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Abstract

It is demonstrated that a macroscopically homogeneous distribution of
tiny cracks introduced into a martensitic bearing steel sample can provide
powerful hydrogen traps. The phenomenon has been investigated through
thermal desorption spectroscopy and hydrogen permeation measurements
using both cracked and integral samples. The effective hydrogen diffusion
coefficient through the cracked sample is found to be far less than in the un-
cracked one. Similarly, when samples are charged with hydrogen, and then
subjected to thermal desorption analysis, the amount of hydrogen liberated
from the cracked sample is smaller due to the trapping by the cracks. Theo-
retical analysis of the data shows that the traps due to cracks are so strong,
that any hydrogen within the cracks can never in practice de-trap and cause
harm by mechanisms that require the hydrogen to be mobile for the onset of
embrittlement.

Keywords: hydrogen trapping, thermal desorption spectroscopy,
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1. Introduction
The vast majority of bearing steels are manufactured to be extremely
hard in order to resist rolling-contact stresses of the order of 2 GPa. The

steels typically contain 1 wt% of carbon and 1.5 wt% Cr so that they can be
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processed into a martensitic microstructure, which is then subjected to a low-
temperature tempering heat-treatment that has the dual purpose of reducing
the retained austenite content to a level consistent with dimensional stability
requirements, and to improve the properties of the martensite [1].

Like most strong steels, the ingress of hydrogen leads to a severe degra-
dation of the mechanical properties of bearing steels, even at concentrations
as small as 1part per million [2, 3]. In the case of bearings, hydrogen can
cause premature failure at 1-10% of the expected life (L) through embrit-
tlement that is revealed in the microstructure as white-etching regions [2, 4].
This “white-etching matter” is seen as a form of damage whereby repeated
deformation mechanically homogenises the structure and reduces its length
scale to the nanometre range. The subject has been reviewed extensively but
it is well known that hydrogen exacerbates the problem [1, 4]. The hydrogen
that enters the steel can be generated by the decomposition of lubricants,
through corrosion reactions, or exposure to hydrogen sources; this is why
even 10 ppmw of water dissolved in lubricant can be harmful [5-8].

Given the low overall concentration of hydrogen that embrittles steel,
many of the mechanisms that explain the effect require the accumulation of
hydrogen by diffusion towards regions of the steel where the stress is focussed
9, 10]. The resulting increase in hydrogen concentration there leads, for ex-
ample, to localised plastic instability and failure!. Therefore, it is diffusible
(monoatomic) hydrogen that causes harm. That which is strongly trapped
or present in molecular form can be considered in most cases to have been
rendered harmless [13, 14]. Traps can be varied, for example those which
attract hydrogen through stress fields (grain boundaries, inclusions, disloca-
tions, crack tips, carbides) [15] or others where hydrogen simply accumulates
through random encounters (voids, retained austenite).

We recently have developed methods of introducing microscopic cracks
into bearing steel [16, 17]; the original aim was to investigate white-etching
matter generation when the cracked samples are subjected to rolling contact
stresses. In hindsight, the improvement in rolling contact fatigue experienced

!There are alternative interpretations: hydrogen-enhanced decohesion [11] although it
has been shown using first principles calculations that this may not be potent [12], but it is
noteworthy that this also requires the diffusion of hydrogen to maintain crack propagation

[9].



for cracked samples might have been expected because bearing steels are
comparatively brittle, and microscopic cracks help to deflect fatigue damage,
a well-known phenomenon in artificial composites. It was felt that it would
be interesting to examine the role of the microscopic cracks as traps for
hydrogen. The corollary is that the work might be applicable to inclusions
that have weak interfaces with the steel matrix, that also should act in a
manner similar to the cracks in accumulating hydrogen and keeping it there
in molecular form.

2. Experimental Methods

2.1. Material

The hot-rolled and spheroidised 52100 steel used (table 1), was cut using
an electrical discharge machine into thin rectangular samples 40 mm long,
12mm wide, and 2mm thick for the hydrogen thermal desorption spec-
troscopy tests and into thin squares 20 mm a side and 2mm thick for mea-
suring hydrogen permeation.

Table 1: Chemical composition, wt%, of the 52100 steel used.
C Cr Mn Mo Si Ni Al P S Cu Co Ca Ti

098 1.38 0.28 0.06 0.28 0.18 0.04 0.01 0.017 0.21 0.015 0.001 <0.001

2.2. Heat treatments

Two different processes were applied to the samples, the standard heat
treatment for 52100 steel and the extensive martensite-plate cracking treat-
ment described in [16]. The former consists of austenitisation at 1113 K
(840°C) for 20 min followed by quenching in oil at room temperature and
then tempering at 433K (160°C) for 2h. Some of the cementite does not
dissolve during this austenitisation treatment, so spheroidal (up to 2 um in
diameter), proeutectoid particles are inherited in the final structure that also
contains much finer carbides resulting from the tempering of martensite.

To produce samples in which the martensite plates are microscopically
cracked, samples were austenitised at 1313 K (1040°C) for 30 min, cooled in
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air for 50s, quenched in oil at room temperature, and tempered at 433K
(160°C) for 2h [16]. The higher austenitisation temperature dissolves all
the cementite so the only carbides that are in the microstructure are those
resulting from the tempering treatment [18].

2.3. Specimen preparation

After heat treatment, the thermal desorption samples were ground with
800 grit sandpaper to achieve the required finish, whilst the permeation sam-
ples were ground down to ~0.5mm in thickness using a Struers AbraPlan-
20 automatic rock grinding machine and then manually ground with 1200
grit sandpaper for the desired surface roughness. A few samples were then
prepared for metallographic examination using a Zeiss optical microscope to
confirm the desired microstructure and a good density of cracks were formed.

2.4. Thermal Desorption Spectroscopy (TDS)

Due to the difference in heat treatments, the integral (crack-free) and
cracked specimens have different grain sizes, carbide volume fraction, and in
particular retained austenite, which might make the study of the role of cracks
as trapping sites uncertain. Since the binding energy of cementite is smaller
than that of dislocations or grain boundaries and is approximately an order
of magnitude lower than that cracks [19-21], the focus of the experiment
design was to separate the role of retained austenite content due to the large
difference in hydrogen diffusivity between ferrite and austenite.

Three different thermal desorption experiments were designed:

1. Partially charged samples: 7h hydrogen charging, desorption mea-
surement during ramped heating at 100 Kh™! (100°Ch™!) until 673K
(400 °C), hydrogen recharging for other 7h and a second ramped heat-
ing desorption measurement at the same heating rate to compare the
influence of cracks after retained austenite decomposition.

2. Isothermal experiments: 7h hydrogen charging and desorption mea-
surement during isothermal heat-treatment at 363K (90°C) for 4h as
an alternative method to evaluate hydrogen trapping by cracks.

3. Prolonged charging experiments: 120h hydrogen charging and
desorption measurement during ramped heating at 100 Kh~! (100°Ch™!)



until 673K (400°C) (no recharging) to study a greater level of satu-
ration in the samples, which would tend to reduce the significance of
traps in thermal desorption experiments as hydrogen diffusing through
the sample would not be attracted into saturated traps. This condition
can provide a better indication of the consequences of local equilibrium
between ferrite and austenite.

The seven hour charging time is to ensure that samples are not saturated
meaning that the hydrogen concentration in spatially non-uniform due to the
diffusion front not reaching the centre of the sample, so if strong traps exist,
the amount of hydrogen released during thermal desorption would be limited
when compared with a sample without the cracks. The temperature readings
of the furnaces were calibrated with the actual specimen temperature by
welding a thermocouple to each sample.

Initially, all of the samples were electrochemically charged with hydrogen
using a 3% NaCl + 0.3% NH4SCN solution and a current density of 1 Am~2.
The charging current was calculated by considering only the area of the
top and bottom surfaces of the samples and not the sides, given their low
thickness. For samples with ramped heating, TDS testing started 45 min
after charging and for the isothermal desorption, only 20 min after in order
to allow the readily diffusible hydrogen to leave the sample and for the TDS
machine to purge out the air introduced in the system when the sample
is placed in the tube furnace. Using an Agilent Technologies 7890A gas
chromatography system coupled to an EPKRO-12K Isuzu tubular furnace
and a Seahwa SERO2000-1CH flow regulator, hydrogen desorption data were
collected every 3 min from which the hydrogen content was calculated as the
area under the curve divided by the heating rate, and the desorption rate as
the evolved hydrogen per minute. Helium was used as the carrier gas and a
standard mixture of He + 60 ppmv Hy was used for calibration.

2.5. Retained austenite

In order to investigate the volume fraction of retained austenite before
and after TDS heating to 673 K (400°C), XRD spectra were obtained using
a Philips PW1830 vertical diffractometer with a Cuk,, radiation. Scans were
performed from 40 to 125°, with a step size of 0.05° and a dwell time of 26s.
A divergence slit of 0.5°, an anti-scatter slit of 0.5°, and a receiving slit of



0.2mm were used to restrict the beam size and the counts obtained. The
volume fractions of martensite and austenite were obtained using High Score
plus and the Rietveld refinement method by fitting body-centred tetragonal
martensite to two isolated martensite peaks (020 and 121) for each spectrum.
This pair of values of tetragonality were then used as minimum and maxi-
mum limits in the fitting of lattice parameters for martensite to the whole
spectrum. This process is described in more detail in [17].

The onset of retained austenite decomposition was investigated prior to
TDS analysis by heating up separate un-cracked and cracked samples in a
Theta Industries Dilatronic IIT using a heating rate of 100 Kh~! (100°Ch™!)
up to 723K (450 °C) and quenching at 50 Ks™! (50°Cs™!).

2.6. Electrochemical Hydrogen Permeation

Using a Devanathan and Stachurski cell, hydrogen permeation tests at
room temperature were conducted according to ISO 17081-2004 standard
22, 23]. After cleaning the samples in hydrochloric acid, a Pd film was de-
posited electrochemically by submerging one side of the sample in a solution
of 2.54 g of PdCly in 500 ml of 28% aqueous ammonia and applying for 2 min
a current density of 2.83 mA cm™2. This coating is performed to increase the
efficiency of the hydrogen oxidation reaction at the hydrogen detection side.
The detection side was then filled with a 0.1 M NaOH solution at a constant
potential of 250mV. Once a a steady state current below 3 pAcm—2 was
reached, the hydrogen charging side of the cell was filled with a 3% NaCl +
0.3% NH,SCN solution and a density current of 1.5mA cm™2 was applied.
The hydrogen oxidation current was measured as a function of time and the

effective diffusivity, permeability, and apparent solubility were calculated as
described in [24].

3. Results and discussion

3.1. Basic characterisation

Optical microscopy after the heat treatment for the cracked samples con-
firmed the expected distribution of martensite-plate cracks [16], as shown in
fig. 1a.



The XRD spectra of the cracked and un-cracked specimens before and
after 120 h charging and TDS testing up to 673K (400 °C) are presented in
fig. 1b. The difference in austenitisation temperatures led to corresponding
differences in the retained austenite content of 0.054+0.01 for the integral (no
cracks) sample and 0.1240.01 for the cracked one. However, the retained
austenite in both samples decomposed on heating to 673 K (400 °C) during
TDS. This was confirmed using dilatometry (fig. 1c). For both samples, the
onset of retained austenite decomposition is at ~548 K (275°C).

The hardness values of the samples before and after TDS testing are
presented in table 2.

Table 2: Vickers hardness for the cracked and un-cracked samples used in each of the
three TDS experiments. The average value and standard error were calculated based on
ten indentations per sample.

Experiment Partially charged Isothermal heating Prolonged charging

No cracks With cracks No cracks With cracks No cracks With cracks
Before run 1 737+£3HV30 T751+4HV30 785+2HV30 7544+3HV30 7584+2HV30 780+1HV30
After run 1 495+3HV20 4904+£5HV20 785+1HV30 754+£2HV30 505+1HV20 5463 HV30
After run 2 493+1HV20 489+3HV20 - - - -

3.2. Thermal Desorption Spectroscopy (TDS)

The desorption curves for each of the three TDS experiments on partially
charged samples are presented in fig. 2, together with an indication of the
total amount of hydrogen desorbed.

Focusing first on the cracked sample, two desorption peaks were observed,
the one beyond 523 K (250°C) being attributed to hydrogen released when
retained austenite decomposes is consistent with the dilatometric and X-
ray data, and with the fact that the higher-temperature peak disappears
when the sample already subjected to TDS up to 673 K (400°C) is recharged
with hydrogen and once again studied using thermal desorption spectroscopy.
Furthermore, the second peak is only perceptible in the cracked sample that
has a much larger retained austenite content. It is also worth noting that the
hardness of the sample does not change at all within the limits of scatter,
when subjected to the second TDS experiment (table 2).
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Figure 1: (a) Optical metallography of cracked sample prior to TDS testing. (b) X-ray diffraction data for retained austenite
determination. (c) Dilatation curve for the cracked and un-cracked samples using the same heating rate as the first TDS
experiment, 100 Kh=! (100°Ch~1).
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Figure 2: a) Experiment 1: Desorption during ramped heating at 100 Kh=! (100°Ch~1)
after 7h charging (recharged once), b) Experiment 2: Isothermal desorption at 363 K
(90°C) for 4h after 7h hydrogen charging (no recharging), ¢) Experiment 3: Desorption
during ramped heating at 100 Kh=! (100°Ch~1!) after 120h charging, (no recharging).



It is noteworthy the un-cracked samples release more hydrogen during
TDS than those containing cracks (fig. 2a), consistent with the hypothesis
that in the latter case, some of the charged hydrogen will become strongly
trapped. For the same reason, there is less readily diffusible hydrogen evolved
below 423 K (150 °C) from the cracked sample, resulting is a smaller TDS peak
that is in effect shifted to a greater temperature. Retained austenite is not
responsible for the relatively small TDS peak of the cracked sample in the
temperature range below 523 K (250°C) because that peak does not change
when the austenite is absent in the recharged sample.

The isothermal experiments performed at 363K (90°C) and illustrated
in fig. 2b confirm the interpretations above. The evolved hydrogen is about
31% less for the cracked sample.

The data for the samples that underwent prolonged charging for 120 h
are particularly revealing about the role of austenite (fig. 2¢c). The general
features of the TDS curves are similar to those of samples that were charged
for only 7h, with the cracked sample exhibiting the second desorption peak
associated with the decomposition of austenite. However, there are detailed
differences that arise from the fact that austenite and ferrite are in local
equilibrium prior to the decomposition of austenite. The concentrations (¢ =
x/V') associated with the first and second peaks, where z is the amount of
hydrogen evolved over the temperature range of each peak, and V is the
fraction of the phase with which that peak is associated are listed in table 3.
When austenite is in equilibrium with ferrite, it has a much greater solubility
for hydrogen; that is well known. However, during the desorption of hydrogen
as the sample is heated, hydrogen in the ferrite escapes into the surrounding
environment, and the austenite acts as a source for more hydrogen since
equilibrium is maintained at the o/~ interface. This process does not require
the decomposition of that austenite so the hydrogen released in the second
peak beyond 523 K (250°C) is simply a reflection of the remaining quantity
in the 7 just before its decomposition. This explains several observations:

a) A second peak is not observed in the sample with V., = 0.05 (un-cracked
v
because the austenite is essentially exhausted by the time the temper-
ature reaches 523 K (250°C).

(b) Considering the samples that were charged for 120 h, contrary to expec-
tations of a greater solubility in v, the concentration ¢, < ¢,, because
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the austenite releases hydrogen into the ferrite during heating as the
concentration in the latter phase decreases by escape into the environ-
ment.

(c) The concentration ¢, in the samples charged for 120h is greater in the
cracked than un-cracked samples. This is because the cracked sample
has a reservoir of hydrogen in the 0.12 volume fraction of retained
austenite, that released hydrogen into the surrounding ferrite during
heating.

(d) The actual amount of hydrogen in austenite of the 120 h specimen imme-
diately after charging and before heating, must have been much larger
than indicated by the second peak (c,). The lower limit of this con-

centration, cg can be estimated by comparing the two curves below

523 K (250°C) in fig. 2¢. The two samples have a difference in retained

austenite fraction of 0.12—0.05 = 0.07, and the difference in the hydro-

gen released is 9.04 — 7.01 = 2.03 ppmw. If this difference is purely due
to the hydrogen released by austenite into ferrite during heating, then
the total concentration is given by ¢ = (2.03/0.07) + (0.54/0.12) =
33.5ppmw. This is a much larger concentration than the ¢, values
listed in table 3, as might be expected from the relative solubilities of

hydrogen in austenite and ferrite.

Table 3: Concentrations associated with the TDS experiments as described in the text.
The accuracy of determining x, and z, is approximately 0.01 ppmw [25]. The uncertainty
of V, is 0.01 as described in section 3.1.

V, x,/ppmw z,/ppmw c,/ppmw c,/ppmw

Cracked, partially charged 0.12 0.24 1.20 2.004+0.03  1.34+0.02
Cracked, prolonged charging 0.12 0.54 9.04 4.50£0.06 10.2740.11
Un-cracked, partially charged 0.05 0 1.8 0£0.01 1.90+0.03
Un-cracked, prolonged charging 0.05 0 7.01 040.01 7.37£0.08

3.3. Hydrogen Permeation

We were not able, for practical reasons, to implement sufficient experi-
ments to obtain conclusive results that separate out the effects of retained
austenite and cracks. Both of these factors would reduce the effective diffu-
sivity of hydrogen because the diffusivity in austenite is much smaller than
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in ferrite, and cracks are such strong traps that they would also hinder the
passage of hydrogen through the steel. An ameliorating factor is that the
retained austenite in both samples is not in the form of films that percolate
through the microstructure [26], but mostly present as blocks about 3 pm in
size. Consistent with [26], such austenite would not form continuous barri-
ers to the path of hydrogen, so it might be speculated that the role of the
austenite can be neglected.

The hydrogen permeation curves for each of the two samples are pre-
sented in fig. 3. Using these data as well as the sample thickness L, the
break-through time t,, and steady-state current density I, the values of the
effective hydrogen diffusivity D¢, permeation P, and apparent hydrogen
solubility Cl,, were calculated using the break-through method in reference
to the ISO17081 standard (table 4). Both the effective diffusivity and per-
meability values are much greater in the case of the un-cracked samples,
potentially suggesting the role of the cracks in trapping the hydrogen as it
attempts to pass through the steel.

4.0

35k e

L 5 = No cracks
2ol ﬁ”
25F
20} ‘

o With cracks

Current density / yA cm-2

1.5

0'0 1 1 1 1

0 10000 20000 30000 40000 50000
Time /s

Figure 3: Hydrogen permeation curves for cracked and un-cracked samples.

3.4. Model

The purpose of the work presented here was to study primarily the in-
fluence of cracks on the thermal desorption curves in order to gain more
confidence in the interpretation of experimental data. The effect of hydrogen
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Table 4: Parameters determined through the hydrogen permeation test. The uncertainty
of the sample thickness is 2% and that of the diffusivity, permeation, and solubility is
+4%.

Parameters No cracks With cracks
L/ m 0.00058 0.00062
ty /s 420 1600
I/ Am—2 0.0358 0.0179

Desp /m?s™' 5235 x 107 157 x 1071
P /molm~ts™! 215x 1071 1.15x 10710
Cupp / molm™3 4.11 7.32

trapping at cracks during TDS experiments was simulated by adapting one
of the hydrogen desorption models developed by Song et al. to include a fine
dispersion of microcracks in a ferritic matrix, These cracks were modelled as
surface disconnections within the matrix making them behave in a similar
way to voids [27]. A key aspect of this model is that it permits multiple
traps to be included in the analysis whereas none of the existing analytical
methods can deal with more than one type of trap. As will be seen, a certain
amount of calibration is needed to assign trap number-densities, and this was
done on the basis of data collected for the samples without cracks.

In the model, the consequence of the initial charging stage is to distribute
the hydrogen across the lattice and trapping sites assuming local equilibrium.
The diffusion is assumed to be parallel to the thickness direction, while the
hydrogen interacts with multiple kinds of traps of different binding energies:
grain boundaries, dislocations, and microcracks. A more detailed explanation
of the theory behind the numerical model and the consequences of different
dislocation densities in hydrogen trapping can be found in [27].

The binding energies and densities of trapping sites by interfaces and dis-
locations were obtained from the previous study by Song et al. [27]. The
reported binding energies were 49 and 44 kJmol~! for grain boundaries and
dislocations, respectively. However, in those experiments the sample tem-
perature was assumed to be that of the furnace rather than measuring the
sample temperature directly, which was ~20-30°C higher in the 100-200°C
range. Therefore, the temperature calibration described in section 2.4 was
used to correct these values to 50 and 47 kJ mol~! respectively, with an uncer-
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tainty of £2kJmol™. The density N/ of trapping sites due to dislocations
was calculated using equation 15 in [27]:

N = 127b*p/Q (1)

where b is the magnitude of the Burgers vector, p = 10 m™2 is the disloca-
tion density equal for both cracked and integral samples [28], €2 is the atomic
volume of iron, yielding Nf = 6.73 x 10> m~3. The density of trapping sites
due to interfaces, N’ = 1.65 x 102 m~2, was obtained by fitting the numer-
ical model to the TDS curves for the recharged un-cracked samples that did
not contain any retained austenite but maintained their hardness after the
first TDS run. It is worth mentioning that the value of diffusivity used in the
model is not the one derived from the hydrogen permeation tests, affected
by defects such as cracks and retained austenite, but the standard value of
hydrogen diffusing through a ferritic lattice [29].

The crack number-density N&=4.1x10¥m™3 was obtained by measuring
700 cracks using metallography and assuming that the crack depth was equal
to the average length. The trapping site density on the crack faces was
calculated as the number of iron atoms on each of the two faces of the cracks
present, per unit volume of steel. This assumed circular martensite discs of
mean linear intercept L = 45 um [16] and 2.25 um in thickness (c/a aspect
ratio of 0.05 [30]) knowing that there is an equivalent of 1/2 iron atom at
the face of the BCC lattice. By fitting the data to the simulated curves it
was possible to determine the amount of hydrogen atoms that get trapped
per iron atom of the cracked surfaces.

This model allowed the simulation of the desorption of hydrogen from
various kinds of traps in a purely ferritic matrix, limiting the analysis to the
TDS curves of the un-cracked and cracked samples, after partially charging
with hydrogen for the second time, which contained virtually no retained
austenite. The closest fit to the data under the assumptions of unidirectional
hydrogen flow, local equilibrium, and the three kinds of traps used (not
considering trapping at cementite) is presented in fig. 4a.

By modelling the peak of the recharged cracked and integral samples in
the partially charged experiment it was found that the closest fit to the data
was achieved for a crack binding energy of above 200 kJ mol™! assuming one
hydrogen ion gets trapped by each iron atom. In fact, increasing the value
up to 500 kJ mol~! made no changes in the height or shape of the peak since
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all these values represent already irreversible trapping sites (fig. 4b). Since
it was considered in this model that hydrogen absorbed by cracks becomes
molecular inside them, the binding energy is linked to the bond dissociation
energy of hydrogen, 458 kJmol™! [31], and not to that of free surfaces, 70-
95kJ mol ™! [32].

By taking a binding energy above 200 kJmol™!, the trapping site density
of cracks was then varied to find the best fit at Nf=41x10%*m=3, which
is approximately eight times the amount of iron atoms calculated to be at
the surfaces of cracks present per unit volume of steel (Ng,=5.1x10% m™?).
In other words, approximately eight hydrogen ions are actually trapped at
each iron atom found at the crack surfaces, meaning that there are at least
~ 9.95 x 10° trapping sites per crack. It is expected that once the hydrogen
ions get trapped at the crack surfaces, hydrogen combines to form molecular
hydrogen which fills up the volume of the crack. This means that although
hydrogen adapts its molecular state which is not pernicious, desorption of it
would require complete meltdown of the sample [1]. Trapping of hydrogen
by cracks will saturate when the volume of the crack has been filled by
molecular hydrogen which could potentially create a internal pressure that
would promote crack propagation. However, this internal pressure could be
beneficial in avoiding the crack surfaces to rub against each other under
rolling contact fatigue, which has been suggested to be the cause to “white-
etching matter” formation [17]. In other words, the presence of cracks in the
bulk would not only render pernicious hydrogen immobile and not damaging,
but could also limit it from fostering microstructural degradation in the form
of white-etching matter.

As shown in fig. 4c, increasing the trapping site density of cracks as a
multiple of Nf, decreases the height of the peak up to a maximum of ~ 8Ng,
after which the peak splits in two due to incomplete saturation at the middle
of the sample that alters the diffusion distance of hydrogen. This is shown in
fig. 5 where the hydrogen profile after charging, room temperature aging, and
heating are plotted for the case of Nf=8Nj, and 20Ny,. In fig. 5d, 5e and
5f, it can be seen that in the case of the partially charged samples, hydrogen
diffuses not only out through the surface, but also towards the middle of
the sample after charging and before heating. Despite hydrogen diffusing
inwards, the centre of the sample still remains unsaturated. After heating,
there is hydrogen in the centre (fig. 5f), unlike the previous graph (fig. 5e),
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trapped at cracks due to their strong binding energy. Since the depth of
penetration of trapped hydrogen increased, the effective diffusion distance
is longer than the sample thickness for the hydrogen that diffused into the
sample after charging causing the desorption peak to split.

In an attempt to model the results of the partially charged samples con-
taining retained austenite of the isothermal heating experiment (fig. 4d), it
was found that in the un-cracked case, the simulation over-predicted the
amount of hydrogen desorbed although the trend of desorption was accu-
rate. This is due to the difference in absorbed hydrogen and effective dif-
fusivity, knowing that the model only accounts for ferrite. However, the
important part to note is that for both experimental observations and sim-
ulations, cracks have the ability to re-trap hydrogen freed from reversible
traps. In the case of the cracked sample, there was no desorption since the
cracks were partially charged (unsaturated) from the beginning and in fact
kept trapping the hydrogen freed from low binding energy traps at 363 K
(90°C). Desorption would only occur until all the cracks are saturated. The
measured cracked sample does show hydrogen desorption since the real dis-
tribution of cracks is less homogenous than the one assumed in the model so
it is unlikely freed hydrogen will always meet a crack, and be re-trapped, as
it effuses out.

4. Conclusions

The following conclusions can be reached from the present work, based
on critical experiments using thermal desorption spectroscopy and electro-
chemical hydrogen permeation of 52100 bearing steel samples heat treated
according to the standard procedure and through a process to develop mi-
crocracks, as well as on model developed to describe and predict the results
obtained:

e Martensite plate cracks or microcracks act as irreversible traps for dif-
fusible hydrogen in 52100 steel. When absorbed by cracks, hydrogen
ions will become molecular and lose their damaging character. If not
saturated, these cracks can also retrap hydrogen freed from reversible,
low-binding energy traps such as dislocations or grain boundaries.
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Figure 5: Hydrogen profiles in the modelled sample for 8N, in the left column and 20N,
in the right column, where a) and d) represent the hydrogen present after charging, b) and
e) the hydrogen after room temperature ageing, and ¢) and f) the hydrogen after heating
trapped at lattice, grain boundaries (GB), dislocations, and cracks. The x-axis represents
the centre of the sample (0 pm) and the surface (1000 pm), showing in d) and e) how an
increased trap density leaves the centre of the specimen uncharged.
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e As confirmed by XRD and dilatometry, partially charged and super-
saturated hydrogen samples containing around 0.12 volume fraction
of retained austenite showed a second peak in ramped heating TDS
experiments corresponding to the hydrogen desorption caused by re-
tained austenite decomposition at ~548 K (275°C). The samples heat
treated according to the standard procedure containing around 0.5 vol-
ume fraction of austenite after tempering did not show such second
peak.

e Through electrochemical permeation tests, the effective hydrogen dif-
fusivity D.s; was found to be 5.235 x 10~" m?s™! for the crack-free
sample and 1.57 x 1071 m? s~ for the cracked sample. The experiment
also allowed to obtain the apparent hydrogen solubility C,p, which is
4.11molm=2 for the crack-free sample and 7.32molm™=2 for the one
with cracks.

e A model assuming local equilibrium was able to reproduce the hydrogen
desorption behaviour of the integral (crack-free) and cracked samples
containing no retained austenite by taking into consideration the effect
of multiple binding energy traps such as grain boundaries, dislocations,
and cracks.

e The binding energy for cracks was estimated to be of at least 200 kJ mol~*,
whereas the density of cracks was measured to be N&=4.1x10%m=3,
and the trapping site density generated by cracks Nf=41x10% m=3.
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