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ABSTRACT

Steel is an alloy of iron and carbon and various other elements including chromium, nickel, manganese, vanadium,
titanium, cobalt and tungsten. Steel is known for its high tensile and high fatigue strength and is employed hugely in
buildings, weapons, and tool and automobile applications. In modern era, the production and consumption of steel
has become a measure of a Nation’s economic strength. Therefore the maintenance of steel and prevention from
corrosion is a matter of worldwide concern. The chief corrosion method of steel is hydrogen embrittlement. Various
experimental researches and theoretical investigations have been carried out to study about the mechanism of

hydrogen embrittlement in industrial steels and its prevention.
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1. INTRODUCTION

Steel is one of the most important, adaptable and
multi-functional of most of the materials. The
development of steel can be treated as a synonym for
the development of mankind. The foundation of the
developed economies of today’s world is laid on the
superior strength and widespread uses of steel and
today the production and application of steel is seen
as a direct means of a nation’s economic and
industrial strength[1].

Steel can be further classified into several categories
on the basis of different criterion. According to the
amount of carbon present they can be classified into
low, medium and high carbon steels. Depending on
the alloying elements and their use they can be
classified as tool, mild and high speed steel (HSS).
Steel has some unique characteristics like resistance
to heat, ability to withstand hot and cold forming,
resistance to wear, corrosion as well as being hard
and tough, which makes it highly adaptive and weld
able in every aspect of applications. The machining
cost on steel is very low which allows steel to be
manufactured in variety of shapes and areas of use.
The resistance to corrosion property of materials is
one of the most important factors implicating the
long life in various applications [1-2]. The corrosion
problem can arise due to physical as well as
metallurgical parameters [2]. The main applications
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of low carbon and low alloy steels include the power
and petrochemical industry. Majority of these steels
present a problem of being susceptible to hydrogen
attack when subjected to elevated temperatures and
pressures during application. The term ‘hydrogen
embrittlement’ is used to describe one of the most
common effects of hydrogen in steels, which include
loss of capacity to carry high loads, loss in
mechanical properties like ductility, and enhanced
fatigue cracking. [3].

The manufacturing facilities have been evolving
various techniques with a basic motive of improving
the characteristics of steel. There are more than two
thousand grades of steel developed till now and
thousand grades of which are high grade steels. There
is an everlasting huge potential for improving new
grades of steel offering a wide range of
characteristics. Steel will always be one of the major
elements for years to come. Thereby there is a need
to improve the overall characteristics of this alloy so
that it can be used with much more efficiency. This
can be partly achieved by improving the alloy
composition and thus enhancing its value. Aluminum
is giving a tough competition to steel and will
continue to give in nearby future. [4].
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One of the major applications of steel is in different
kinds of power plants. The major areas of application
include boilers, pipe lines, and generator tubes,
additional parts like screws fasteners, bolts, nuts, and
supporting assemblies. [4-5]. All these selections are
made from the close studies of their properties. These
parts are subjected to fatigue or fracture failure due to
hydrogen embrittlement [6-7].

The ductile to brittle transformation and fracture
mechanics of materials is a complex process
involving dynamic micro analysis. [8,10]. In today’s
energy-demanding society, there is an increasing
trend toward gaining energy from more expensive
sources. These sources constitute mainly fossil fuels
from harsh environments and renewable energy
sources, such as wind and wave power. Both of these
approaches require modern materials with high load-
bearing capacities, better tribological properties, and
greater resistance against environmental effects such
as corrosion and hydrogen embrittlement. All these
properties can be met in one compound- the steel.
The steel industry is continuously developing steels
with superior mechanical properties for use in
offshore oil platforms or wind mills. With increased
mechanical strength, however, these steels become
more prone to hydrogen embrittlement [11-14].

It’s clear that hydrogen embrittlement remains to be
one of the major contributors for corrosion of steels if
embrittlement is seen as a mechanism which requires
plenty of time and specific environmental conditions.
Therefore studying this mechanism and identifying
the various factors which either promotes or suppress
the corrosion of steel is very necessary to increase the
service life of steel in its various applications [15-19].
Rigorous studies and researches have been carried
out till now in this field and we have gathered a lot of
crucial information regarding this matter.

The chief constituent element of steel is Iron. Iron
exists in 2 allotropic forms, the BCC or the Body
Centered Cubic and the FCC or the Face Centered
Cubic. The BCC form is known as Ferrite and the
FCC structure is known as Austenite [20-21]. These
allotropic forms exist at particular range of
concentrations and temperature ranges. Due to
interaction between the different allotropic forms and
the alloying elements the steel is capable of showing
its characteristics of high tensile strength [22]. In the
case of pure iron, the crystal structure poses a very
low resistance to the slipping mechanism, and
therefore pure iron is soft, ductile, and formable[23].
Therefore this proves the need to include minor
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amounts of carbon and other inclusions within the
iron which can act as hardening agents that prevent
the movement of dislocations that are common in
the crystal lattices of iron atoms [24-29].

Hydrogen damages prove to be an important factor in
the degradation of metallic objects. Hydrogen
Embrittlement (HE) of steels is extremely important
topic for research due to huge application of steel in
industrial applications and this article outlines the
present level of studies which we have undergone in
this area.

EXPERIMENTAL STUDY

MECHANISMS

The prime motive is to study the mechanisms of
hydrogen penetration in the steel and detailing about
the crack propagation. Research has outlined
different mechanisms for hydrogen propagation and
crack growth. All have been studied vigorously and
the major conclusions indicated that hydrogen
enhances plastic behavior of materials under loading
conditions [15, 30, 31]. IAN M. ROBERTSON et al.
conducted the experiments which include in situ
Transmission Electron Microscopy (TEM) straining
experiments which were performed in a controlled
gaseous hydrogen environment and further tested by
several macro scale mechanical property tests.

B. Liao et al. conducted experiments for crack
propagation and they reveal that the hydrogen shrinks
the dislocation free zone (DFZ) by considerable
amounts thereby leading to increase stress levels.
Hydrogen also increases plastically deformed zone
(PDZ) and makes the material plastic in nature under
loading conditions [31-33].

V. |I. Shvachko gave several facts and information
about the reversible hydrogen embrittlement in
metals and analyzed various aspects of this hydrogen
embrittlement at the atomic,  dislocation,
microstructural, and macrostructural levels. They
concluded that the defective structure of a metal
plays a decisive role in all stages of reversible
hydrogen embrittlement [34-38].

A.T. YOKOBORI conducted numerical analyses and
gathered  significant information  about the
phenomenon associated with the stress corrosion
cracking and the elastic-plastic stress field which
develops in the vicinity of the crack and the
following interaction involving dislocations and
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hydrogen encircling a crack tip. The study included
both the ductile and brittle materials. The results
validated the experimental results obtained by other
researchers. [39-40].

I. K. Pokhodnya et al. proposed a new procedure for
testing and studying the various aspects of hydrogen
embrittlement of steels. They explained that the
present methods available for the quantitative
determination of the sensitivity values of structural

WELDING

Steel is often subjected to shielded metal arc welding
(SMAW) process. To investigate the resistance to
corrosion, the mechanical properties and hydrogen
embrittlement of steel from an electrochemical
viewpoint, experiments were conducted with SSRT
or the slow strain rate test method. The cathodic
potential was kept constant. The SEM analysis was

PIPELINE

The pipelines are the lifeline of economy. Various
resources like natural gas and oil are transported
thousands of kilometers using pipelines. Hence the
study of corrosion phenomenon in pipelines is very
necessary. The initial study indicated that the
ductility is reduced by the strain ageing of pipe metal
which was composed of HSS (high strength steel) of
strength category Kh80 (L. A. Efimenko et al.). At
various temperatures the nature of steel was noted.
The experiment concluded that the reaction of
hydrogen with steel Kh80 after strain ageing leads to
insignificant amount of embrittlement. This is
because intergranular brittleness is developed in
significant amount. [47-50].

In a different experiment a plastic welded joint of
17G1S steel taken from a gas main was studied for its
behavior of corrosion. The joint showed
susceptibility to hydrogen embrittlement after
electrolytic hydrogenation in acid solutions were
carried out. (O. T. Tsyrul’nyk( et al.). The experiment
also concluded that the procedure involving
preliminary hydrogenation of specimens with welded
joints under loading increased their susceptibility to
embrittlement. [51-54].

Further in the study of steel bolts and nuts,
experiment showed that anodically coated high
strength steels (HSS) showed an increase in tendency
towards hydrogen embrittlement. GIAN FRANCO et
al. used a scratched Cd-coated AISI 4340 steel
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steels were not able to provide rigorous physical
justification. They developed a new experimental
procedure on the basis of the new physical model of
hydrogen embrittlement which facilitates the
determination of the degree of reduction in the brittle
strength of a metal when subjected to the reversible
influence of hydrogen. [41-44].

used to analyze the fracture surface (Seong-Jong Kim
et al.). The major conclusion was that the post-weld
heat treatment (PWHT) led to increased resistance to
corrosion and better mechanical properties. Also the
time-to-fracture and elongation were significantly
decreased with decreasing the cathodic polarization
potential. [1,2,45-46].

membrane which was coupled with different
materials. Then they used a modified Devanathan—
Stachurski permeation apparatus to measure the
hydrogen uptake. In their study they concluded that
in the presence of a crevice on steel sample, metals
nobler than cadmium (Cd) highly enhance local
hydrogen reduction on exposed steel areas, and
increase the probability of corrosion and brittle
fracture. This study guided the discontinuation of
coupling of Cd-plated AISI 4340 steel bolts to the
uncoated nuts comprising of noble passive alloys
(like Inconel) [55-61].

Similar analysis was also conducted on zinc coated
hub bolts to understand their mechanism of failure.
The results showed that hydrogen embrittlement was
the mechanism responsible of the failure of
specimen. The chief features of the fracture surfaces
were micropores on the grain surfaces and the
yawning grain boundaries. The experiment also
showed that poor baking treatment may lead to the
partial removal of hydrogen from the sample and can
initiate hydrogen embrittlement. [Na Xu et al. 62-67]

In a very recent experiment a thermal desorption
analysis was conducted on X80 pipeline steel to
measure the tracer hydrogen owing to that of lattice
defects. (M. Hattori et al). The study showed that the
amount of tracer hydrogen and the hydrogen
embrittlement  susceptibility — were  inversely
proportional to the crosshead speed. A significant
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increase in the formation of strain-induced lattice
defects immediately before the final fracture was also
observed. This proved that the hydrogen enhances the
formation of crystal defects just prior to the final
fracture. The experiment also concluded that the final
fracture occurred as a result of the conjugation of
voids nucleated by the coalescence of several
vacancy defects [68-74].

APIX70 steel is widely used as a material for
construction of a pipeline for natural gas. Since the
natural gas contains considerable amounts of
hydrogen the pipeline is prone to hydrogen
embrittlement. Study was conducted in order to
analyze the effects of the hydrogen on the hydrogen
embrittlement of air-cooled API X70 steel. (Dong-Su
Bae et al.) The result showed that the tensile strength
and vyield were increased significantly and the
elongation was considerably decreased for the sample

NATURE

The nature of hydrogen embrittlement from the
perspective of chemical kinetics is also very crucial
for understanding the various aspects related to it.
The study on the two component continuum model
with interaction between components helped to
gather information about the kinetics of hydrogen
embrittlement under loading conditions (D. A.
Indeitsev et al.). the study on the model predicted
loop dependence between stress and strain for

STRENGTHENEING

As mentioned in previous references the
microstructure of the steel plays an important role in
determining its resistance to corrosion and also
hydrogen embrittlement. Addition of elements like
nitrogen and silicon to the Fe-Cr-Ni system enhanced
its resistance towards corrosion and cracking also.
The experiment comprised of development of a new
type of chromonickel stainless steel (Fe—Cr—Ni—N—
Si) which was based on previously conducted
researches. On the basis of the new system, two
grades of steel were developed: 03X17H9AC2 and

CONCLUSION

Steel is by far one of the most important materials
present on Earth. Its amount of consumption is seen
as a measure of economic strength of a nation.
India’s consumption is 61 Kg of steel per capita.
With this enormous amount of steel consumption it
becomes very necessary to prevent it from corrosion.
The major contributor to this corrosion is the
hydrogen embrittlement which affects all the areas of
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which was subjected to greater holding time in the
vessel. The major conclusions comprised of the effect
of hydrogen on changing the nature of fracture from
ductile to brittle and also the formation of external
cracks on the surface of specimen [75-81].

The existence of secondary phase particles like
carbides also enhances the hydrogen embrittlement in
steels. The carbide particles can act as trap sites for
hydrogen atoms and, thus their presence has a
profound impact on the kinetics and degree of
hydrogen embrittlement of steels. V. G. Khanzhin et
al. conducted experiments gather more information in
this aspect using heat treatable 35KhGM and
33KhM1F steels as test samples with varying
contents of carbide forming elements like
molybdenum and vanadium and concluded that the
carbides act as additional factors only while ductility
and strength are the key factors which decide the
kinetics of embrittlement [82-88].

materials containing dissolved hydrogen. This
cleared the fact that the process of hydrogen
embrittlement is a first order phase transition and
takes place through nucleation of a new embrittled
phase. Further thermodynamic equations and kinetic
theories were also developed for hydrogen
embrittlement which enabled us to calculate
nucleation rate for embrittled phase [89-96].

03X14H9AC4 steel (V. V. Naumenko et al.). They
are characterized by higher strength and corrosion
resistance than for 03X18H11 steel, which is widely
used in oxidative conditions. The two types of steel
samples were subjected to various heat treatment
processes before tensile tests. The final conclusion of
the experiment is that the addition of elements like
nitrogen and silicon enhance the corrosion resistance
of steel and also the austenite structure proves to be
more stable and resistant to corrosion [97-101]

application including boilers, pipelines, bolts etc. We
have come a long way in gaining the knowledge
regarding this aspect. They have proved very
beneficial as the cases of failure are decreasing. But
still several researches are still going on in different
parts of the world. Surely in the future we will be
more efficient in using steel in the best possible
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manner decreasing its chances of embrittlement and
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