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Abstract

Hydrogen embrittlement is, and has been for over a century, a prominent
issue within many sectors of industry. Despite this, the mechanisms by which
hydrogen embrittlement occurs and the suitable means for its prevention are
yet to be fully established. Hydrogen embrittlement is becoming an ever more
pertinent issue. This has led to a considerable demand for novel hydrogen
embrittlement resistant alloys, notably within the bearings industry.

This paper provides an overview of the literature surrounding hydrogen
embrittlement in bearing steels, and the means by which manufacturers may
optimise alloys and accompanying processes to prevent embrittlement. No-
tably, novel steels combining both high strength and hydrogen embrittlement
resistance are reviewed with respect to their design, evaluation methods, and
required future work.

Keywords: Hydrogen Embrittlement, Bearing Steel, Microstructure,
Rolling Contact Fatigue, Damage, Alloy Design

1. Introduction

Hydrogen-induced degradation manifests itself in numerous ways, such as
the catastrophic failure of high-strength steels [1], the contribution to stress
corrosion cracking of various materials [2], and the failure of zircalloy fuel
cladding in nuclear reactors by hydride formation [3] among others. Despite
significant research in recent decades, hydrogen-induced degradation is still
not fully understood. Although a number of mechanisms have been postu-
lated and consequently extensively investigated in the literature, the evidence
on the fundamental mechanisms and the true causes of hydrogen-induced
degradation remain inconclusive. The most supported and consequently
heavily investigated are those of hydrogen enhanced decohesion (HED) [4]
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and hydrogen enhanced localised plasticity (HELP) theory [5]. Despite the
lack of a conclusive theory, it is established that hydrogen enhances plasticity
local to crack tips, increases slip deformation and reduces the critical stress
required to propagate cracks [6].

Hydrogen-enhanced fracture is a considerably complex problem, with
the contradictory behaviour of microscale ductility leading to brittle frac-
ture [7]. This complexity is further extended by the ingress-dependence and
microstructural-dependence of the resultant mechanisms [8]. For example,
the hydrogen diffusivity, dependent upon the trapping characteristics of fea-
tures such as grain boundaries and precipitate interfaces, will depend upon
the coherency of the respective boundaries [9] [10]. Coupling these structural
features’ trapping behaviour with the effects hydrogen has on said features’
strength [11], predicting hydrogen-enhanced crack initiation and propagation
becomes complex. In addition to these microstructural dependencies, the na-
ture of crack initiation and subsequent growth is governed by the external
stresses applied, the temperature and the alloy strength, resulting in a range
of possible mechanical reactions from grain boundary decohesion [12] to pre-
cipitate shear [13]. This results in a challenging division for stress to strain
criteria in hydrogen-induced failures, and indicates that various phenomena
could be postulated for the same failure. It is this complexity, and the lack
of conclusive hydrogen-induced failure mechanisms, which has resulted in
hydrogen embrittlement remaining a largely misunderstood phenomenon.

This paper provides a review of the current literature regarding hydro-
gen embrittlement of relevance to designing hydrogen embrittlement resistant
bearing steels, including the fundamentals of rolling contact fatigue (RCF)
[14], microstructural design [15] and the experimental techniques available
for the assessment of hydrogen embrittlement [16]. Included, is a description
of the primary mechanisms of hydrogen ingress and proceeding embrittle-
ment as postulated in the literature, identifying corresponding experimental
evidence, discrepancies and relevant knowledge gaps.

2. Mechanisms of Hydrogen Ingress

The ingress of hydrogen into steels can occur in a number of ways, varying
with the respective environment [17]. To better develop hydrogen resistant
bearing steels, it is first necessary to establish the mechanisms by which
hydrogen forms, enters and diffuses through the material. As it will be shown,
almost all instances of hydrogen embrittlement begin with the decomposition



of molecules into hydrogen at the material surface, the exception being those
already in a hydrogen-rich environment where diffusion of atomic hydrogen
directly into the bulk dominates [17]. The following subsections, based upon
open literature, present the most common mechanisms of hydrogen ingress,
their current means of prevention and any source-specific effects.

2.1. Ingress From Lubricant Decomposition

The mechanism of hydrogen ingress thought to be most prevalent to bear-
ings, the decomposition of lubricant oil, occurs under the repeated stresses
and resulting heat of bearing operation [18]. As will be discussed later, it
is well known that white etching structures, often termed white etching ar-
eas (WEA), form directly underneath the rolling contact surface, becoming
initiation sites for subsurface cracks often leading to bearing failure [19]. A
study conducted by Kino and Otani [20] investigated the cause of such regions
with respect to bearing failure due to flaking, focusing primarily on the ef-
fects of hydrogen content. Thrust ball bearings having raceways of SCM420H
steel (Table 1), a surface carburisation hardened mild carbon steel, and balls
of SUJ2 steel, a high-carbon chromium alloy steel, with surface hardnesses
of 720 and 770 HV respectively, were tested in two different traction fluid
oils, both containing different additives. The composition of said oils was
not disclosed, neither were the compositions of the steels, though said steel
grades’ typical compositions are shown in table 1. It was found that the de-
composition of both oils resulted in hydrogen ingress into the steels causing
hydrogen-enhanced failure. However, oil no.1 produced greater amounts of
hydrogen upon decomposition in an identical testing environment to that of
oil no.2; this highlights the importance of oil composition on the resulting
hydrogen ingress. The results are shown in Figure 1, indicating the hydrogen
content of the steels before and after testing in both oils.

A more detailed example of oil decomposition, that of synthetic hydrocar-
bon oil (1, 2, 4-Tris (2-Octyl-1-Dodecyl) Cyclopentane), was presented with
respect to 100Cr6 bearing steel, a typical composition of which is shown in
Table 1, demonstrating the process by which hydrogen ingress occurs [22].
Under feasible rolling conditions, decomposition was shown to result in the
formation of hydrogen and hydrogenous products: CHs*, CoHst, CoHy™
and C3H;™, promoting hydrogen diffusioninto the bulk of steel [23]. Diffu-
sion into the bulk is permissible due to the electropotential with respect to
the nascent surface caused by the breakdown of oxides, a result of friction, vi-
bration and/or electrolysis. Evidently, there are multiple competing species
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Table 1 Common commercial bearing steels [21].

Grade C Mn Si Cr Ni Mo Cu S P
100Cr6 0.98 0.38 0.16 1.39 0.07 0.02 0.12 0.06 0.12
AISI 1070 0.71 0.76 0.20 0.09 0.08 0.02 0.07 0.012 0.006
ShKh4 0.98 0.18 0.17 0.38 ...
ShKh15 1.05 028 028 1.5 0.11 0.06 0.015 0.013
SUJ2 1.03 0.37 0.23 1.35 0.51 .. 0.15 0.023 0.018
100CrMo7-3 0.97 0.66 0.27 1.79 0.11 0.26 0.15 0.007 0.009
52CB 0.85 0.35 0.85 0.90 .. 0.60

SCM420H 0.20 0.75 0.25 1.056 0.25 0.23 0.30 <0.03 <0.03
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Figure 1: Thermal desorption analysis data of SCM420H steel subjected to hydrogen
ingress from the decomposition of two different oil compositions (a) oil no.1 and (b) oil
no.2, which remain undisclosed [20].

for adsorption onto the steel surface, and as such hydrogen absorption is
retarded, as evidenced in the Iyer-Pickering-Zamanzadeh-Al-Faqeer (IPZA)
model [24].

As shown in Figure 2, active sites are generated upon the nascent sur-
face of the bearing steel after the removal of the oxide layer due to rubbing
[23]. Tribochemical decomposition of the oil then occurs upon these active
sites with hydrogen and gaseous hydrocarbons desorbed as reaction prod-
ucts. The desorbed amount of hydrogen and hydrocarbons increases linearly
with rolling velocity and parabolically with load [23]. In addition, there ap-



pears a critical load beyond which decomposition occurs [23]. The ratio of
desorbed gaseous hydrogen to hydrogen remains unaffected by the variations
in rolling conditions tested. It should be noted that lubricants containing
water are also liable to induce hydrogen embrittlement due to water splitting
by electrolysis [25].
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Figure 2: Chemical reactions on a 100Cr6 bearing steel’s nascent surface due to oil de-
composition [23].

In summary, it is evident that both oil composition and rolling conditions
affect the decomposition of oil and the resulting hydrogen absorption. Lim-
ited data are available on the decomposition of oil with respect to hydrogen
production and absorption. As such, it is difficult to simulate the respective
reactions of hydrogen in relevant operating environments for use in hydrogen-
charging experiments and as shown, given the numerous variables, it is likely
that this should be done on a case-by-case basis. Thus, the development of
hydrogen-resistant lubricants can be of as much importance as the develop-
ment of hydrogen embrittlement resistant bearing steels in improving rolling
contact fatigue life.

2.2. Ingress During Processing

The ingress of hydrogen into molten steel can occur through reactions
with water and hydrogen bearing compounds, often included in the feedstock
[26]. The control of hydrogen content in steels is an important task for
steelmakers, just a few parts per million of dissolved hydrogen can induce



hydrogen flakes (hairline cracks), blistering, loss of ductility and increased
porosity [27], especially in larger castings [28].

Steelmakers pay significant attention to the elimination of hydrogen by
degassing treatments, both within the steel bath and post casting [28]. For
molten steel, a vacuum treatment encourages the formation of gas bubbles
containing hydrogen, nitrogen and gaseous oxides. These bubbles rise to the
top of the molten steel and are separated from the steel bath. In addition,
argon bubbling will also enhance hydrogen egress by reducing the hydrogen
partial pressure in the melt [29]. For cast steel, a simple hydrogen bake-out
treatment is often carried out by heating the steel, typically at low tempera-
tures (150 to 230°C) for a long period of time (typically 12 to 48 hours) [30]
so as to prevent detrimental microstructural changes, for a period of time
dependent upon the cleanliness of the melt [28]. However, degassing at a
low temperature (<200°C) can liberate weakly trapped hydrogen and con-
centrate it in deeply trapping microstructural features, which can, in some
cases, increase the embrittlement susceptibility due to higher stress concen-
trations [31].

In addition to degassing treatments, steelmakers will also take into ac-
count the following influences on hydrogen egress:

e Melt method (a steel’s hydrogen concentration at the end of an electric
arc furnace melt will on average be up to 4 ppm greater in comparison
to that of top blowing converters [26]).

e The use of lime or aluminium-lime (scavenging moisture from the en-
vironment and into the slag[29]).

e The use of oxygen blowing (reducing hydrogen content via the combus-
tion of carbon [32]).

e The quality of scrap used (rusted material will increase hydrogen con-
tent [14]).

e The use of un-preheated ladles, new linings and lime during tapping
(all of which increase hydrogen content[29]).

The detrimental effects of hydrogen can begin to be observed even upon
solidification, commonly through hydrogen flake formation [27]. Due to the
higher solubility of hydrogen in steel at higher temperature, molecular hydro-
gen will form upon solidification and cooling [29]. This gas forms pressure
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raisers within the matrix, inducing defects that in turn can cause failure
[28]. Hydrogen flakes begin to appear once the steel reaches 200°C, form-
ing upon defects such as inclusions and areas of martensite and segregation,
with manganese additions significantly increasing the steel’s susceptibility.
Sulphur also affects the steel’s susceptibility to hydrogen cracking. Reduc-
tions in sulphur amounts can increase hydrogen content on the now limited
number of inclusions, often reaching a critical limit beyond which cracking
occurs [33][29].

The casting process is not the only source of hydrogen ingress during
processing; hydrogen absorption is observed after surface treatments like
pickling and electroplating [34]. Of course, hydrogen ingress during steel
processing is a far broader subject than is appropriate to cover in this paper
28][27][29][35]. However, by identifying the contributing factors to hydro-
gen ingress, steels can be developed alongside their respective processes, and
optimised accordingly to prevent hydrogen embrittlement.

2.3. Ingress due to General Corrosion and Internal Decarburisation Effects

The formation of rust is known to induce hydrogen ingress into steels, the
reaction for which is shown below [36].

4Fe*t 4+ Oy + 6H,0 — 4FeOOH + 8H*

F63+ + 3H20 — FG(OH)g + 3H+

The formation of rust is of course temperature and environment depen-
dent [37]. However, as the operating temperatures increases, the formation
of rust is not the only chemical reaction that needs to be considered. At
high temperature, due to high hydrogen mobility through interstitial sites,
hydrogen atoms may begin to form molecular hydrogen, depending on the
reaction site, causing blistering [26]. More specifically, when at temperatures
above 200°C, internal decarburisation, stated as “internal” to differentiate
it from surface decarburisation during heat treatment, can occur from the
reaction of molecular hydrogen with carbon atoms [38] or carbides such as
cementite, forming methane, as shown [36]:

C + 2H2 — CH4

FesC + 2H, — 3Fe + CH,y

This methane, in a similar way to molecular hydrogen, forms gas voids
within the matrix and promotes the formation of cavities, blisters and cracks
due to the resulting internal stress [39]. Given the larger molecular size
of methane, these effects are more severe than that of molecular hydrogen.



However, molecular hydrogen may also react with free oxygen and oxides to
form water, resulting in further increases in internal stress [40].

In all cases, once hydrogen has entered the material, it diffuses through
a combination of both self-diffusion, driven by concentration gradients and
described by Fick’s laws of diffusion, and physiochemical interactions with
microstructural features such as hydrogen traps [41]. Such traps have higher
binding energies to hydrogen than those of regular interstitial sites within
the matrix and can trap hydrogen either reversibly or irreversibly, depending
on the magnitude of the binding energy [42]. It is these hydrogen traps,
and their ability to prevent further hydrogen migration, leading to poten-
tially detrimental interactions, which show most promise in the search for
hydrogen-resistant steels [42] [15]. The following two sections outline these
trapping mechanisms, as presented within the literature, identifying suitable
traps for future investigation along with the modelling techniques available
to evaluate said suitability.

3. Designing Hydrogen Embrittlement Resistant Microstructures

It is well established that immobilised hydrogen does not contribute to
hydrogen embrittlement in its general case [43]. Thus, the state of the re-
spective hydrogen within the steel is critical with regards to its contribution
to hydrogen embrittlement. The proportions of hydrogen in the mobile and
immobile states depend on the microstructure of the respective steel, defining
the solubility, transport and trapping of hydrogen within said steel. The fol-
lowing section explains these terms both qualitatively and quantitively with
respect to hydrogen embrittlement susceptibility and proposes a primary
route through which such susceptibility can be reduced.

Bearing steels contain complex microstructures, the modelling of which
has improved significantly in recent years with advances in thermodynamic
and kinetic modelling [44] [45]. As such, these microstructures contain de-
fects and features such as grains and numerous phases, along with their
corresponding boundaries [15]. These features play a crucial role in the up-
take and transport of hydrogen in steels and their engineering is crucial with
respect to reducing hydrogen embrittlement susceptibility. Features that typ-
ically attract hydrogen are classified as traps, a localised region in which an
atom or molecule, in this case hydrogen, remains for a longer period of time
than it would in a typical interstitial lattice site [46].



Such traps can be further categorised as either reversible or irreversible,
depending on their activation energy. Reversible traps are those which hydro-
gen frequents for a limited time dependent upon temperature, more specif-
ically those with an activation energy of less than 50 kJ-mol!. Irreversible
traps on the other hand, with activation energies greater than 50 kJ-mol™,
for the same temperature, show a negligible probability of escaping the trap
[47]. The consequence of such trapping sites, both reversible and to a greater
extent those irreversible, is a reduction in the diffusion rate and an increase
in the hydrogen solubility for the steel matrix [15].

Deducing the appropriate mechanisms through which to achieve hydrogen
embrittlement resistance for a particular steel depends upon the form of
hydrogen ingress and the operational conditions. For such a selection process,
one can categorise the desired microstructural effects into three fundamental
objectives: hydrogen trapping with in-life degassing, through-life hydrogen
trapping, and hydrogen ingress prevention.

Trapping with in-life degassing is achieved by a microstructure which con-
tains traps of a suitable depth at which it is viable to degas part-way through
life, without detriment to the microstructure [48] [30]. For example, for a par-
ticular application, if the hydrogen ingress rate was high enough to saturate
all permissible traps within a microstructure during its lifetime, be it dur-
ing processing and/or operation, a degassing treatment would be required to
empty said hydrogen traps, reducing the free hydrogen content during preced-
ing operation through renewed hydrogen trapping capacity. To permit such a
degassing treatment, the traps must be shallow enough to be liberated during
such a treatment, the temperature of which will often be limited due to the
microstructural stability at temperature and the permissible temperatures
achievable for the respective component’s environment, if degassing is even
viable in the first place [28]. Prevalent to bearing steels, applying degassing
treatment to hydrogenated steels containing retained austenite must be done
with caution as total degassing is not guaranteed. There are cases where
hydrogen is at high concentrations within the retained austenite and, due
to the low diffusivity and high solubility of hydrogen in said austenite, that
hydrogen is retained within the phase after degassing [49]. Consequently,
retained austenite behaves as a reservoir for hydrogen, gradually diffusing its
contained hydrogen into the bulk ferrite when under stress, thus increasing
the mobile hydrogen concentration [50]. One study by Robinson [51] found
that, after degassing, a hydrogen charged carbon steel wire’s embrittlement
susceptibility increased. It was postulated that this was caused by the low
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temperature of the degassing treatment, limiting the liberation of hydrogen
to only reversible traps. After liberation, this hydrogen was then trapped
on larger defects of irreversible trapping character. As previously described,
sites such as these can act as significant stress concentrators, and if hydrogen
is beyond a critical concentration, upon reloading, rapid catastrophic failure
can occur. Thus, the increased hydrogen concentration on such defects was
postulated as being that of beyond the critical concentration for crack ini-
tiation under the applied stress and, as a result, failure resulted at a lower
stress than that for the samples which did not receive a degassing treatment
[51].

Through-life hydrogen trapping is achieved by a microstructure contain-
ing traps adequate in number, capacity and depth to irreversibly trap all
hydrogen entering the steel during its life without saturation. This is permis-
sible for operational environments where hydrogen ingress is not substantial.
For example, bearings, such as those used in off-shore wind turbines, may
accumulate up to 3 ppm hydrogen over their lifetime [21]. Trapping this
amount of hydrogen is permissible through engineered microstructural traps
[52]. Hence, through-life hydrogen embrittlement resistance may be achieved
without in-life degassing.

Of course, preventing ingress all together provides a solution to all oper-
ational conditions. As such, the development of hydrogen-ingress resistant
coatings and microstructures is of great appeal. In bearing steels, cracking
will often initiate subsurface, with the proceeding failure enhanced by hydro-
gen [20]. To prevent such failures, it is permissible to produce a surface layer
of hydrogen resistant material which in turn reduces or eliminates hydro-
gen ingress. One potential ingress-inhibitor is through the use of austenite,
within which the diffusivity is up to a factor of 10 less than that of ferrite,
as shown in Table 2. A surface layer of which could greatly limit hydrogen
ingress in comparison to that of current bearing steels. Similarly, a coating
or oxide layer could be produced to the same effect. Of course, as is the case
in many applications including bearing steels, the surface morphology can
play a key role in the steel’s properties, such as rolling contact fatigue life,
and as such, a protective surface layer or coating may not be permissible [53]
[54].

Other than microstructurally-dependent hydrogen embrittlement resis-
tance mechanisms, reducing hydrogen content and/or production in the op-
erational environment is of critical importance and if achievable, may negate
entirely the requirement for hydrogen embrittlement resistant microstruc-
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Table 2: Diffusion coefficients of hydrogen in various stainless steels at 50°C
([47] after [55]).
Steel Matrix Phase Diffusivity (m?s™?)

405 Ferritic 2.8 x 10712
304  Austenite 1.1 x 10"
316  Austenite 2.0x 10"
316L  Austenite 2.4 x 10716

tures.

Although absent in the majority of work within the open literature, it
is critical to distinguish external hydrogen from internal hydrogen, as both
will have significant but very different effects on a steel’s susceptibility to
hydrogen embrittlement. For this review, internal hydrogen is defined as
the hydrogen, molecular and atomic, that is present within the bearing steel
immediately prior to operation, which is assumed to be entirely trapped by
various microstructural features. External hydrogen is defined as that which
enters the steel during operation and is thus expected to diffuse through the
material and is again intended to be trapped by the microstructural features
engineered to optimise such trapping capabilities of the steels concerned.

From what has been reviewed so far, it is evident that the microstructural
traps engineered into the steels are redundant if saturated with hydrogen
upon entering operation. Thus, case by case, steels must be monitored in
terms of hydrogen ingress throughout their product lifecycle, and if neces-
sary, measures taken to outgas these steels prior to operation. Given that
the energy required to free the hydrogen will influence on the temperatures
required for a degassing treatment, deeper traps will require higher tem-
peratures to the extent that cost or temperature may exceed that which
is economically viable or to a point at which microstructural stability be-
comes of concern [30]. Thus, when selecting microstructural hydrogen traps
for implementation within a steel, one must consider the hydrogen ingress
and microstructural stability at all processing stages, and ensure that the
processed microstructure is suitable for the degrees of hydrogen ingress, the
temperatures and the stresses expected through-life.

3.1. Hydrogen Embrittlement Resistant Steels

Bearing steels are typically designed for high strength, hardness and wear
resistance, and with such a diverse range of applications, including the auto-
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motive, aerospace, nuclear and marine industry, many are prone to acceler-
ated wear and damage from the harsh environments in which they operate
[56]. The primary failure mechanism of such bearings is rolling contact fa-
tigue, a mechanism significantly accelerated by hydrogen [22]. The following
sections provide a brief description of bearing steel design, processing and
rolling contact fatigue with relevance to hydrogen embrittlement.

3.1.1. Design and Processing

Although there are many different bearing steels with a significant range
of compositions, a number have come to prominence since their introduction,
these are shown in Table 1. These steels all share a notably high carbon con-
tent of 0.71 to 1.05 wt% and substitutional solute contents less than 3 wt%
[21]. Typically, carbon content is reduced in high temperature bearing steels
and increased when through-hardenability is required [14]. With increas-
ing carbon content comes increased wear resistance, higher phase fractions
of carbides and retained austenite, and a reduction in the martensite start
temperature [14] [57].

Current steels regarded as hydrogen embrittlement resistant are typically
of low carbon content, which is typically to improve weldability, formability,
ductility and corrosion resistance [14]. Titanium, niobium and vanadium
additions are used to provide hydrogen trapping sites [9][58][15], both in the
form of carbides and solutes, and to increase strength and wear resistance
[57]. In addition to these effects, these elements have been added to retard
austenite grain growth at high temperatures typical of austenitisation treat-
ments, and improve carbide stability, which is of appeal in high temperature
applications.

With current commercial as-rolled 52100 steels, the total hydrogen con-
tent is typically around the order of magnitude of 1 ppm, although electron
beam melted 52100 type steel has been shown to contain as little as 0.4 ppmw
[14][59]. The mean total hydrogen content for a 52100 15 mm diameter bar
during the manufacturing of the steel can be as high as 8 ppm; this content
is reduced during further processing [14][60]. The hydrogen concentrations
achievable in a variety of M50 bearing steel production processes are shown
in Table 3.

Although currently not implemented commercially, a nanostructured su-
perbainitic bearing steel has been proposed as an alternative to the market-
dominating martensitic bearing steels [62]. Such superbainitic steels are of
some appeal with respect to hydrogen embrittlement resistance. A softer
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Table 3 The effect of melting processes on gaseous impurity concentrations
in M50 bearing steels ([14] after [61]).

Process Hydrogen Nitrogen Oxygen
(ppmw)  (ppmw)  (ppmw)

Air melting + vacuum degassing | 3.2 120 46

Air melting (AM) 4.8 150 67

AM + 1 vacuum arc remelt 1.8 80 37

AM + 2 vacuum arc remelt <1 60 9

AM + 3 vacuum arc remelt <1 50 )

Vacuum induction melting <1 85 21

Vacuum induction mgltmg <1 60 6

-+ vacuum arc remelting

lower-bainitic structure of 52100 steel has been commented as potentially af-
fording a longer rolling contact fatigue life when in the presence of hydrogen
due to the increased ductility and toughness ([14] after [63]). The austenite
content, once exceeding a percolation threshold, allows the structure to resist
the penetration of hydrogen [64].

3.2. Hydrogen in Rolling Contact Fatigue

The shakedown period of RCF, identified by an accumulation of defects
within the stress fields, holding back both the yielding and proceeding work
hardening mechanism, depends upon a steel’s residual stress and microstruc-
ture. The presence of retained austenite has been shown to increase this
shakedown period due to the transformation of austenite into martensite un-
der stress [65]. Although the interactions of retained austenite and hydrogen
have been suggested in the literature, most notably with respect to provid-
ing hydrogen reservoirs [49], they are little understood. One family of steels
where this is most relevant is that of TRIP steels. Hydrogen lowers the crit-
ical stress at which dislocations nucleate [66], increases their mobility, and
reduces the equilibrium distance between said dislocations [5]. As such, one
can deduce that the transformation of austenite to martensite, as observed
in TRIP steels, will occur at lower stresses in the presence of hydrogen and
the resulting dislocation density and saturation density will be increased.
These dislocations will provide reversible traps for hydrogen, however the
solubility of hydrogen in martensite compared to austenite is lower. Thus, It
would appear hydrogen will induce strain hardening at a lower strain, and
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through enabling retained austenite to martensite transformation at lower
strains, may reduce any enhanced ductility from the TRIP-effect. Ensuring
total degassing of any austenite containing material is thus key not only to
reduce any free hydrogen content but to prevent the loss of any possible
TRIP-induced ductility.

A steady-state is reached after the shakedown stage of RCF, with the
rate of plastic-damage significantly lower than that during shakedown. The
control within this steady-state stage is critical to rolling contact fatigue life,
as during said stage, the damage rate is limited by dislocation glide and is
increased with dislocation mobility [14]. This is where hydrogen is of great
significance [67]. Given that dislocation climb is negligible at typical bear-
ing operating temperatures (<100°C), due to insufficient energy to promote
self-diffusion and dislocation pinning due to carbon, dislocation mobility is
limited. However, in the presence of hydrogen, dislocation mobility is thought
to be greatly enhanced, accelerating the fatigue damage process by enhancing
the self diffusion process [67] [68].

To evaluate the rolling contact fatigue life of novel hydrogen resistant
bearing steels, ideally one would carry out full-scale bearing endurance test-
ing, reproducing the operating environment as realistically as possible, in-
cluding the decomposition of lubricant and any other hydrogen ingress mech-
anisms active in the intended application. However, these tests are un-
economical and as such, accelerated testing using bearing elements is the
most common form of bearing life analysis [69]. These simpler tests have
been found to reproduce bearing lives accurately compared to full-scale test-
ing, providing a cost-effective, widely applied, and thus reproducible, method
of evaluating the rolling contact fatigue life of novel bearing steels [69]. Tt is
permissible, using such a testing method, that in situ hydrogen charging or a
precharged specimen could be utilised and have its hydrogen embrittlement
resistance evaluated [15].

It should be noted, however, that results from element testing can be
misleading due to differing stress states in comparison to the intended op-
erational environment. Microstructural effects have been shown to differ
between different test methods [70] and as such, it is essential that consis-
tency is kept when comparing and conducting experiments and in evaluating
the resulting data on rolling contact fatigue life.

White etching areas (WEAs) and white etching cracks (WECs) are the
preliminary microstructural damage modes observed in a number of steel
bearing elements. Characterised by the white appearance of the subsurface
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damage regions, nanocrystalline in nature, around 1 mm below the contact
surface, after etching in Nital, during optical evaluation [71].

It has been shown that increased concentrations in diffusible hydrogen
can enhance WEA /WEC formation [6][72] for tests varying only in diffusible
hydrogen content. Diffusible hydrogen concentration was shown to be the
key contributor to the initiation of WEAs [6]. There is strong evidence that
WEAS can initiate with or without pre-formation of butterflies. It is believed
that white etching features can initiate from inclusions, propagate and create
a network, leading to failure [6][72]. It should be noted, however, that small-
scale samples used in such RCF tests will have a smaller critical region within
which inclusions can be located and initiated, in comparison to that of larger
bearings. As such, even with industrially applicable loading conditions, the
hydrogen concentration necessary to induce initiation will thus vary for RCF
samples in comparison to that of larger bearings. Lower concentrations are
likely to be necessary for initiation in larger bearings.

RCF tests carried out on a novel vanadium containing variant of 100Cr6
bearing steel by Szost et al. [15], 100Cr6+0.5V, showed that the presence
of nanosized vanadium carbides resulted in no white etching areas after sim-
ilar conditions to those which produced areas in its vanadium-free variant,
indicating the reduction in hydrogen-embrittlement susceptability with such
microstructures. However, more tests are required to conclusively affirm the
benefits of vanadium carbides to reducing hydrogen-embrittlement suscepti-
bility, and consequently increasing RCF life in the presence of hydrogen [15].
The benefits of such hydrogen traps pose great promise in various applications
in reducing embrittlement. The application of such hydrogen traps isolated
to the surface of a bearing, when precipitate-hardening is undesirable in the
bulk, also shows promise, preventing bulk penetration by hydrogen, most no-
tably, penetration into the damage zone where failure most commonly occurs
[14].

Some of the most common hydrogen traps present in the literature, their
respective steels, and the means by which the activation energies were ob-
tained, are shown in Table 4. In addition to vanadium carbide, a number of
other carbides have been evaluated with respect to their hydrogen trapping
efficiency, most notably that of titanium carbide and niobium carbide. How-
ever, these carbides have been mostly studied in low to mild carbon steels
[73] [74] due to their stability and consequent difficulty to control at higher
carbon contents. However, as shown in the work of Szost et al. [15], it
is feasible to dissolve such stable carbides in high carbon steels using high
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temperature dissolution treatments followed by reprecipitation of carbides
at lower temperatures to produce a desired microstructure. Although the
high temperatures required to dissolve such carbides may be uneconomical
or industrially infeasible [15], carbides could also be managed within isolated
carbon lean regions, where temperatures for dissolution are more achievable.

The optimisation of nanoprecipitates, such as carbides, as hydrogen traps
is crucial for future alloy design. However, the effects of coherency and car-
bide composition on the hydrogen trapping capacity and binding energy are
little understood. Evidence shows that the activation energy of such traps
is dependent on carbide-matrix interface coherency [9]. The effects of co-
herency for TiC-matrix interfaces on the hydrogen trapping behavior in steel
was studied by Lee [9]. Incoherent titanium carbides were found to have a
larger trap activation energy than semi-coherent ones, with activation energy
increasing with particle size. Smaller precipitates are favoured in bearing
steels due to their permissibly large number density, strengthening effects,
and the detrimental effects of large incoherent carbides on the rolling con-
tact fatigue life of bearings [14]. A study by Yamasaki and Bhadeshia [75]
studied the effects of particle size and coherency on the trapping capacity
of M4C3 carbides in Fe-C-Mo-V model steels, showing an optimum trap-
ping capacity was achieved with a carbide size of 10 nm for vanadium rich
carbides. Mo additions were also studied, and were shown to increase the
coherency of vanadium-rich carbides. The trapping of hydrogen on carbide-
matrix interfaces has been validated using 3D atom probe tomography [76],
showing evidence of deuterium trapping on the matrix-carbide interfaces of
10 nm titanium carbides. The interaction of hydrogen with the various inter-
faces present in typical bearing steels is complex, be it the lack of conclusive
evidence or means of characterising trapping locations and atomic configura-
tions on said interfaces, or the complications involving nonmetallic elements
and their corresponding bonding effects. Given such complexity, interfaces
will contain a range of trapping sites of varied binding energy, although gen-
eral orientation and coherency should be reasonably consistent across the
interface. However, despite no work providing a conclusive relationship of
coherency-to-hydrogen trapping capacity, it is evident that a size-effect ex-
ists and this must be considered in the design of hydrogen embrittlement
resistant steels.
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Table 4 Common hydrogen traps with their corresponding binding energies.

Binding
Class  Trap Type % Comment yritd"S Ref
(kJ/mol)
Precip. Mo,C 22-28 peak aged  EP [77]
Mo, C 21-29 fine precip. EP [78]
VC 17 coherent EP [79]
V,Cs 30 coherent TDA (LCS) [80]
FesC 21-29 - ED 7]
Fes;C 84 incoherent LR (MCS) gﬂ
Epsilon carbide 13 - TDA [82]
AIN 65 - LR 83]
AIN >83.94 - LR [83]
TiC 94 incoherent LR [83]
: semi-
TiC 77-95 coherent LR [33]
TiC 87 incoherent TDA (MCS) [84]
Phases ovained 45 TDA (MCS) [85]
austenite
Retained [81]
austenite g (DPS) [86]
[37]
5-15 88
Defects Dislocations 26-29 TDA+EP [89]
atoms/nm
[90]
[91]
Grain boundary 17 (PI) [92]
Grain boundary 53-59 high angle LR [33]
Voids 21 LR [33]

Where: TDA - Thermal Desorption Analysis, EP - Electrochemical
Permeation testing, LR - Literature Review, (MCS) - medium carbon steel,
(DPS) - dual-phase steel, (LCR) - low carbon steel, and (PI) - pure iron.
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4. Summary

A review of the published literature on hydrogen embrittlement has been
presented, from which a number of conclusions can be taken.

The bulk of the literature concerns the effects of hydrogen on the me-
chanical properties of bearing steels. Hydrogen has been shown to increase
dislocation mobility, drastically reduce the RCF life and enhance the for-
mation of WEAs and WECs [6][72]. The most supported mechanisms of
embrittlement are hydrogen enhanced decohesion (HED) [4] and hydrogen
enhanced localised plasticity (HELP) theory [5]. Despite the lack of a con-
clusive theory, it is established that hydrogen enhances plasticity local to
crack tips, increases slip deformation and reduces the critical stress required
to propagate cracks [6].

Almost all instances of hydrogen embrittlement begin with the decom-
position of molecules into hydrogen at the material surface. During the
decomposition of lubricant oil, the mechanism thought to be most prevalent
to bearings, the composition of the oil plays a crucial role on the degree of
hydrogen ingress and consequent embrittlement. Active sites are generated
upon the nascent surface of the bearing steel after the removal of the oxide
layer due to rubbing [23]. Tribochemical decomposition of the oil then occurs
upon these active sites with hydrogen and gaseous hydrocarbons desorbed
as reaction products. The desorbed amount of hydrogen and hydrocarbons
increased linearly with rolling velocity and parabolically with load [23]. In
addition, there appears a critical load beyond which decomposition occurs
[23]. Oil containing water may also increase ingress rates due to water split-
ting.

The control of hydrogen content in steels is an important task for steel-
makers, just a few parts per million of dissolved hydrogen can induce hydro-
gen flakes (hairline cracks), blistering, loss of ductility and increased poros-
ity [27], especially in larger castings [28]. Steelmakers will often carry out
a degassing treatment after solidification. Degassing at a low temperature
(<200°C) can liberate weakly trapped hydrogen and concentrate it in deeply
trapping microstructural features which can, in some cases, increase the em-
brittlement susceptibility due to higher stress concentrations [31]. With cur-
rent commercial as-rolled 52100 steels, the total hydrogen content permissible
is said to be around 1 ppm, although electron beam melted 52100 type steel
has been shown to contain as little as 0.4 ppmw [14][59]. The mean total
hydrogen content for a 52100 15 mm diameter bar can be as high as 8 ppm,
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the distribution is fairly uniform but ranges from 7-15 ppm to 0.5-2.5 ppm at
the surface and core respectively, these contents are reduced during further
processing [14][60].

Hydrogen trapping with in-life degassing, through-life hydrogen trapping,
and hydrogen ingress prevention are possible means to reduce hydrogen em-
brittlement. When selecting microstructural hydrogen traps for implementa-
tion within a steel, one must consider the hydrogen ingress and microstruc-
tural stability at all processing stages, and ensure that the processed mi-
crostructure is suitable for the degrees of hydrogen ingress, the temperatures
and the stresses expected through-life [30].

Current steels regarded as hydrogen embrittlement resistant are typically
of low carbon content, which is typically to improve weldability, formability,
ductility and corrosion resistance [14]. Titanium, niobium and vanadium
additions are used to provide hydrogen trapping sites [9, 58, 15], both in
the form of carbides and solutes, and to increase strength and wear resis-
tance [57]. RCF tests carried out on a novel vanadium containing variant of
100Cr6 bearing steel, 100Cr6+0.5V, showed that the presence of nanosized
vanadium carbides resulted in no white etching areas after similar conditions
to that which produced areas in its vanadium-free variant, indicating the re-
duction in hydrogen-embrittlement susceptability with such microstructures
[15]. However, more tests are required to conclusively affirm the benefits of
vanadium carbides to reducing hydrogen-embrittlement susceptibility, and
potentially increasing RCF life in the presence of hydrogen [15].

Although this review focuses on that of bearing steels, the application of
such hydrogen embrittlement resistant design technology is far reaching. A
notable application is to that of nickel based alloys where hydrogen embrittle-
ment is also of concern. The application of nanostructured microstructures
containing suitable interfaces for hydrogen trapping could be implemented
in a similar way for such alloys, with a number of hydrogen traps having
already been identified, such as TiC [93, 94]. Such nanostructures are also
relevant with respect to radiation embrittlement resistance, as nanoparticles
have been shown to provide defect recombination sites as well as trapping
hydrogen and helium [95]. Although significant research is being conducted
to develop technologies for resisting hydrogen embrittlement, it is evident
that the entire manufacturing process and intended operating environment
must be evaluated to develop novel microstructures that suit both the man-
ufacturing routes and operational environments.
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