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Abstract 
The carburizing atmosphere during the case hardening process contains a large proportion of 
hydrogen. Due to the rapid diffusion of hydrogen a high amount of hydrogen can be absorbed 
by the carburizing component. The amount of absorbed hydrogen is dependent on some 
factors such as for example the carburizing time and component dimensions. Hydrogen 
diffused in material can then cause hydrogen embrittlement and in some cases cause cracking 
under a static load. This hydrogen must therefore be removed. High amounts of hydrogen 
diffuse out spontaneously at room temperature. Tempering accelerates the process. The aim of 
this study was to experimentally measure the amount of absorbed hydrogen after case 
hardening and hydrogen content after storage at room temperature and also after tempering. 
The effect of the enriching gas in carburizing furnace on hydrogen absorption was 
investigated in this study. Three steel grades with different content of alloying elements were 
used in this investigation. 

Steel samples were case hardened by gas carburizing and tempering. The hydrogen content 
analyses included the measurement of hydrogen content before case hardening, after case 
hardening and after tempering using Leco-RHEN602.  

Based on the results in this study it was concluded that all steel grades used in this 
investigation absorb hydrogen during case hardening by gas carburizing. A major part of the 
absorbed hydrogen is then released by effusion after being stored at room temperature and 
during tempering. Around 50% of the absorbed hydrogen content during gas carburizing is 
due to the presence of the enriching gas in the carburizing atmosphere. Around 50 % of 
hydrogen diffuses out of the steel specimens after one day. It is likely that all of free 
(diffusible) hydrogen has diffused out of the specimens of two steel grades after one week at 
room temperature or after tempering. 

 

Keywords: hydrogen, case hardening, gas carburizing, tempering, hydrogen embrittlement, 
hydrogen diffusion 



 

 

Sammanfattning 
Vid sätthärdning består den uppkolande atmosfären till stor del av vätgas och p.g.a. vätets 
snabba diffusion kan stora mängder av väte absorberas i komponenten. Halten av absorberade 
väte beror bl.a. på sätthärdningstid och komponentens dimensioner. Väte i materialet kan 
sedan leda till sprickbildning vid statisk belastning. Detta väte måste därför avlägsnas. En stor 
del av väte diffunderar ut spontant vid rumstemperatur. Vid anlöpning går processen fortare. 

Syftet med denna studie var att experimentellt mäta halten av väte som absorberas under 
sätthärdning, samt efter att metallen har lagrats i luft vid rumstemperatur. Dessutom mättes 
vätehalten efter anlöpning. Dessutom undersöktes effekten av ugnsatmosfärens tillsatsgas på 
mängden absorberad väte efter uppkolning. 

Tre olika höghållfasta och låg legerade stål sorter sätthärdades genom gas uppkolning.   
Mängden väte analyserades innan sätthärdning, efter sätthärdning, efter lagring i 
rumstemperatur och efter anlöpning med hjälp av Leco-RHEN602. 

Enligt resultaten i denna studie, absorberar alla av de tre undersökta stålsorterna väte under 
sätthärdning. En stor del av det absorberade vätet diffunderar ut efter att stålet har lagrats i luft 
vid rumstemperatur och under anlöpning. Omkring 50 % av den absorberade vätehalten under 
uppkolningen är på grund av reaktionen med tillsatsgasen i ugnsatmosfären. Omkring 50 % 
av vätet diffunderar ut ur proverna efter en dag. Möjligen all fritt (diffunderbart) väte har 
diffunderat ut ur proverna i två av stålsorterna efter en vecka i rumstemperatur eller efter 
anlöpning. 

 

Nyckelord: väte, sätthärdning, gas- uppkolning, anlöpning, väte- försprödning, vätediffusion 
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1 Introduction 
Metallic materials are heat treated in order to provide desirable mechanical properties. Some 
heat treatments are performed in order to obtain desirable properties during manufacturing 
while others are performed after production and changes properties in the final product.  

Heat treatment of steels can generally be classified in several different ways. Figure 1-1 
illustrates a schematic classification of steel’s heat treatments. 

 

 
 

Figure 1-1 Schematic description of the most common heat treatment methods [1] 

 

Hardening heat treatments are applied in order to improve the final properties such as, for 
example, tensile strength, fatigue strength, elasticity and wear resistance. Hardening heat 
treatment includes through hardening and surface hardening. Surface hardening includes a 
number of processes which are applied in order to improve the wear resistance of the surface 
of metal parts while the toughness of core is not affected. This combination of a hard surface 
and a tough core provides a composite structure that increase the component's ability to resist 
certain types of stresses to a high degree.  
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Three major surface hardening methods used to enhance the surface performance are 
classified as thermal methods, coating or plating methods and thermochemical (diffusion) 
methods. Thermochemical diffusion treatments include carburizing, carbonitriding, nitriding 
and nitrocarburizing by which the hardening species such as carbon, nitrogen or both carbon 
and nitrogen diffuse at the surface of the metal at increased temperature. Heat is needed in 
thermochemical diffusion to enhance the diffusion of hardening species into the surface of the 
metal. Carburizing and carbonitriding are also known as case hardening methods. [1] [2] 

1.1 Statement of the problem 

The carburizing atmosphere at a case hardening process contains a large proportion of 
hydrogen. Due to the rapid diffusion of hydrogen in steel a high amount of hydrogen can be 
absorbed by the carburized component. This hydrogen must therefore be eliminated. A large 
amount of dissolved hydrogen effuses out spontaneously at room temperature. This process 
accelerates during tempering. Thus the knowledge regarding hydrogen absorption through 
case hardening, hydrogen effusion during storage at room temperature and also after 
tempering is of a great importance to avoid fracture in steels due to hydrogen embrittlement. 

1.1 Purpose of the study 

The aim of this study is to experimentally measure the amount of absorbed hydrogen through 
case hardening and hydrogen content after storage at room temperature and also after 
tempering. The effect of enriching gas in the carburizing furnace on hydrogen content after 
carburizing is investigated in this study. The measurements were done at different points in 
time: 

a) Analysis of hydrogen before heat treatment 

b) Case hardening 

c) Analysis of hydrogen after hardening 

d) Tempering + hydrogen analysis 

e) Analysis of hydrogen content after various periods of time at room temperature 

f) Study the effect of enriching gas on hydrogen absorption 
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2 Literature Review 

2.1 Gas-carburizing 

Case hardening is a heat treatment process which is mostly applied for structural steels with 
different contents of alloying element in order to improve surface hardness, wear resistance 
and fatigue strength. The case hardened component has a hard surface with good wear 
resistance and a soft core with sufficient strength. The compressive residual stresses 
introduced in the surface during martensitic transformation improve fatigue strength. 

Case hardening is for example applied to parts that are subjected to high loads (stresses), 
shafts and transmission parts such as gears. Figure 2-1 shows a steel gear which has been case 
hardened through carburizing at high temperature. Carbon from the carburizing furnace 
atmosphere diffuses to the surface of the component. The hardened case appears as the dark 
outer surface layer at the sectioned part in this figure.  

Different case hardening depth and different value of hardness are produced by using various 
diffusion methods. The suitable method is chosen depending on the steel grade and the 
desired case depth and hardness for a specific application.  

 
Figure 2-1 A case hardened steel gear, the surface layer was hardened by carburizing [3] 
 
Case hardening by gas carburizing is one of the most used heat treatment methods by which 
carbon is added to the surface of the low carbon steel in a carbon rich atmosphere and at a 
sufficient high temperature, typically 850-950 ̊C transforming the steel’s structure to 
austenite. The carbon content at the surface of the component is increased when carbon from 
the surrounding atmosphere is diffused into the surface. The component is then quenched 
during which a martensitic microstructure is formed. The gradient in carbon content below the 



 

 6 
 

surface causes a gradient in hardness when the component is quenched resulting in a strong 
wear- resistant surface layer. The carburized component is usually tempered after quenching. 
Carburizing is carried out until the desired carburized depth is achieved. The carburized layer 
has a typically depth of 0.1-1.5 mm. The thickness range can be adjusted by carburizing time 
which can be from about 2 to 15 hours. Case hardened depth (CHD) is defined as the depth 
from the surface to the point where the hardness is 550HV according to European standards. 
Figure 2-2 illustrates the definition of case hardening depth. Case carbon content is the carbon 
content at CHD. 

 
Figure 2-2 Case hardening depth definition [4] 

 

During quenching the austenite is transformed to martensite and the hardness increases 
depending on the carbon content and steels hardenability. Steels hardenability is determined 
by the chemical composition.  
The case hardening process consists mainly of the following steps: 
 

• Loading the part in to the fixture 
• Pre-washing, pre-heating and pre oxidation 
• Charging the parts in a carburizing furnace 
• Carburizing, the active carburizing process takes place when the charge reaches the 

carburizing temperature and the appropriate carbon potential at the furnace 
atmosphere is obtained 

• Quenching, commonly in quenching oil, salt bath or high pressure gas 
• Washing, usually for oil-quenched or salt bath-quenched parts 
• Tempering 

 
The carburizing process is controlled by three principal variables: temperature, time and 
atmosphere composition 
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The carbon-rich furnace atmosphere contains both endothermic carrier gas (N2, H2, and CO) 
and enriching gas including a hydrocarbon gas such as methane(CH4) ,propane (C3H8) or 
butane (C4H10) in small amount in order to control the carbon potential of the carburizing 
atmosphere. The carrier gas accelerates the carburizing reaction at the surface while the 
enriching gas acts as the source of carbon. The carbon content at the furnace atmosphere is 
controlled to a level below the solubility limit in austenite in order to avoid formation of 
carbides at the surface. 
 
The carbon potential in the furnace atmosphere is adjusted to control the carburizing process. 
The carbon potential of the furnace at a specified temperature is defined as the carbon content 
of pure iron in austenite that is in thermodynamic equilibrium with the furnace atmosphere. 
The carbon potential in gas phase should be greater than that in solid phase for diffusion to 
occur from gas into the solid metal.  The driving force for the carburizing process is provided 
by the difference in carbon potential in the carburizing atmosphere and that at the solid 
surface. 
 
The main carburizing reactions are: 
 
CH4 ↔ C + 2H2 (1) 
2CO ↔ C + CO2  (2) 
CO+H2 ↔ C + H2O (3) 
 
C refers to dissolved carbon in the solid surface. The last reaction is the quickest one of all 
reactions at the furnace and therefore determines the rate of carburization. The reaction from 
methane is the slowest one. Reactions occurring during gas-carburizing are schematically 
illustrated in Figure 2-3. 

 

 

Figure 2-3 Principal reactions during gas carburizing [4] 

 
 
 
 
 
The carbon activity for above reactions can be written as: 
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a c = K1 
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a c = K2 
!!"
!

!!"!
  (5) 

 
a c = K3 

!!"  .  !!!
!!!!

 (6) 

 
 
Where, K1, K2 and K3 are the equilibrium constants for these reactions. 
 
The carburizing cycle can be chosen to be different by varying the carbon potential of the 
carburizing atmosphere. The two main carburizing cycle curves are illustrated in Figure 2-4. 
At single stage carburizing, carbon potential is increased when the part reaches carburizing 
temperature then it is held constant during the carburizing cycle. At boost cycle the carbon 
potential is higher for most of the cycle time than the final carbon potential. [1] [2] 

 

 [4]  

 (a) (b) 
Figure 2-4 Carburizing cycle, single stage (a) Boost cycle (b) [4] 
 
The diffusion of carbon during carburizing is controlled by time, temperature and carbon 
content. The high carburizing temperature accelerates the diffusion rate. (Total carbon transfer 
from atmosphere to the steel is kinetically the rate-controlling stage during carburization). [5] 
 
Diffusion of carbon can be expressed by Fick´s first and second laws. The steady state 
condition is expressed by Fick’s first law, when the diffusion flux doesn’t change with time. 
In this case diffusion flux,  
 
J= -D !"

!"
 [atom.m-2.s-1] (7) 
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Where D, is the temperature dependent diffusion coefficient and !"
!"

 is the concentration 
gradient and the driving force for diffusion. The mass transfer of carbon by diffusion from 
surface into the part is proportionate to the carbon concentration gradient !"

!"
  on the surface. 

The difference in carbon activity at gas and at solid phase (ag
C - as

C) leads to carbon transfer 
from gas into the solid. The relation between mass balance at gas/surface and carbon diffusion 
into the steel is expressed by following boundary conditions: 
 
K. (ag

C - as
C) = -D !"

!"
  (8) 

 
Figure 2-5 illustrates carbon transfer and carbon activity on the surface of steel. 
 
When diffusion flux and the concentration gradient at some point in the solid vary with time, 
non-steady state diffusion is valid and expressed by Fick’s second law: 
 

 !"  
!"
  =!         !

!!
        !!!

  (9) 
 
The solution of diffusion equation can be obtained depending on the boundary conditions and 
the configurations of the part, for example plate, rod or sphere.  

 
Figure 2-5 Carbon flow and carbon activity on the surface [4] 

 

The mechanisms of carbon diffusion in steel which are described here are similar to those for 
hydrogen diffusion described more in detail in paragraph 2.5. 

 

2.2 Quenching 

The carburized part is quenched normally in quenching oil from a temperature of about 820-
850°C to 50-100°C and thereby hardened after carburizing by formation of martensite. When 
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the steel is cooled fast enough the austenite transform to martensite without any diffusion. 
This diffusionless transformation is known as the martensitic transformation. The process of 
quenching is important to control the hardness and to minimize distortions in carburized 
component. The increased carbon content at the surface layer causes hardness gradient in the 
component after quenching. After quenching compressive stresses are created at the surface of 
carburized component and the combination of hardness and compressive stresses provide high 
fatigue strength and wear resistance at the surface. The surface layer of the case hardened 
steel has higher carbon content and therefore lower Ms-temperature than the core. 
Transformation from austenite to martensite starts in the zone between surface and core and 
moves first inward in to the core and then outwards to the surface layer. The expansion in the 
surface layer created by martensitic transformation leads to generating of compressive 
residual stresses at the surface. At the same time tensile stresses are generated in the core and 
balance the compressive stresses at the surface. There are gradual transition in carbon content, 
microstructure and mechanical properties between surface of the component and its core. 
Figure 2-6 shows hardness, carbon content and residual stress profiles in a case hardened part. 
[1] [2] 

 

 
Figure 2-6 Typical hardness, carbon content and residual stress gradients in a case hardened 

part [4] 
 

2.3 Tempering 

The hardening process is followed by tempering at a temperature between 160 ̊C to 650 ̊C but 
normally at a temperature of 160-180 ̊C in order to improve ductility and toughness although 
some lowering of strength is accompanying. After tempering the brittle martensite is 
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transformed into tempered martensite. Time and temperature of tempering can be varied 
depending on both the alloy composition and the desired properties of the final product.  

Precipitation of coherent carbides, hardness reduction and relaxation of residual stresses take 
place during tempering. This improves the strength in the tempered part. The martensitic 
microstructure has relatively low toughness after case hardening. Tempering is normally 
performed in order to increase the toughness of case hardened steel. The most important 
structural change during tempering is the precipitation of various iron and alloys carbides. 
The balance of hardness and toughness which is required in service determines the condition 
of tempering for a given application.  

Figure 2-7 shows how the hardness is changed by tempering temperature by variation in 
carbon contents in martensite. The maximum hardness is reached for the highest carbon 
content at a temperature between 150 °C to 200 °C. The reason for this hardness increase is 
the precipitation of a dense distribution of very fine transition carbide particle within the 
martensite plates. With increasing the tempering temperature the strength reduces due to the 
precipitation of carbides and formation and growth of cementite. Tempered martensite 
embrittlement can occur by further increasing in tempering temperature because of weakened 
grain boundary due to precipitation of cementite along the austenite grain and lath boundaries.  

 

The presence of alloying elements influences the rate of softening during tempering. Strong 
carbide formers such as chromium, molybdenum and vanadium retard the softening of iron-
carbon alloys and low-carbon steels with increasing the tempering temperature. [1] [6] [7] 
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Figure 2-7 The variation of hardness by increasing tempering temperature for different 

carbon content in as-quenched martensite [6]  
 

The microstructural changes during tempering consist of three distinct stages: [6] 
Stage 1) at a temperature range of 100 -250 ° C, transition carbides and Ɛ- carbides are 
formed. The carbon content of the matrix martensite is therefore decreased.  
Stage 2) at a temperature range of 200-300 ° C, retain austenite are transformed to ferrite and 
cementite. 
Stages 3) at a temperature range of 250-350 ° C, transition carbide and low-carbon martensite 
are replaced by cementite and ferrite.  

 

2.4 Hydrogen embrittlement from the metallurgical perspective 

Hydrogen can enter materials during processing and service life. The entry of hydrogen in 
steels takes place from production, further processing including heat treatment and during 
application. Hydrogen introduced in all pure metals and their alloys has a detrimental impact 
on the mechanical properties.  

Various types of hydrogen damage in metal are known as hydrogen embrittlement, hydrogen 
blistering and metal hydride embrittlement in the presence of alloying elements such as 
Zirconium or Titanium. Hydrogen is present in most environments where a metal may be 
exposed to. Hydrogen inside metals may exist in three forms: hydrogen dissolved in lattice, 
hydrogen trapped in structural defects and hydrogen bonded in hydrides.   
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Hydrogen embrittlement is the result of hydrogen entry in to the susceptible metal. This can 
lead to reduction of ductility and tensile strength and produce time-delayed fracture even 
without any externally applied stress. Hydrogen embrittlement may occur when a susceptible 
metal is exposed to hydrogen entry during fabrication or/and processing. The composition, 
hardness and metallurgical conditions of a metal may influence the hydrogen embrittlement 
susceptibility of the metal. The susceptibility of a metal to hydrogen embrittlement is 
increased with increasing hardness level, plastic deformation and increasing residual or 
applied stress.   

The small atoms of hydrogen which are dissolved interstitially within the metal lattice can 
easily move between iron atoms in steel and other ferrous alloys. Hydrogen atoms can enter 
the grain boundaries and diffuse further in the metal. Hydrogen atoms are more trapped by 
structural defects where there is more space between grains. The area under tensile stresses 
that results in a very slight increase in the space between grains acts as suitable sites for 
hydrogen accumulation. The accumulation of hydrogen atoms in these sites leads to the 
combination of two hydrogen atoms to H2 molecules with the larger size than two individual 
hydrogen atoms. The formation of molecular hydrogen results in even more expansion 
between grains, increase the defects size and grain boundary interfaces which in turn causes 
more accumulation of hydrogen and accelerating the process of hydrogen embrittlement. The 
generating of tensile stress by this cycle can eventually results in micro-cracks.  

The influence of hydrogen on mechanical properties is controlled by hydrogen diffusion rate 
in material and hydrogen interaction with trapping sites within the matrix. [8] [9] 

 

2.4.1  Hydrogen in metals  

Hydrogen can enter metals in three distinct ways: 
 

1) Entry of gaseous hydrogen in to the liquid metal during processing: 
Hydrogen gas can for example enter the molten steel during steelmaking where water 
in scrap, fluxes and ferroalloys, in the refractories or in the furnace atmosphere come 
in contact to the liquid metal and dissociates to hydrogen atoms. Humid air is another 
source of hydrogen in molten metal. The molten metal can then absorb hydrogen. This 
hydrogen can be largely removed during processing, for example by vacuum degasing. 
However in some certain applications the retained hydrogen that is dissolved in metal 
lattice as a mono-atomic species can be harmful and cause failure in metals. The 
embrittling effect of hydrogen entered in metal during processing is a function of time, 
temperature and state of stresses within the metal matrix. This kind of hydrogen 
damage is known as “Internal Hydrogen Embrittlement (IHE)” and cause decrease in 
ductility and lowering the tensile strength in metals. 
 

2) Entry of gaseous hydrogen in to the solid metal: 
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Hydrogen may enter steels during processing steps such as heat treatments. This kind 
of hydrogen damage is known as “Environmental Hydrogen Embrittlement” and can 
occur in hydrogen containing atmosphere through adsorption of hydrogen molecules 
on the surface and its absorption from the lattice after dissociation into hydrogen 
atoms. The di-atomic hydrogen molecule is too large to be able to diffuse interstitially 
within the solid metal. It can neither cross the gas/metal interface to entry the solid 
phase.  Hydrogen molecule should be first dissociated to the atomic form in order to 
entry the solid surface. Two mechanisms are known regarding the generation of mono 
atomic hydrogen at the solid surface, chemisorption and electrochemical mechanisms. 
The chemisorption mechanism of hydrogen entry at the metal surface is described as 
hydrogen permeation in paragraph 2.5.1. 
 

3) Hydrogen transfer by electrochemical reaction at the metal surface:  
Hydrogen may be absorbed in steels during service in hydrogen containing 
environment by corrosion and cathodic reaction or during processes such as pickling    
or electroplating. This kind of hydrogen damage is known as “Hydrogen Reaction 
Embrittlement”. 
The generation of hydrogen in this case can be expressed by the electrochemical 
reaction of hydrogen: 
 
M+H2O→MO+2H (10) 

 

The most part of formed hydrogen atoms are recombined to form molecular gaseous hydrogen 
but a portion of it remains in the metal as the solute atomic hydrogen. 
The resulting hydrogen can form blister in the sub surface region or gaseous methane in the 
interior.  [9] [10] 
 

2.4.2 Hydrogen trapping in steels 

It is generally accepted that the susceptibility of steel to hydrogen embrittlement is affected by 
microstructural characteristics. The main factors which determine the hydrogen embrittlement 
susceptibility of a microstructure are the hydrogen permeability and the hydrogen trapping 
ability in that microstructure. A high amount of hydrogen (much higher than equilibrium 
concentration) can be retained in steel after manufacturing or processing even at room 
temperature because of the presence of structural defects such as vacancies, dislocations, 
grain boundaries, iron- and alloy carbides, interfaces and etc. Various defects can trap 
hydrogen either reversibly or irreversibly depending on the binding energy between hydrogen 
and microstructural defects. The trapping sites can bind hydrogen much more than the 
solubility limit of hydrogen. These trapping sites create regions where the dissolved hydrogen 
atom can be in a lower energy state than in the normal interstitial positions. The binding 
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energy of hydrogen at these locations is higher and the longer residence of hydrogen atom at 
these positions lowers the effective diffusivity of hydrogen. The strength of these sites is 
determined by the binding energy of hydrogen. Some kind of trapping sites such as 
dislocations and lath interfaces are weak traps with low binding energy to hydrogen. These 
traps are also known for reversible trapping sites. Other kinds of trapping sites such as micro 
cracks and retained austenite interfaces are strong traps with high binding energy to hydrogen. 
These trapping sites are known as irreversible trapping sites. Increased temperature provides 
the activation energy for hydrogen to be released from the trapping sites. [11] [12]   
 
Hydrogen entered in steel can be classified as diffusible hydrogen and non-diffusible 
hydrogen. Diffusible hydrogen atoms are those of mobile hydrogen atoms at crystalline 
lattices. They can move between iron atoms and diffuse within the metal. Hydrogen is usually 
transported by dislocations movement to the stronger traps. Hydrogen which can be released 
from reversible traps at room temperature is known as diffusible hydrogen. In contrast, non-
diffusible hydrogen bounded in irreversible traps cannot be released easily at room 
temperature.  
 
In most hydrogen embrittlement studies it has been accepted that diffusible hydrogen is 
primarily responsible for hydrogen embrittlement by diffusing to the internal defects and 
areas which are put in to the high level of tensile stress. Non- diffusible hydrogen which is 
trapped in material during production and processing has not been identified as the possible 
responsible for hydrogen embrittlement in steels in most previous studies. Despite this 
Yukitaka Murakami showed in a study [13] that non-diffusible hydrogen at the level of about 
2   to   3 ppm (in weight) can possibly cause hydrogen embrittlement in austenitic stainless 
steels. The effect of non-diffusible hydrogen was investigated in austenitic stainless steel 
specimens by applying a special heat treatment called non-diffusible hydrogen desorption heat 
treatment (NDH-HD). This heat treatment removes the hydrogen which was strongly trapped 
in FCC lattice where the potential energy is much lower than that for hydrogen trapped in 
BCC lattice. Fatigue test in the study showed that the fatigue crack growth rate in specimens 
subjected to (NDH-HD) was substantially decreased in comparison with a hydrogen-charged 
specimen and even in comparison with an uncharged specimen. According to these results 
even non-diffusible hydrogen may influence the rate of fatigue crack growth in austenitic 
stainless steel.  
 
In another study the effect of non-diffusible hydrogen on fatigue strength of high strength 
steels has been investigated by Li and colleagues [14]. The results in this paper indicates that 
hydrogen trapped by inclusions (irreversible trap) which is known as non-diffusible hydrogen 
causes greater reduction in the fatigue strength of the specimen than specimen in which 
hydrogen is mainly trapped by reversible traps (diffusible hydrogen). It is concluded in this 
study that both diffusible hydrogen and non-diffusible hydrogen with an amount of 1 ppm to 
3 ppm can have a negative effect on fatigue properties in high strength steels. The damaging 
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effect of non-diffusible hydrogen on fatigue properties is more seriously than diffusible 
hydrogen according to this study.  
 

2.4.3 High strength steels and hydrogen embrittlement 

High strength steels are designed to achieve high strength level after heat treatment. They are 
frequently used in many types of applications where good mechanical properties are required. 
These types of steels are susceptible to hydrogen embrittlement. High strength steels are 
generally quenched and tempered. Microstructural changes during these processes influence 
the mechanical properties of the steel and the resistance to hydrogen embrittlement. 

Steels absorb hydrogen when they are heat treated in a hydrogen-rich atmosphere. Hydrogen 
remaining in steel after heat treatment lowers the strength level in metal and becomes the 
source for hydrogen-induced cracking when metal is exposed to tensile stresses. Case 
hardened steels absorb a high content of hydrogen existing in the carburizing atmosphere. The 
martensitic microstructure with high strength and hydrogen embrittlement sensitivity is 
formed when the carburized component is quenching. The high content of hydrogen and the 
sensitive martensitic microstructure provides favourable condition for hydrogen-induced 
cracking in metal after hardening. Diffusion of hydrogen in case hardened steels is increased 
due to the martensitic microstructure which results in increasing the rate of crack growth. The 
reason for high hydrogen diffusivity in martensitic microstructure is described more in detail 
in paragraph 2.6.2.   

Since un-tempered case hardened components have low toughness and high susceptibility to 
hydrogen embrittlement, delayed fractures can occur in such steels exposed to lower stress 
levels than their critical stress value. Hydrogen-induced cracking is a consequence of 
hydrogen transportation and concentration near the crack tips. The presence of hydrogen 
lowers the mechanical properties and more specifically decrease ductility and tensile 
properties after hardening. The damaging effect of hydrogen embrittlement is eliminated after 
removing hydrogen from the metal. Therefore hydrogen embrittlement in steels can be 
prevented by removing absorbed hydrogen. Hydrogen can be reduced in steels by further heat 
treatments such as tempering or aging after quenching. Hydrogen embrittlement can appear in 
different forms. Delayed fracture is known as a typical example of hydrogen embrittlement, 
which occurs usually in high strength steels. [1] [15] [16] 

Perez Escobar and et al. [17] evaluated hydrogen trapping in high strength steels and 
concluded that materials which shows a significant ductility loss during hydrogen charged 
tensile testing contained a high amount of diffusible hydrogen after hydrogen charging and 
also it was found that the diffusible hydrogen desorb from material very fast after charging 
and the remained hydrogen in sample are those of trapped hydrogen.  
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2.5 Hydrogen permeation from gas in to the metal 

The process of hydrogen permeation from gas in to the metal is just like the carburizing 
process and consists of: 

1) Adsorption of hydrogen molecules to the steel surface 
2) Dissociation of hydrogen molecules to the hydrogen atoms at the surface 
3) Solution(absorption of adsorbed hydrogen atoms)  
4) Solid state diffusion of hydrogen atoms toward the steel bulk [5]. 

2.5.1 Hydrogen permeability 

Permeability of hydrogen is generally defined as the steady-state diffusion of hydrogen across 
the boundary layer (outer surface of the component, a few atoms thick) expressed by Fick’s 
first law (eq. 7) can be written as: 

J∞= D (!"!!  !  !"!!  )
!

 (11) 

 

Where  

J∞, is the steady-state diffusional flux (steady state permeation rate) 

D, is the diffusivity in the boundary layer (different from D in the bulk) 

C, is the hydrogen concentration in the boundary layer 

x, is the position in the boundary layer of thickness t (t is a few atoms thick) 

Considering the chemical equilibrium (eq.18) for a real gas C(x=0)=K p where K is the 
solubility of hydrogen in the boundary layer and assuming that the hydrogen partial pressure 
is negligible on one side of the (Cx=t = 0), the diffusional flux can be expressed as 

J∞= !"
!

  ! (12)  

 

Where  

p, is the partial pressure of gaseous hydrogen  

The product DK (the product of diffusivity and solubility) is defined as permeability, Φ. [18] 
[19] 

Φ= !!!
!

  (13) 
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The entry mechanism of gaseous hydrogen in to the solid surface is described by 
chemisorption. Adsorption of hydrogen atoms by chemisorption energy takes place as the 
hydrogen molecules come close to the solid surface. The weak van Der Waal's forces created 
close to the surface draw hydrogen molecules closer to the surface up to a point where a very 
large force is required to draw molecular hydrogen even closer. When chemisorption energy 
created close to the surface exceeds the dissociation energy of hydrogen molecule the 
hydrogen molecule can be dissociated to the hydrogen atoms and attracted to the surface by 
chemisorption forces. Hydrogen atoms are still not able to enter the metal surface at room 
temperature. At higher temperature when sufficient thermal energy is provided the vibrational 
amplitude increases in both hydrogen and metal atoms at the surface thus hydrogen atoms can 
enter to the metal surface.  

2.5.2 Hydrogen solubility 

The solubility of hydrogen is the amount of hydrogen that can be dissolved in the metal at 
equilibrium with hydrogen in gas.   

Considering a system consisted of a metallic specimen M and a gaseous hydrogen molecule 
H2, the process of exchange of hydrogen atoms between the two phases can be stated as 
below: 

½ nH2+M ↔ MHn (14) 

   

From basic thermodynamic relationships the partial pressure (p) of an ideal gas is equal to its 
activity. The deviation from ideal behaviour which can particularly be apparent at high 
pressure and low temperature is called fugacity (f). So fugacity is in fact the activity of real 
gas. It is generally assumed that all gases behave ideally at low pressure therefore, when  

p →0  then  f → p 

Generally the solubility of gases in metal can be explained by Sievert’s law (eq16). Assuming 
equilibrium between gaseous hydrogen molecule and dissolved hydrogen atoms in metal, the 
relationship between hydrogen concentration [H] and hydrogen solubility Ks, can be 
expressed as below: 

!
!
 H2 (g) ↔ [H] (dissolute in metal) (15) 

[H]= Ks. !!! (16) 

Ks = K0 exp (!∆!
!"

) (17) 

 

Where 

[H], is the concentration of solute hydrogen in material 
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Ks, is the hydrogen solubility  

!!!, is the partial pressure of hydrogen  

∆H is the heat of formation (the amount of heat absorbed or liberated during hydrogen 
absorption by metal) 

At equilibrium the chemical potential of gaseous hydrogen is equal to the chemical potential 
of hydrogen dissolved in the metal. Assuming that atomic hydrogen dissolved in the material 
behaves as a dilute solution, the real behaviour of hydrogen gas must be considered. [18] 

[H]= Ks. !!!  (18) 

 

San Marchi et al. [20] reported that hydrogen fugacity can be expressed as below 

f = p exp (!"
!"

)  (19) 

Where, 

f, is the environmental fugacity of gaseous hydrogen 

p is gaseous hydrogen pressure, T is absolute temperature, R is the gas constant and  

b = 1.584 x 10-5 m3 mol-1   is a constant obtained for high-pressure hydrogen. [20] 

It is important to distinguish between solubility and concentration of a solute in a solvent.  
Solubility is independent of pressure but a function of temperature (eq17), while 
concentration depends on both temperature and pressure (eq16).  

Solubility is like permeability and diffusivity a physical property and to a first order 
approximation should be independent of microstructure. However the apparent hydrogen 
solubility and transport can be dependent on microstructure and variables such as composition 
and stress state. Hydrogen can be trapped at microstructural features in metals. The total 
hydrogen concentration measured by melt extraction method includes both lattice and trapped 
hydrogen while the trapped hydrogen doesn’t participate in the solubility equilibrium. 
Therefore, the term solubility should be referred to the lattice hydrogen. However in some 
specific circumstances trapped hydrogen is negligible compared to lattice hydrogen and 
solubility can be determined from the concentration measurements. [18]   

The solubility of hydrogen in steel is depended on composition, temperature and crystal 
structure. The solubility of hydrogen increases with temperature and is much higher in 
austenite than in ferrite. Carbon increase the solubility of hydrogen but the effect of carbon on 
solubility of hydrogen is more complex at higher temperatures due to the formation of 
methane, CH4. 



 

 20 
 

 Mine and Kimoto [20] measured hydrogen solubility and diffusivity of Fe-Cr-Ni austenitic 
stainless steels exposed to gaseous hydrogen at a pressure of 10 MPa and the temperature 
range of 110-235   ̊C and reported that the solubility of hydrogen is dependent to the 
composition of the alloy while the diffusivity is nearly identical for all alloys they 
investigated at a certain temperature.  

At 1 bar hydrogen pressure and room temperature the solubility of hydrogen is 3.10-6 at%. At 
900   ̊C it rises to 1.6.10-2 at% in α-Fe (3 cm3 H2 per 100 g Fe). The solubility of hydrogen is a 
little higher in austenite, 2.3.10-2 at% at 900°C and in melt Fe is much higher, 0.13 at% at 
1540°C. [21] 

 
 

2.5.3 Hydrogen diffusivity 

The entry of hydrogen atoms from the surface of steel to the interior takes place by non-
steady states diffusion expressed by eq. 9.  

The rate of diffusion is controlled by component’s diffusivity. Diffusivity is like pearmability 
and solubility a function of temperature. [5]  

The temperature dependences of permeability, diffusivity and solubility are given by 
Arrhenius-type equations:  

Permeation Φ = Φ0 exp ( − !!
  !"

) (20) 

Diffusion D= D0  exp (− !!
!"

) (21) 

Solubility Ks= K0 exp (!∆!
!"

) (22) 

 

Where QP is Permeation activation energy, QD is diffusion activation energy and ∆H is the 
heat of solution. And 

∆!= QP – QD (23) 
   [22]  [23]  
Since Φ = DK, solubility can be determined as the ratio of the measured permeability and 
diffusivity as: 

 K=   !!  
!!  

  exp [-(!!!!!
!"

)] (24) 
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Generally hydrogen transportation in steel can be performed by volume diffusion, movement 
together with dislocations or transportation through stress fields. [20] 

 

Tendency toward hydrogen uptake is related to permeability, diffusivity and solubility of 
hydrogen in the material.  

 

 

2.6 Diffusion of hydrogen  

2.6.1 During carburizing 

Hydrogen has extremely high diffusivity during carburizing due to the large proportion of 
hydrogen in the furnace atmosphere and high carburizing temperature (900-950 °c). The 
absorbed hydrogen diffuses very quickly in to the volume until the metal piece is saturated 
with hydrogen. 

Carburizing is a thermochemical process where carbon diffuses into the surface of the 
component at relatively high temperature.  

Generally the depth of diffusion at hardening species depends on both time and temperature. 
This dependence is introduced by Einstein diffusion equation:  

d α !" (25) 
 

Where, 

d, is the diffusion depth 

D, is the diffusion coefficient 

t, is the time 

 

Where d, is the diffusion depth, t, is time and   D, is diffusivity which depends on 
temperature, chemical composition and the concentration gradient of the species. [2] 

A comparison of hydrogen diffusivity and carbon diffusivity at 920°C indicates that hydrogen 
diffusivity in steel is much higher than carbon diffusivity therefore hydrogen diffuses deeper 
in steel than carbon in the same time interval. [5] 
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(DH= 1.7x10-4   !"
!
! DC= 4.4x10-7      !"

!
! )   

Using these values for hydrogen and carbon diffusivity and Einstein diffusion equation, the 
penetration depth for carbon and hydrogen at a constant length of time can be calculated and 
compared: 

dH α !!! 

dC α !!! 

!!
!!

= !!
!!

 

dH≈= 30  dC (26) 
 

The penetration depth of hydrogen in steel is approximately 30 times than that of carbon at 
austenitising temperature. (eq.26) 

Hydrogen absorption during carburizing can be influenced by parameters such as chemical 
composition, carbon content and the austenite’s grain size. The effusion of hydrogen at room 
temperature and during tempering is influenced by microstructure and morphology, the 
amount of retained austenite and residual stresses. 

 

2.6.2 Carbon content 

Hydrogen that cannot diffuse out of the core after case hardening remains in the lattice or 
defect sites and can promote hydrogen embrittlement. Hydrogen diffusion and steels 
susceptibility to hydrogen embrittlement vary with carbon content, the morphology of 
interfaces and the degree of reversibility of interface traps.  

S.C. Lee et al [22] did a study to assess the effect of effective case depth and tempering 
temperature on hydrogen transport in carburized AISI 8620 alloy steel. The results of this 
study indicate that at a tempering temperature of 150  ْ◌ C both permeability and diffusivity 
decreases with increasing in carbon content. By increased carbon content higher densities of 
lattice imperfection are created when the specimen is quenched. Higher amount of lattice 
defects result in increasing of hydrogen trapping and reduce the effective diffusion of 
hydrogen.  

Regarding the effect of steels microstructure with different carbon content Chan [24] 
investigated the effect of carbon content in ferrite-pearlite steels. Five cast of high-purity iron-
carbon with carbon content ranging from 0.18% to 0.78% were prepared to do measurements 
on hydrogen content in the specimens. The specimens were heated at different temperatures 
for different length of time in order to control the prior austenitic grain size to a constant value 



 

 23 
 

of 40µm in all specimens. The specimens were then cooled in order to obtain only ferrite and 
pearlite microstructures.  

The specimens were hydrogen charged in the NACE H2S-saturated saline solution for 
different periods.  

The hydrogen content in these specimens increases with the carbon content up to 0.69%C. 
When the carbon content exceeded 0.69%C and come close to eutectoid composition, the 
amount of adsorbed hydrogen decrease. This can be related to the role of pearlite/ferrite 
interface. The reason which is determined in this study is the formation of pearlite/ferrite 
interface as the carbon content exceeds 0.69%C and reaches the eutectoid composition. 
According to this research the pearlite/ferrite interface is a prime site for hydrogen trapping. 
As the final austenite is transformed to pearlite the volume changes during this transformation 
put tension to the surrounding ferrite grains which results in an increase in amount of 
dislocation density. The highest hydrogen occlusion take place as the amount of perlite/ferrite 
approaches its maximum at Fe- 0.69%C alloy. The trend to hydrogen occlusion decrease 
when carbon content passes 0.69%C due to the reduction of pearlite/ferrite interface. Figure 
2-8 shows the hydrogen content as a function of carbon content for Fe-C alloys.  

The electrochemical permeation technique was used in that study in order to calculate the Deff 
(effective diffusivity) of hydrogen at room temperature. The electrochemical cell consists of 
hydrogen entry side (cathodic side) and hydrogen exit side (anodic side). In both cathodic and 
anodic compartments 0.1 N NaOH was used as the electrolytic solution.  

The effective diffusivity of hydrogen can experimentally be calculated by adopting the 
electrochemical permeation technique and the “lag-time” method: [24]  

D= !
!

!!!
 (27) 

Where, L is the thickness of the specimen and !! is lag-time which can be obtained from the 
dynamic curve of the permeation rate-vs-time. (Time required reaching the saturation level).  
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Figure 2-8 Effect of carbon content on the hydrogen occlusion of ferrite/pearlite steel [24] 
 

The same author did also an investigation on effect of carbon content in martensite 
microstructure. Five Fe-Mn-C steels with similar composition except for the carbon content 
were used. The carbon content varied from 0.23% to 0.93% and the grain size varied from 
9 µm to 10 µm after austenitising with different temperature. The obtained microstructures of 
steels were martensitic with varying amount of retained austenite. Vacuum hot extraction 
method showed that the specimen with the highest carbon content (0.93w %) occluded the 
highest amount of hydrogen followed by the specimen with the lowest carbon content 
(0.23%).  The specimen with medium carbon content (0.44%) occluded the lowest amount of 
hydrogen. Figure: 2-9 shows the hydrogen occlusion in martensitic structure with different 
carbon content and two different charging times. The reason is related to the different 
hydrogen trapping mechanism for different martensitic morphologies. Hydrogen trapping 
tendency in low carbon martensitic (<0.5% C) microstructure is strongly increased due to 
existence of long lathes packets separated from each other by low angel boundaries. The 
tendency to trap hydrogen in low carbon martensite is referred to the presence of interfaces 
between the lathes and dislocations network. The tendency of lath martensite to trap hydrogen 
was showed in that study referring Asaoka’s research which indicated that lath martensite 
have high tendency to trap hydrogen and estimated that the amount of trapped hydrogen in 
lath interfaces was 5 to 30 times more than the amount of trapped hydrogen in prior austenitic 
grain boundaries and in MnS inclusions.  

Auto-tempering in low carbon martensite is another possible effect that may change the 
hydrogen trapping ability. Since low carbon martensite has relatively high Ms temperature the 
first formed martensite can be auto-tempered during the remainder of the quenching. The 
dislocation density may reduce to a certain extent due to auto-tempering effect but the total 
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hydrogen trapping sites may increase due to the precipitation of Ɛ-carbide and creation of 
more interfacial area. 

High carbon martensite consists of very fine twins with much low dislocation density than in 
lath martensite and lower tendency to trap hydrogen. The characteristics of trapping sites are 
possibly changed with increasing the carbon content. At lower carbon content reversible 
“traps” such as dislocations, lath interfaces and Ɛ-carbides/matrix interfaces are stable in 
martensitic microstructures. By increasing the carbon content more lattice imperfections are 
formed after quenching. As the carbon content exceeds a certain value, the amount of 
reversible traps characterized by low activation energy reduces and formation of irreversible 
traps with high activation energy such as micro-cracks, micro-voids, imperfection, retained 
austenite and martensitic interfaces increases.  Figure: 2-10 shows schematically the changes 
in hydrogen trapping nature and mechanisms with variation in carbon content in martensitic 
microstructure.  The combination of two curves in Figure: 2-9  is similar to that in Figure: 
2-10. [24] 

 

Figure: 2-9 Hydrogen content of martensitic structure as a function of carbon content [24] 
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Figure: 2-10 Schematic diagram showing the possible contribution of hydrogen trapping in 
low and high carbon martensite [24] 

 

Retained austenite 

Carbon and almost all alloying elements lower the Ms temperature which causes an increase 
in retained austenite concentration gradient toward the surface with high carbon content. The 
effect of retained austenite has been studied in the same research. Both as-quenched and as-
quenched + sub-zero treatments are applied on steels with low carbon content (0.23%) and 
high carbon content (0.93%). By Sub-zero treatment the component is cooled below room 
temperature usually to remove retained austenite from quenched components. The amount of 
retained austenite is the structural different between as quenched and quenched +sub-zero 
treated specimens used in that investigation. The amount of retained austenite is determined 
by X-ray diffraction. Steels with lower carbon content and those which are sub-zero treated 
contained negligible amount of retained austenite. The amount of retained austenite increased 
with carbon content and is higher in as-quenched specimen. Hydrogen content and the amount 
of retain austenite shows a linear relationship according to Chan study. Hydrogen content of 
as-quenched steels especially the high carbon steels is larger than low carbon steels and as-
quenched + sub-zero treated steels. The high hydrogen content in these specimens is mainly 
referred to the high amount of retained austenite. Both retained austenite itself and the 
interfaces between retained austenite and martensitic plates may cause the increasing in 
density of trapping sites and high content of hydrogen. Figure 2-11 shows the hydrogen 
content of martensitic structures with different carbon content and the effect of retain 
austenite by applying both as-quenched and as-quenched +sub-zero treatment. [24]   
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Figure 2-11 Hydrogen content of martensitic structure with and without sub-zero treatment 
(a) 0.93% C and (b) 0.23% C [24] 

 

2.6.3 Microstructure 

The tendency of steels microstructure to uptake hydrogen is determined by its hydrogen 
permeability and hydrogen trapping ability. Hydrogen up-take is generally increased with 
increasing grain boundary density of a microstructure. Hydrogen diffusivity in pearlite is 
much greater than that in un-tempered martensite. Martensite has higher hydrogen diffusivity 
and lower solubility in comparison with austenite. According to a study by Newman and 
Shreir [24] the hydrogen solubility in martensite increases with tempering to a temperature of 
300°C after which it decreases with increasing tempering temperature.  

Austenitic stainless steel has less susceptibility to hydrogen embrittlement than ferritic alloys 
due in part to lower diffusivity of hydrogen in the austenite than that in ferrite phase. It has 
been reported that austenitic stainless steels with less austenitic stability were more sensitive 
to hydrogen embrittlement than stainless steel with high austenitic stability due to martensitic 
transformation. Absorbed hydrogen enhance the movement of dislocations in martensite 
therefor hydrogen can be transported rapidly through the stress-induced martensite to the 
crack tip and contribute to acceleration of fatigue crack growth. Hydrogen diffusion through 
martensitic phase is faster than in austenitic stainless steel.  The effect of martensitic 
microstructure to accelerate the diffusion of hydrogen is called for “Hydrogen Diffusion 
Highway Effect “. The transformed martensitic phase acts as a highway for hydrogen 
diffusion in surrounding austenite. The susceptibility to hydrogen embrittlement is therefore 
increased by the present of martensite. Hydrogen diffusion path through martensite in 
surrounding austenite is illustrated in Figure 2-12. [25] [26] 
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Figure 2-12  Schematic illustration of hydrogen diffusion path from surface (a) and near 
crack tip (b) [25]  
 

Perez Escobar et al. [27] did a study on the interaction between hydrogen and different 
microstructural constituents using two lab cast steels with variable carbon content. A ferrite- 
bainite high strength steel was also used in that work. The produced materials consisted 
mainly of one microstructural constituent (bainite, martensite or perlite) by performing 
different heat treatments. Hydrogen charging was then performed in order to introduce 
hydrogen in to the samples. The TDS (thermal desorption spectroscopy) method was used to 
measure the hydrogen content of the samples. It was found in that investigation that the as-
quenched martensite can hold more hydrogen than the other samples and bainite was found to 
hold less hydrogen. It was also found that the amount of hydrogen increase with the carbon 
content. 

 

Effect of grain size on hydrogen trapping 
The degree of hydrogen trapping sites can be influenced by the grain size. Chan reported in a 
study [24]  that as the grain size in pure iron increase the hydrogen uptake decreases due to 
the less total grain boundary length for hydrogen trapping. The effect of grain size on 
hydrogen content of pure iron is shown in Figure 2-13. 

However it is shown in that study that the hydrogen-trapping ability of grain size is also a 
function of the grain boundary angle. A coarse grain microstructure with high angle grain 
boundaries may trap a high amount of hydrogen even though the total grain boundary length 
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is relatively low. Thus the hydrogen occlusion by grain boundaries is influenced by both the 
total grain boundary length and its nature, i.e. the grain boundary angle.  

 

Figure 2-13     Effect of grain size on the hydrogen content of pure iron specimens [24] 
 

2.6.4 Residual stresses 

Residual stresses occur in materials when they are treated by different technological 
operations such as different types of heat treatments or mechanical finishing. During case 
hardening compressive stresses are formed at the surface of the component and tensile 
stresses are formed in the core due to the martensitic transformation. The compressive stresses 
induced at the surface have a beneficial effect regarding resistance to hydrogen embrittlement 
by suppressing the diffused hydrogen.  

The kinetics of hydrogen absorption is controlled by the level and the characteristics of 
residual stress distribution. Hydrogen abortion can be accelerated by tensile stresses which 
increase the lattice spacing. Compressive stresses suppress the absorption of hydrogen as they 
reduce the lattice spacing. 

The presence of compressive stresses on the surface and tensile stresses in the core of the 
metal contribute to the movement of hydrogen atoms from near-surface area into the bulk. 
The process of hydrogen absorption within the metal includes the storage of hydrogen atoms 
at the near surface layer after adsorption of hydrogen. This type of stress distribution i.e. 
compressive stress at the surface and tensile stress in the inner layer of metal reduces the 
energy barrier of the surface to the hydrogen absorption and the hydrogen potential would be 
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equalized over the whole volume including the near-surface layer. This would accelerate the 
process of hydrogen diffusion to the volume of the metal. [28] 

The effect of residual stresses on hydrogen permeation in iron has been investigated in a study 
[29]. Four thermal and mechanical treatments were used to obtain different stare of residual 
stresses. The X-ray diffraction method showed that compressive stresses were obtained in all 
iron membranes. In order to determine the hydrogen permeation, electrochemical permeation 
method were conducted and the result of that study revealed that residual stresses have an 
accelerating effect on hydrogen permeation in iron membrane. The rate of hydrogen 
permeation increases with increasing residual stresses.  

 Takakuwa et al. [30] investgated the effect of residual stress on hydrogen concentration 
around a crach tip when the material is plastically deformed after a fatigue process. The 
material used to that study was type 316 L stainless steel which is used in corrosive and 
hydrogen environments. A finite element analysis was used to show the variatoin of hydrogen 
concentration around a crack tip at the present of the residual stress. Tensile stress are induced 
after a fatigue process and compressive stress were introduced at the surface of the material 
by peening.   

The result in that study indicates that the hydrogen concentration around the crack tips can be 
suppressed by compressive stresses. Hydrogen accumulation is possibly accelerated by 
introducing tensile stresses which increase the lattice spacing and provide spaces for hydrogen 
accumulation. It has been reported that hydrogen embrittlement can be reduced by introducing 
compressive stress as such stresses suppress hydrogen atoms.   

Figure 2-14 (a) shows the normalized hydrogen concentration C/C0 as a function of depth 
from the crack tip, d, varying with residual stress σ R. This result is obtained using finite 
element analysis to investigate the effect of the residual stress generated around a crack in the 
surface of type 316 L stainless steel. Higher hydrogen concentration near the crack tip and its 
behaviour is strongly affected by residual stresses in the material. Tensile stresses accelerate 
hydrogen accumulation and concentration while compressive stress suppresses them. 
Compressive stresses have beneficial effect regarding resistance to hydrogen embrittlement as 
they can prevent the hydrogen concentration near the crack tips.  

Figure 2-14 (b) shows the variation of hydrogen concentration as a function of residual 
stresses near the crack tip. Large compressive residual stress (σRb−250 MPa) suppresses the 
concentration of hydrogen around the crack tip and, in contrast, the tensile residual stress 
accelerates the concentration of hydrogen at a certain depth from the crack tip. [30] [31] 
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Figure 2-14: Hydrogen concentration behaviour around the crack tip for various residual 
stress (left) relative maximum concentration of hydrogen as a function of residual stress – 
reference =-500MPa (right) [28] 

2.7 Effusion of hydrogen at room temperature and during tempering  

Hydrogen content can be reduced at room temperature after quenching due to the high 
diffusivity of hydrogen in steel. The reduction in hydrogen content occurs more rapidly 
during tempering. Tempering may release the oversaturated hydrogen in steel.  

H. Streng et al. [15] did an assumption to calculate the degree of hydrogen effusion, f, for 
long periods.   

f=(1− ! !!) x100% (30) 
 

Where,  

f is the degree of effusion, C is the final concentration and C0 is the initial concentration. The 
hydrogen partial pressure in air is assumed to be 5.3x10-4 mbar.  

The measurements of hydrogen effusion at low temperature were conducted on 66 steel 
specimens using the 800°C vacuum extraction method. Specimens with a diameter of 9 mm 
and a length of 10mm were used. The measurement results are presented in Figure 2-15.  
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Figure 2-15 Effusion of hydrogen at low temperature [15] 

  

The hydrogen effusion to a degree of 80 % was measured in specimens stored for 23 days at 
22°C.  This degree of effusion takes place within approx. 3 days at 50°C.  

Hydrogen effusion during tempering in air at different tempering temperature was 
investigated in the same study. The measurement result is shown in Figure 2-16. 

 

 

Figure 2-16  logarithmic effusion curve of hydrogen during tempering in air [15] 

The greater part of hydrogen effusion takes place at the first two hours during tempering and 
following this the hydrogen effusion rate decrease. The degree of hydrogen effusion increases 
with tempering temperature.   

After 200 ̊  C tempering in air for 60 minutes the degree of effusion is 50%. By   180   ̊  C   
tempering the degree of effusion reaches 50 % after 120 minutes.  
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H. Streng et al. [15] has reported that the value of hydrogen diffusion coefficient at room 
temperature can be approx. 10-5 to 10-7  !"!

!  and it can be decreased to 10-18 !"!
! due to 

the formation of oxide films such as Fe2O3 and Cr2O3 on the surface of steel at room 
temperature within a few minutes. 

The rate of hydrogen effusion depends of factors such as components volume, the size of 
surface and the surface condition. Effusion of hydrogen can be for example impeded by oxide 
layer forming on the metal surface during tempering in air. The effusion rate may decrease 
with increasing the thickness of oxide layer. Therefore a maximum temperature is 
recommended when case hardened components are tempered in air.  

The effusion of hydrogen during tempering is influenced by the diffusion process .The 
effusion of hydrogen becomes more complicated at low tempering temperature (below 250 ̊  
C) due to the presence of lattice imperfections and hydrogen trapping effect. Therefore a 
higher amount of hydrogen remains in steel after tempering at low temperature. At higher 
temperature trapping effect of hydrogen decreases, effusion is accelerated and higher amount 
of hydrogen is released .Thus as long as the other properties are not influenced negatively, as 
high as possible tempering temperature is beneficial regarding hydrogen effusion during 
tempering. Tempered martensite embrittlement (TME) may occur in steels which are 
tempered at too high tempering temperature.  

 

With increasing the tempering temperature the strength of steel decreases and the fracture 
resistance increases. At low tempering temperature the diffusible hydrogen is released due to 
its lower activation energy. Trapped hydrogen can escape from reversible (weaker) trapping 
sites such as grain boundary and dislocations. Non-diffusible hydrogen requires a higher 
tempering temperature to be released from stronger trapping sites. 

Lath martensite contains a high amount of dislocations after quenching which are distributed 
unevenly in this microstructure. By increasing in tempering temperature the dislocations 
density are integrated and will be decreased due to the recovery mechanism tacking place 
during tempering. Dislocations are distributed evenly throughout microstructure after 
tempering. Lower tempering temperature provides higher dislocation density which results in 
higher amount of integrated diffusible hydrogen. Therefore the material reach the critical 
amount of hydrogen needed for crack initiation more quickly. [7] 
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3 Experimental procedure 
The subject of this study was to measure the content of hydrogen in three different steel 
grades before and after case hardening. The influence of enriching gas in carburizing furnace 
and the effect of tempering on the amount of absorbed hydrogen were investigated. Moreover 
hydrogen effusion from case-hardened specimens at room temperature and after tempering 
was measured.  

The study focused on case hardening by gas carburizing followed by tempering. Before heat 
treatment the steel samples were cut and prepared in dimensions appropriate to use in 
hydrogen measurement instrument Leco-RHEN602. The content of hydrogen in non-heat 
treated steel samples was measured in order to determine the variation of hydrogen content in 
different steels. Steel samples contained low hydrogen contents with low variation between 
three different steel grades.  

After heat treatments the specimens were stored in liquid nitrogen until hydrogen analysis 
was conducted. Several specimens of all three steel types were first stored at room 
temperature for different periods of time and then stored in liquid nitrogen before hydrogen 
analysis. The effect of the presence of enriching gas in the furnace atmosphere on hydrogen 
uptake during carburizing is investigated by performing carburizing using only carrier gas in 
the furnace and without any enriching gas i.e. methane/propane.    

3.1 Materials and sample preparation 

The steel grades used in this study were AMS 6418 and 3HSL64 delivered by Sandvik and 
20NiCrMoS2 delivered by Scania. The chemical composition specifications of steels are 
listed in  

Table 3-1.  

Table 3-1 Chemical composition of steel samples in wt. % 
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Grade of Steel C Si Mn P S Cr Mo Ni Cu Al N 

3HSL64 0.15 0.3 0.7 0.02 

(Max) 

0.02 1.3 0.3 2.9 - - - 

AMS 6418 0.25 1.5 1.3 0.03 

(Max) 

0.02 0.3 0.4 1.8 - - - 

20NiCrMoS2 0.17 

0.23 

0.40 

(Max) 

0.60-
0.95 

0.035 

(Max) 

0.030 

0.050 

0.35 

0.65 

0.15 

0.25 

0.35 

0.75 

0.35 

(Max) 

0.050 

(Max) 

0.005 

0.015 

 

The as-received test materials were delivered in form of round sectional steel- rods with a 
length of 100 mm and the diameter of 20mm. The steel samples were then cut into disks with 
a diameter of 20 mm and the thickness of 5 mm. At the next stage each disk was cut again in 
to four pieces with the diameter of 10 mm and the thickness of 5 mm. Figure:  3-1 shows the 
final form of specimens which was chosen to be appropriate to the hydrogen measurement 
analyser Leco-RHEN602.  

 

 

 
 Figure:  3-1   The final shape of steel specimen used to hydrogen content analyses 
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Figure 3-2 Martensitic microstructure in steel samples after case hardening, core (left)and 

core+surface (right) 
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Figure 3-3 Hardness profile, AMS6418  

 
Figure 3-4 Hardness profile, 3HSL64  

 
Figure 3-5 Carbon profile, case hardened steels 
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3.2 Heat Treatment 

3.2.1 Gas carburizing 

Steel specimens were case hardened at Bodycote where gas carburizing method was used. All 
steel samples were heat treated at the same batch. The heat treatment parameters are given in 
Table 3-2 and a schematic representation of case hardening cycle is shown in Figure 3-6 . 
These parameters include time, temperature and carbon activity of the furnace atmosphere. 
The boost cycle were used in regular furnace atmosphere containing carrier gas and enriching 
gas. The carburizing process was conducted at the temperature of 930° C for 65 minute. The 
furnace temperature was then decreased to 860°C during the rest of carburizing process. The 
carbon potential was controlled to 1.0 % (boost) for 45 minutes and 0.8 % during the rest of 
carburizing process. The steel specimens were then quenched in quenching oil. The quenched 
specimens were hand washed after quenching and before tempering.  A number of specimens 
were stored at liquid nitrogen and the other ones were tempered at 180 °C in 60 minute at air.  
The tempered specimens were then cooled down within one hour at 160 ° C. 

Table 3-2 Heat treatment parameters for regular carburizing 

TEMP °C  CP TIME (MIN)  
 

REGULAR CARBURIZING ATMOSPHERE 
930 1,0 45 
930 0,8 20 
860 0,8 30 

Quenching in oil 
 

Hand Washing 
 

Tempering 180°C 60min Air 

 
Figure 3-6 Approximate representation of case hardening cycle: carburizing and tempering 
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3.2.2 Gas carburizing without enriching gas 

In order to determine the effect of enriching gas on hydrogen content, steel samples of type 
AMS 6418 were carburized in a specific carburizing atmosphere without enriching gas 
(propane). Only methanol and nitrogen were used in carburizing furnace atmosphere.  

The heat treatment cycle were conducted following the same temperature cycle as the 
“normal” gas carburizing as described in 3.2.1. The carbon potential in the atmosphere was 
not controlled. 

The heat treatment parameters are given in Table 3-3 and a schematic representation of the 
carburizing cycle is shown in Figure 3-7. 

Table 3-3 heat treatment parameters for carburizing without enriching gas 

TEMP °C CP TIME (MIN) UNREGULAR CARBURIZING ATMOSPHERE 
NO ADDITION OF PROPANE  

ONLY NITROGEN AND METHANOL 
930 -  65 
860 -  30 

Quenching in oil 
 

Hand Washing 
 

 
Figure 3-7  Approximate representation of case hardening cycle without enriching gas 

 

3.3 Hydrogen measurement  
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thermal Conductivity detection. The melt extraction method is used at a temperature of 
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RHEN602 which can determine the hydrogen content of a sample with high precision 
measurement and uses a self-contained electrode furnace for fusion. Hydrogen is measured by 
thermal conductivity in a TC cell (thermal conductivity cell) with respect to hydrogen’s 
relatively high thermal conductivity. 

Analysis begins by placing an empty graphite crucible on the lower electrode and pressing the 
loader button. The electrodes come close and the atmosphere is purged from the crucible. 
High current passes through the crucible generating heat, which drives off gasses trapped in 
the graphite. This process is called outgassing. At the next stage the sample is dropped from 
the loading mechanism into the crucible. High current is again passed through the crucible 
driving off gases in the sample. To prevent further outgassing during analysis a current lower 
than outgas current is used. Carrier gas from the gas supply tank first passes through heated 
copper oxide to convert CO to CO2. Then it passes through Lecosorb and Anhydrone to 
remove CO2 and moisture. This process filter the carrier gas before it passes through the 
reference side of the TC cell and into the furnace. As the sample is heated, hydrogen is 
released into the carrier gas stream and carried through the measure flow section of the 
system. Sample gas from the furnace passes through the mass flow controller and the through 
Schutze reagent that converts CO to CO2. Then the sample gas passes through Lecosorb and 
Anhydrone that removes CO2 and moisture. The remaining gas is sent to the molecular sieve 
column, which separates the components of the gas based on the size of the molecule. The 
sample gas then passes through the measure side of the TC cell where the hydrogen content is 
measured. The signal developed by TC cell is applied to an analogue converter, to a digital 
converter and then to the PC, using the application software which determines the hydrogen 
result.  

 
Figure 3-8: Leco RHEN602 analyser for the determination of hydrogen content 
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3.3.2 Measuring procedure  

The measurements of hydrogen contents were conducted in seven different “heat treatment 
conditions” listed below: 

I. Before case hardening  
II. Straight after case hardening  
III. Straight after case hardening without enriching gas  
IV. One day after case hardening  
V. One week after case hardening  
VI. Two weeks after case hardening  
VII. Straight after tempering  

The hydrogen content in all three steel grades were measured in each condition apart from 
case hardening without enriching gas where only AMS 6418 samples were used for hydrogen 
content analysis. 

All heat treated steel specimens were stored in liquid nitrogen until hydrogen analyses were 
conducted. The specimens of states IV, V and VI were first stored in air at room temperature 
for one day, one week and two weeks respectively and then stored in liquid nitrogen before 
the hydrogen analyses were conducted.  

As impurities at specimen surface can significantly affect the measured hydrogen content, all 
samples were cleaned in ethanol in an ultrasonic bath.  

The calibration of the measuring device (Leco) is verified at 0 with an empty graphite crucible 
and at 6ppm using a reference material. 

The reference material is a stainless steel with a hydrogen content of 6±0.2 ppm. The obtained 
measured values for the reference material were 6.02 and 6.18. The average value of the 
measurements performed on the reference material (6.10 ppm) is within the given hydrogen 
content interval of the reference material hence a good accuracy of the Leco instrument.  

The total scatter of the measurement includes the sum of the scatter in hydrogen content in the 
material and that of the measuring device (Leco). As the total precision of the measurement is 
within the scatter in hydrogen content in the reference material, it can be assumed that the 
precision of the Leco measurement is very good. The measurements were conducted using 
2000°C melt extraction method.  

The specimen together with 0.5 g tin (Sn) is loaded into an intermediate area and the crucible 
is loaded. The air is purged around the crucible and nitrogen is flown. The empty graphite 
crucible is pre-heated to 2000°C to burn all contamination before the sample and the tin 
additive are dropped in the crucible. The sample is then melted using an 825 A stabilized 
current for 50 seconds. Integration was started 40 seconds after the sample is released and 
lasts for minimum 30 seconds or until the signal gets lower than 2% of the peak value. The 
analysis takes about 7 minutes for each sample. 
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4 Results 
The hydrogen content measurement in this study was referred to the total hydrogen content 
including both diffusible hydrogen and trapped hydrogen by means of melt extraction 
method.   

Based on the results in this study which are presented in Figure 4-1, all steel grades used in 
this investigation absorb hydrogen during case hardening by gas-carburizing. A great part of 
absorbed hydrogen is then released by effusion after being stored at room temperature and 
during tempering.  

Figure 4-1 shows the measured hydrogen content in the steels in each condition. The analysis 
for each steel grade is based on 2 or 3 individual measurements as summarised in Table 4-1.  

 

Table 4-1: Number of samples used for hydrogen measurements 
 AMS6418 3HSL64 20NiCrMoS2 
Before case hardening  2 2 2 
Straight after case hardening  2 2 2 
Straight after case hardening without enriching gas  3 - - 
One day after case hardening  3 3 3 
One week after case hardening  3 3 2 
Two weeks after case hardening  3 3 3 
Straight after tempering  2 2 2 
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Figure 4-1 Hydrogen content of different steels before and after heat treatments 

4.1 Hydrogen absorption during case hardening 

For practical reasons (transport between heat-treatment facilities and Swerea KIMAB) the 
measurements after gas carburising were conducted after about 2 hours at room temperature. 

Relatively low levels of hydrogen contents were determined in steel samples before case 
hardening (<0.2 ppm). Hydrogen contents increased strongly during gas carburizing up to 0.8-
1.48 ppm depending on the steel grade. 

3HSL64 steel appears to absorb more hydrogen content than the other two steels. AMS6418 
steel and 20NiCrMoS2 steel follow that respectively. 

In case of carburizing without enriching gas, the hydrogen content in AMS6418 steel   
increased only to approximately 0.57 ppm which is approximately 50% of the hydrogen 
content after gas carburizing with enriching gas (1.02 ppm) for the same steel grade.  
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4.2 Hydrogen effusion at room temperature 

A high amount of absorbed hydrogen in case hardened steels were released from the steel 
specimens by effusion after being in air at room temperature within the first day. The 
hydrogen content at this state varied from 0.47 ppm to 0.63 ppm in different steel grades, 
approx. 50% of the hydrogen content after gas carburising. The hydrogen content decreased 
even more after storing in air for one week at room temperature. For the steels 3HSL64 and 
20NiCrMoS2, the hydrogen content after two weeks at room temperature appears to be almost 
at the same level as that after one week. The hydrogen contents after 2 weeks were measured 
to 0.15-0.28 ppm in different steel samples. It is therefore assumed that all diffusible 
hydrogen has already diffused out after one week. The greatest amount of effusion in case 
hardened and non-tempered steels obviously takes place within the first week in air at room 
temperature. Possibly the effusion of all diffusible hydrogen occurs after one week and 
following that the hydrogen effusion retards.  

Due to the obtained values for hydrogen content after various periods of time at room 
temperature the degree of effusion can be calculated and plot as a function of time showed in 
Figure 4-2. This figure shows that the degree of effusion of hydrogen from 3HSL64 and 
20NiCrMoS2 stops around 80% after one week at room temperature, when it continues to 
increase for AMS6418. This indicates that the assumption that the concentration of trapped 
hydrogen is equal to the hydrogen content before gas carburizing is reasonably valid for 
AMS6418, but not valid for the other two steels.  

According to the H. Streng study [15] the degree of effusion can be calculated based on the 
ratio of the final concentration to the initial concentration by means of the diffusible hydrogen 
content. (eq. 30) 

Since the hydrogen analyses in this investigation are based on the total hydrogen content 
(diffusible and trapped), Ctotal=Ctrapped+Cdiffusible.  It is assumed that Ctrapped is equal to the 
amount of hydrogen measured before heat treatment Ci. This assumption is not completely 
correct as the microstructure before heat treatment differs from that of heat treated material. It 
is however a reasonable approximation. The degree of effusion, f, can be assessed as the 
following expression: 

f (t) = [!  (!)  !  !!]
[!!  !  !!]

 x100% 

Where  

C (t), is the hydrogen content at a specific storing time  

C2, is the hydrogen content straight after case hardening (measured 2 hours after heat 
treatment). 

Ci, is the hydrogen content before case hardening 
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Figure 4-2 Degree of effusion at room temperature as a function of time 

 

4.3 Hydrogen effusion during tempering 

The tempering cycle was 180°C for 1 hour. The samples were loaded in a cold furnace and 
the actual heating time was short (a few minutes). At the end of the hour at 180°C the furnace 
was switched off and the samples were left in the furnace until the staff from Swerea KIMAB 
collected them (approximately 1 hour later). The furnace temperature was then about 160°C. 

Diffusion kinetics increases with temperature. Therefore it is expected that the rate of effusion 
is increased by tempering. The measured hydrogen contents after tempering are of similar 
levels as those after one week at room temperature. The conclusions are therefore similar: for 
the steels 3HSL64 and 20NiCrMoS2 it can be assumed that most diffusible hydrogen has 
effused out whereas the effusion will continue at room temperature for AMS3064. 
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5 Discussion 
 
All steel grades were heat treated in the same carburizing batch using the same parameters 
(temperature, time and atmosphere composition) during gas carburizing. The obtained case 
depth and carbon profile after the carburizing procedure varied in different steel grades. The 
carburizing parameters were controlled to provide a relatively thin case depth (aiming at 
0.5mm for 3HLS64) due to the small size of specimens (5 mm in thickness).  

Since the penetration depth of hydrogen during carburizing is much higher than that of carbon 
(see eq.26), the case depth might have very little influence on the amount of hydrogen 
absorption during carburizing. The specimens will quickly be saturated with hydrogen 
regardless the case hardening depth.  

As mentioned above, the steel specimens that were measured “straight after” carburizing were 
left in air at room temperature for about two hours after carburizing and before storing in 
liquid nitrogen. Due to the high effusion degree of hydrogen at room temperature, it can be 
assumed that a relatively high amount of absorbed hydrogen may effuse out within two hours 
after carburizing. Therefore our measurement performed two hours after gas carburizing may 
not be representative of the hydrogen content straight after carburizing. 

The hydrogen content straight after case hardening varies from steel to steel. This variation 
can be referred to the differences in chemical composition and carbon content which influence 
the amount of absorbed hydrogen at carburizing furnace. The state of residual stresses and the 
amount of retained austenite influence hydrogen effusion at room temperature and hydrogen 
content.  

The size of specimens also influences the degree of effusion. This needs to be taken into 
account before comparing the results of this study with those of H. Streng [15]. 

Our measurements show 80% effusion after 7 days, which is to be compared to the 23 days of 
Streng’s experiments. The obtained results are quite close to each other when applying the 
Einstein diffusion equation (eq. 25): it takes four times as long to diffuse double the distance 
(2.5mm in our study vs. 5mm in [15]): 23/4=5.75 which is of the same order of magnitude as 
the 7 days we obtained.  
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6 Conclusions 
The main results noted from the literature study are listed as below: 

Ø All steels absorb hydrogen by heat treatment in a hydrogen-rich atmosphere like that 
of gas-carburizing 

Ø Hydrogen effuses at room temperature and its content can decrease to  the hydrogen 
content before heat treatment after storing in air over a certain period of time 

Ø The kinetics of effusion is increased by increased temperature and tempering is 
favourable to reduce the hydrogen content 

Ø Surface oxidation reduces the kinetics of effusion of hydrogen 
Ø Hydrogen diffusion and steels susceptibility to hydrogen embrittlement vary with 

carbon content 
Ø Increased retained austenite increases the ability to trap hydrogen 
Ø Decreased grain size increases the content of absorbed hydrogen 
Ø Hydrogen diffuses quicker in martensite than in austenite 
Ø The morphology of martensite influences the hydrogen trapping ability 
Ø Increased compressive residual stresses reduce the local hydrogen content 

 
Three steel grades were investigated in this study: 3HSL64, AMS 6418 and 20NiCrMoS2. 
Case hardening by gas carburizing was conducted on 5mm thick steel samples and hydrogen 
content measurements were performed using the melt extraction method. The obtained 
measured vales indicated the following: 

Ø All three steel grades absorb hydrogen during case hardening by gas-carburizing. The 
amount of absorbed hydrogen varies in different steels carburized in the same batch. 
From the highest to the lowest uptake:  
3HSL64 > AMS 6418 > 20NiCrMoS2 

Ø Around 50 % of hydrogen in the carburized steel (AMS 6418) is provided by the 
reaction with nitrogen-methanol included in the furnace atmosphere 

Ø Around 50 % of hydrogen diffuses out of the steel specimens after one day 
Ø The hydrogen contents in 3HSL64 and 20NiCrMoS2 measured after two weeks are 

the same as those measured after one week. This indicates that most free hydrogen has 
diffused out of the steel samples after one week  

Ø The hydrogen contents in 3HSL64 and 20NiCrMoS2 measured after two weeks are 
significantly higher than those before heat treatment, indicating a high amount of 
trapped hydrogen after heat-treatment 

Ø The hydrogen content in AMS 6418 after 2 weeks is at the same level as that before 
heat treatment, which is a sign that the hydrogen content in this steel after case 
hardening can reach very low levels 

Ø The hydrogen content after one hour tempering at 180°C is the same as that measured 
after one week at room temperature for all steels 
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9 Definitions 
Adsorption: The phenomenon of attracting and retaining the molecules of a substance on the 
surface of a liquid or a solid resulting into a higher concentration of the molecules on the 
surface is called adsorption.  

Desorption: The reverse phenomenon to adsorption is desorption 

Absorption: Absorption is a physical or chemical phenomenon or a process in which atoms, 
molecules, or ions enter some bulk phase – gas, liquid, or solid material. This is a different 
process from adsorption, since molecules undergoing absorption are taken up by the volume, 
not by the surface (as in the case for adsorption). Absorption is a condition in which 
something takes in another substance.  

Uptake: The act of absorbing 

High strength steel: High strength steels are designed to achieve high strength level after 
heat treatment. They are frequently used in many types of applications where good 
mechanical properties are required.  High strength low alloy steels (HSLA), are produced 
using micro-alloying elements like Nb, Ti, Mo, V etc.  

Hydrogen embrittlement: Hydrogen can easily invade and diffuse into metallic materials, 
and cause a decrease in ductility, fracture toughness and fatigue life .This is known as 
hydrogen embrittlement.  

Occlusion: local saturation of a substance in another, e.g. occlusion of hydrogen at grain 
boundaries 

Trapping sites: Trapping sites include defects in metals such as dislocations, grain 
boundaries, voids and particle-matrix interfaces with a tendency to trap hydrogen and thereby 
influence the diffusion of hydrogen in metal. 

Diffusion: Diffusion is the transfer of mass within a solid. It can also be a transfer of mass 
from a liquid, a gas or a solid phase to a solid on a microscopic level. 

Effusion: effusion of hydrogen is defined as the opposite of hydrogen uptake: atomic 
hydrogen diffuses through the steel to the surface and forms hydrogen gas that leaves the 
material 

Solubility: The solubility of a substance is the maximum amount of that substance that will 
dissolve in a given amount of solvent under specified conditions of temperature and pressure. 

Permeability: The rate of flow of a liquid or gas through a porous material  
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Diffusivity (mass diffusivity): Diffusivity is the ability for a substance to diffuse within a 
material. It is expressed by the diffusion coefficient, which is the proportionality constant 
between the molar flux of that substance and its concentration gradient (or the driving force 
for diffusion).  

Peening: Peening is a surface treatment used to introduce compressive residual stress to 
enhance the mechanical properties of a material, such as its resistance to stress corrosion 
cracking and its fatigue strength, may, therefore, suppress the embrittlement caused by 
hydrogen. In real applications, peening techniques, such as shot peening, cavitation peening 
and laser peening can be used to plastically deform the surface, introducing compressive 
residual stress to improve the fatigue life and resistance to stress corrosion cracking.  
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