heat
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of formation for AISI 4340 and Laddish D-6ac steels are in 
good agreement with Barrer (77)

As the change in entropy increases, which signifies an 
increase in availability of the system, the solubility of 
hydrogen in the matrix increases. The change in entropy 
should be viewed as availability of states or sites for the 
hydrogen atom in solid solution. The high strength alloy 
steels have fewer sites available for interstitial mobility. 
Pure iron occludes the greatest amount of hydrogen, which 
identifies it as having the largest amount of availability in 
the lattice for the four materials discussed.

During the actual heating, while the parts were in the 
hydrogen gas environment at temperature, the hydrogen/water 
vapor ratio is quite critical. Allowing the water vapor 
content to reach a critical level would affect the hydrogen 
content and solubility level of the steel, as well as, disrupt 
the reducing or endothermie properties of the protective gas. 
The pure hydrogen stream was maintained at a nominal -56.7° C 
dew point. The Clausius-Clapeyron Equation relates the 
saturated vapor pressure to temperature and the latent heat of 
vaporization. The equation is in the form of:

log P = -41,000/2.303R (1/T - 1/373) (3.11)
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where R is the gas constant (8,3143 joules/ °K - mole), T is 
the temperature in degrees Kelvin at the dew point, and P is 
the pressure in atmospheres. Substituting into the equation, 
the water vapor partial pressure is 7 x 10 5 atmospheres, which 
provides a hydrogen to water vapor pressure ratio of 1.4 x 
104 Referring to the Richardson Diagram (78) that shows the 
free energy of formation of several oxides as a function of 
temperature, shown in Figure 3,12, it may be seen that the 
hydrogen/water vapor partial pressure ratio 104/1 is adequate 
to protect iron and to reduce its oxides at the test 
temperatures used.

3,3 Ingress Diffusion

The movement of hydrogen in steel occurs by the migration 
of atoms through the lattice. Hydrogen molecules are 
relatively large and only the smaller atomic form or 
dissociated molecule of hydrogen can diffuse effectively 
through the lattice. The driving force for the diffusion of 
hydrogen is a gradient in the chemical potential which results 
from a gradient in the lattice hydrogen concentration.

Hydrogen, being an interstitial impurity, enters a 
crystal in such a way as to increase the average number of 
atoms per unit cell. It is customary to think of the
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interstitial atoms as being placed between the host atoms. 
The most pronounced characteristics of interstitial impurities 
are their rapid diffusion and their large effect on mechanical 
properties. The diffusion of hydrogen as an interstitial 
impurity is of general interest as being the simplest case of 
diffusion, and therefore, a prime testing ground for diffusion 
theory. A great deal of work both theoretical and 
experimental has improved our understanding of hydrogen 
diffusion. The lattice diffusivity, D, varies with
temperature and can be expressed by the usual Arrhenius 
Equation. The expression was previously described in equation 
1,2, D0 and Q are all constants since all the quantities from 
which they are formed are effectively constant.

Literature is available that describes the diffusion of 
hydrogen in gamma iron and reports the activation energy of 
diffusion and the pre-exponential term or frequency factor. 
Heumann (79) has reported a Q value of 10.7 kilocalories per 
mole. Louthan (80) has reported a D0 value of 0.0047 square 
centimeters per second and a Q value of 9.4 kilocalories per 
mole for the diffusion of hydrogen in gamma iron. Geller and 
Sun (81) have reported a hydrogen diffusivity of 0.0001 square 
centimeters per second for hydrogen in gamma iron at 900° C.

In this study, lattice diffusivity of hydrogen was 
determined by the fractional saturation method. The
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appropriate hydrogen concentrations at time, t, were 
substituted into equation 1.4 to determine the diffusivity. 
Taking the experimental diffusion data in the form of an 
Arrhenius Equation, refer to equation 1.3, the data were 
plotted to obtain the activation energy, Q, and the frequency 
factor, D0.

The Arrhenius Plot for the diffusion of hydrogen into 
AISI 4130 steel is shown in Figure 3.13 The figure plots the 
natural logarithm of the diffusivity as a function of 
reciprocal temperature. The equation for the least squares 
best fit line for the data is shown in the figure. Solving 
for the frequency factor and activation energy yield a value 
of 0.551 square centimeters per second for D0 and 22 
kilocalories per mole for Q. Similar Arrhenius Plots for the 
diffusion of hydrogen into AISI 4340 and Laddish D-6ac steels 
are shown in Figures 3.14 and 3.15. The dif fusivity data from 
all three alloys are plotted on a single graph shown in Figure 
3.16 to show the uniformity of the results.

The high activation energy values when compared to the 
literature values may indicate that the surface effect of the 
dissociation of the hydrogen molecule prior to absorption is 
the controlling step in this system. The frequency factor, 
D0, and the activation energies are taken from the best fit 
line. The frequency factors and activation energies for all
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Figure 3,13 Ingress diffusivity of hydrogen in AISI
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three alloys are tabulated in Table 3,1. The ingress 
diffusivity of hydrogen in these high strength steels ranged 
from 3.0 x 10'5 to 12.5 x 10*5 square centimeters per second in 
the temperature range of 850 to 1050° C.

The diffusivity equations for each alloy and the average 
of all the data are listed below.

AISI 4130: In D = -11073/T - 0.59564 (3.12)

AISI 4340: In D = -11551/T - 0.23126 (3.13)

Laddish D-6ac: In D = -9579.7/T - 1,7869 (3.14)

Average: In D = -10734/T - 0.87128 (3.15)

These equations were used to determine the frequency factor 
and activation energy for each alloy.

Dif fusivity of hydrogen in gamma iron at 1100° C, is 
included in Table 3,1, A summary of data (82) from 46 
publications by various investigators on the diffusion 
coefficient of hydrogen in iron at room temperature is between 
3 x 10 9 to 5 x 10 4 square centimeters per second. 
Unfortunately the values of D, the diffusion coefficient, D0< 
the frequency factor and Q, the activation energy, reported
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by various authors may differ widely mainly because of 
differences in the experimental technique. In many cases, the 
measured quantity is not diffusion alone but is a combination 
of absorption, diffusion, dissolution, and desorption 
processes more properly described as permeation. The data 
obtained and presented for this study must therefore be 
interpreted in light of the process used to obtain it. There 
appears to be a general agreement within the range of data, 
but each experimental approach offers its own variables that 
prevent a consistency in the data.

The apparent hydrogen diffusion coefficients vary 
depending upon the technique. This problem involves the 
tendency of hydrogen to be readily trapped at the external 
surfaces of metals, and to a lesser extent, to be trapped at 
such internal sinks or interfaces such as grain boundaries and 
inclusions. Any surface sensitive determination technique may 
produce misleading results. Interpretation of permeation data 
usually presumes that the surface step is not rate 
controlling. It cannot be assumed that hydrogen readily 
dissociates and is available in the metal lattice in a time 
which is much less than that for diffusion transport through 
the permeation membrane. This presumption may not be valid, 
especially in alloy cases where hydrogen dissociation and 
recombination poisons complicate the surface reactions.
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Shanabarger (3 5) has studied the chemisorption process of 
hydrogen on iron. A model where the dissociative
chemisorption of hydrogen occurs in a molecular precursor 
seems to provide the most consistent explanation for 
experimental results. A rate constant for hydrogen adsorption 
onto polycrystalline iron was measured to be 8675 calories per 
mole. This value being half of the reported activation energy 
in this study, indicates that the dissociation of hydrogen at 
the metal surface is not the rate controlling step.

The reported activation energy necessary for transport of 
a hydrogen proton through a pure iron lattice is from 8120 to 
11,000 calories per mole (83) and may be called mobility 
energy (Em) According to the thermodynamic data from this 
study, availability of sites is less in the alloyed steels 
versus the pure iron. Less availability of sites makes the 
trap binding energy (Eb) of the hydrogen in the steel lattice 
an important consideration in the availability of hydrogen in 
the lattice to transport. The mobility and binding energies 
may be simply interpreted in terms of an energy diagram shown 
in Figure 3,17 which represents the concept of trap theory.

Johnson and Lin (84) have measured binding energies for 
hydrogen in annealed and deformed iron to be 11,470 to 13,860 
calories per mole of hydrogen. The binding energy for 
hydrogen interaction with a vacancy trap has been reported as
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10,990 calories per mole (85) and 11,950 calories per mole 
(86) The binding energy for hydrogen interacting with 
interstitial solutes (N,C) varies from approximately 1000 to 
4000 calories per mole (85)

Combining the reported mobility and binding energies 
yields a value of 19,110 to 24,860 calories per mole hydrogen. 
These values provide good agreement to the activation energies 
listed in Table 3,1 for the three high strength steels 
evaluated in this study.

3„4 Egress Diffusion

Research of the evolution of hydrogen from iron and 
steels has been the subject of many investigators (87-92) 
The .diffusivity, D, and the activation energy, Q, were 
determined from hydrogen evolution rates. Experiments 
utilizing the rate of hydrogen permeation in iron were also 
used to obtain similar data (93) Greater interest is now 
being focused on the amount of residual hydrogen remaining in 
a sample after an expulsion process which may subsequently 
affect the mechanical properties of the material,

Ingress diffusion was measured at high temperatures in 
the austenitic range of the three high strength steels. 
Egress diffusion was measured at relatively low aging
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temperatures. The specimens were charged at austenitic 
temperatures, then quenched to retain the soluble hydrogen. 
Low temperature transport of the hydrogen to measure the 
egress diffusivity was through a martensitic microstructure.

The rate of isothermal evolution of hydrogen from AISI 
4 34 0 steel in air at various temperatures versus time is 
presented in Figure 3.18. The curves indicate unimpeded 
emergence of hydrogen after each increase in tempering 
temperature. At high aging temperatures, the initial 
evolution rate of hydrogen from the steel is large. At the 
low aging temperature, the initial rate was much slower. It 
is difficult to quickly bring the sample to equilibrium from 
cryogenic temperatures using low aging temperatures. However, 
the evolution rate of two milliliters of hydrogen per one 
hundred grams iron per hour is sufficient to render the steel 
sample to below a critical hydrogen concentration in two 
hours.

Figure 3,19 shows results obtained on subjecting gaseous 
hydrogen charged AISI 4340 steel samples to successively 
higher aging temperatures for one hour in air and measuring 
after each heating the total quantity of hydrogen which had 
been expelled and dividing by the initial saturation limit. 
The room temperature sample was allowed to stand for one day 
before hydrogen analysis was performed. All hydrogen that was
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charged into the high strength steel at an elevated 
temperature was completely extracted in one hour at 400° C. 
This temperature was chosen because it represents the highest 
tempering temperature possible in air before protective 
measures must be taken to limit surface oxidation. The steel 
sample was rendered below the critical hydrogen concentration 
of 1 ppm at 200° C for one hour in air. This represents the 
minimum requirements to assure that the lattice is not 
embrittled. It is apparent that longer times must be utilized 
to assure that a minimum of hydrogen remains in a heat treated 
part if lower aging temperatures are used.

The same fractional saturation method described earlier 
was employed to determine the egress diffusivity or effusivity 
of hydrogen from gaseous charged samples. Three graphs are 
presented representing the effusion of hydrogen after fifteen 
minutes, thirty minutes, and sixty minutes. Figures 3,20, 
3,, 21, and 3.22 are in the same format as the ingress 
dif fusivity utilizing Equation 1,3. It may be noted that the 
lowest hydrogen removal temperature, which is the low data 
point on Figure 3,20, is not consistent with the other data 
points and may be due to the time lag experienced by the 
sample heating up from a cryogenic temperature. The
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Figure 3.22 Diffusivity of hydrogen from AISI 4340
steel after sixty minutes of desorption.
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mathematical equation for each line is as follows:

Fifteen minutes: In D = -1404.8/T - 7.9069 (3.16)

Thirty minutes: In D = -1352,1/T - 8.5707 (3.17)

Sixty minutes: In D = -1177.1/T - 9.3885 (3.18)

Johnson and Hill (89) have listed D0 values of 0.00076
and 0.00088 square centimeters per second and Q values of 2280 
and 3 050 calories per mole for permeability and evolution rate 
experiments. These values are in excellent agreement with 
this study after multiplying by the universal gas constant of
1.987 calories per °K per mole. Emphasis must be placed on 
the fact that the values stated in this study represent a 
unique system, specifically, degassing in air. The oxide film 
which readily forms on the specimen surface slows the 
emergence of hydrogen. However, in relatively short times and 
low temperatures, charged samples are rendered to their as- 
received state. Figure 3,23 shows the comparison of the 
ingress diffusivity of hydrogen in AISI 4340 steel at elevated 
temperatures in the austenitic temperature range and the 
effusivity of hydrogen from the same steel at aging 
temperatures (278 to 673° K) for sixty minutes in air. The



(s
q.

cm
./

se
c)

T-3627 92

-9

ingress D-10
egress D

-11

Q
ti
rH

-12

-Fe a-Fe
-13 302 0 251 05 1 5

10, 000/T (1/°K)

Figure 3.2 3 Comparison of ingress diffusivity and
effusivity of hydrogen in AISI 4 34 0
steel



T-3627 93

phase change between alpha and gamma iron is indicated on the 
plot.

Diffusivity of hydrogen in alpha-iron can be substantial 
as shown in Table 3.1. The apparent transport of hydrogen 
from the steel samples has been uniformly reduced by the 
formation of a thin oxide produced while aging in air. 
Understanding the presence and effect of the oxide film is 
important in order to accurately predict the complete 
extraction of any diffusible hydrogen from the steel in an air 
environment.

3.5 Engineering Significance

The experimental techniques used when investigating the 
hydrogen-iron system are as important as the results obtained. 
Different methods evaluating hydrogen in steels may not 
provide comparable data. However, if the goal of the research 
is to analyze a particular hydrogen system or application, 
then the data is most significant when contained within those 
boundaries. In this study, the major emphasis was to provide 
critical hydrogen properties in high strength steels in the 
context of a heat treatment process. In this way, the 
information can be directly related to industrial procedures 
which utilize hydrogen as a protective environment during high
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temperature exposure. Ultimately, by incorporating a 
fundamental understanding of hydrogen behavior in iron, recent 
significant studies (64, 94), and this thesis, the question as 
to whether or not high strength steels are embrittled after 
exposure to a high temperature hydrogen environment as related 
to a heat treatment process can be answered.

The hydrogen equilibrium solubility in the three high 
strength steels evaluated ranged from 2.1 to 3,3 ppm at 
austenitic temperatures between 1123 and 1323 ° K, The 
equilibrium solubility in the austenitic region may be 
calculated from the thermodynamic equations that were 
determined.

The evolution rates are extremely rapid, even at low 
temperatures, when removing hydrogen from gaseous charged 
steel. At 150° C, sixty percent of the total hydrogen was 
removed in one hour. The fact that all the hydrogen was 
expelled in one hour at 400° C indicates that all the soluble 
hydrogen was diffusible, i.e., the high temperature charging 
process did not generate residual or trapped hydrogen within 
the lattice. Farrell (94) has indicated that 150° C is a 
critical test temperature during hydrogen embrittlement 
studies, Hydrogen embrittlement in steel disappears as the 
test temperature rises to 150° C, This temperature appears to 
be a minimum aging temperature to allow the hydrogen to
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redistribute throughout the lattice and provide normal 
diffusion for expulsion.

Farrell (94) discovered that little or no embrittlement 
occurs below a hydrogen content of about two milliliters of 
hydrogen per one hundred grams of iron for mild steel, High 
strength alloys are usually cleaner than mild steel and 
require less hydrogen for embrittlement, approximately one 
part per million. This study has clearly shown that hydrogen 
absorbed at elevated temperatures is easily removed. 
Referring to Figure 3.,19, a fully charged sample was returned 
to the as-received hydrogen concentration of 0.12 ppm by 
heating in air at 400* C for one hour. This indicates that 
there is no trapped hydrogen remaining. All the soluble 
hydrogen is diffusible.

In an attempt to emphasize this point, several samples 
were heat treated using conventional procedures. All 
specimens were austenitized at 843* C for one and one-half 
hours in hydrogen, then oil quenched. Tempering was carried 
out at 204, 427 and 593* C in a hydrogen atmosphere. Total 
hydrogen contents in these specimens after heat treatment 
ranged from 0.05 to 0.42 ppm. These values are well below 
critical hydrogen concentration for embrittlement. It is 
assumed that most of the hydrogen is expelled during oil 
quenching, where the temperature is maintained at
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approximately 200° C for approximately thirty minutes.
Exposure to one atmosphere pressure hydrogen at elevated 

temperatures has the beneficial property of protecting the 
steel surface in a reducing environment. In comparison, 
electrochemical charging techniques produce permanent damage 
in the metal by creating near-surface cracks during the 
charging operation, thus permanently reducing mechanical 
properties. The beneficial use of hydrogen in the heat 
treatment of steels should not be evaluated in terms of the 
use of cathodically charged samples. Electrochemical 
techniques used to study hydrogen in steels are highly 
publicized, yielding volumes of data. However, it has been 
suggested that high temperature exposure to one atmosphere 
pressure hydrogen for short time periods followed by 
appropriate tempering evacuation procedures in no way 
endangers or embrittles the steel
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4„0 CONCLUSION

The equilibrium solubility of hydrogen in the three high 
strength steels evaluated was found to be significantly less 
than that of pure iron in the austenitic region. AISI 4130 
steel, containing the least amount of alloying ingredients, 
showed the lowest solubility, AISI 4340 steel exhibited an 
equilibrium hydrogen solubility of 2.6 ppm at 900° C.

The change of standard free energy of solution of 
hydrogen in three high strength steels at austenitic 
temperatures was determined. AISI 4130 steel showed the 
lowest entropy or availability of sites for hydrogen in the 
lattice. Pure iron was compared to the three high strength 
steels and revealed the greatest amount of entropy or 
availability of sites for hydrogen in the lattice.

The ingress diffusivity of the three high strength steels 
was determined by the fractional saturation method. The 
activation energy for the three high strength steels is twice 
that of reported continuous permeation experiments measuring 
the hydrogen mobility in pure iron. A reduction in the 
availability of sites for hydrogen in the lattice occurs due 
to alloy additions. The trap binding energy of hydrogen in 
the steel lattice becomes significant because it limits 
hydrogen transport.
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The effusion of hydrogen, from gaseous charged AISI 4340 
steel was studied. Evolution rates were determined at various 
temperatures. Complete extraction of hydrogen was
accomplished at 400° C in one hour. The diffusivity of 
hydrogen from gaseous charged AISI 4340 steel was determined 
at three different egress time periods. The activation energy 
and the frequency factor are in good agreement with similar 
studies. The comparison of egress and ingress diffusivities 
reveals the barrier effect of the oxide film which forms 
during the expelling of the hydrogen from the steel samples in 
air.
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APPENDIX 
Operating Principle of Thermal 

Conductivity Cell

The LECO DH-102 Hydrogen Determinator consists of a 
thermal conductivity cell that has the ability to detect the 
thermal conductivity differences of gases. The cell consists 
of two pairs of matched filaments used in four legs of a 
Wheatstone Bridge. The 'reference* filaments are located in 
the carrier gas stream at a constant pressure, flow, and 
temperature. The 'measure1 filaments are maintained in a
constant pressure, flow, and temperature, but the gas 
composition changes as the measured gas comes through.

The Wheatstone Bridge is balanced and stabilized with a 
specified current while both pairs of filaments are in 
identical environments. The bridge output current is a 
function of the gas composition in the reference leg compared 
to the measured leg. The only variations in bridge output 
will be due to variations in the type and quantity of gas 
present at the 'measure' filament.

The bridge is balanced with nitrogen flowing in both 
chambers. The introduction of hydrogen will cause the 
temperature of the measure filament to increase because 
hydrogen has a higher thermal conductivity than nitrogen. The
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bridge will become unbalanced and an output will be available 
to the preamplifier. The amount of hydrogen will determine 
the magnitude of the readings. The sensitivity of the system 
is governed by the bridge current and the difference in 
thermal conductivity between the analyzed gas (hydrogen) and 
the carrier gas (nitrogen)

This analytical system was chosen for this study due to 
its ease of operation, short test time (500 seconds) , and 
accuracy. For the purposes of this study, only total hydrogen 
contents were measured. Typically, at the two milliliter per 
one hundred gram level, a variety of hot extraction methods 
have been shown to possess adequate reproducibility and were 
capable of analyzing to ± 0.17 milliliters of hydrogen per one 
hundred grams of iron with ninety-five percent confidence 
(95)

Several other types of tests are explained and developed 
in the literature that may be useful comparisons. The 
International Institute of Welding (IIW) has adopted the 
procedure for determination of diffusible hydrogen by 
collection over mercury as a primary standard method (95, 96) 
Two other analytical techniques have been proposed in order to 
eliminate the use of mercury. One method uses glycerin (97) 
and the other employs silicone oil (98) The silicone oil 
extraction appears to be more reliable than the glycerin test.


