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Maximilian Baur1 • Iyas Khader2,1 • Dominik Kürten1 • Lutz Reißig1 • Frank Schweizer1 • Andreas Kailer1 •

Martin Dienwiebel3

Received: 19 December 2025 / Revised: 31 March 2026 / Accepted: 3 April 2026
� The Author(s) 2026

Abstract
Samples of martensitic-hardened bearing steel 100Cr6 (AISI 52100) were exposed to hydrogen atmospheres at different

gas pressures. The resulting hydrogen contents were measured, and a pressure-dependent hydrogen charging curve was

established. Tensile tests on cylindrical specimens charged at various hydrogen pressures showed a pronounced reduction

in strength at hydrogen contents as low as 0.75 9 10–6. Fractographic analysis revealed predominantly intergranular

fracture with crack propagation along carbide-featured grain boundaries, indicating hydrogen enrichment at microstructural

traps. Specimens, in which diffusible hydrogen was allowed to outgas prior to testing, largely recovered their initial

strength, demonstrating that the observed embrittlement is mainly governed by diffusible hydrogen and is, to a significant

extent, reversible. These findings provide insight into the pressure-dependent influence of hydrogen on the strength and

reliability of bearing components operating in hydrogen environments.
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1 Introduction

Rolling bearings are indispensable components in many

machines and systems. They enable the efficient trans-

mission of forces and are often exposed to high loads. A

crucial problem that limits the life of bearings is hydrogen

embrittlement. Hydrogen can come into contact with

bearing steel for various reasons, e.g., the use of specific

lubricants [1–5]. If hydrogen penetrates steel, this can lead

to embrittlement-related premature failure [6], which in

turn degrades the reliability of bearings. Molecular

hydrogen must first dissociate into atomic form before

diffusing into the metal lattice. While spontaneous

dissociation of H2 molecules is thermodynamically not

feasible under typical application conditions, dissociative

adsorption at the steel surface enables the formation of

atomic hydrogen [7]. These hydrogen atoms can then dif-

fuse into the steel and cause embrittlement. This mecha-

nism is especially relevant for bearing steels in hydrogen

compressors, where surface-mediated uptake is critical.

Experimental studies confirm that even under gaseous

hydrogen atmospheres, significant hydrogen absorption can

occur once dissociative adsorption has taken place [8].

The effect of hydrogen embrittlement can be observed

particularly in high-strength steels, including bearing steels

used in demanding applications such as hydrogen com-

pressors [1, 9–12].

For this reason, it is of great interest to investigate the

effects of hydrogen on the material properties of bearing

steel. Numerous studies have shown that hydrogen can

significantly affect the mechanical properties of bearing

steel [1, 11, 12]. Hydrogen embrittlement reduces the

fracture toughness and ductility, making the steel more

susceptible to crack growth and fracture. In addition,

hydrogen can also impair the corrosion resistance of the

bearing steel, which can lead to accelerated degradation of
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the material. For the austenitic steels with very ductile

material behavior, it has been shown that ductility is

reduced after exposure to hydrogen [9, 13, 14].

The most famous concepts for the description of

hydrogen embrittlement in metals can be divided into two

different mechanisms. The first one is hydrogen enhanced

local plasticity (HELP): Increased concentrations of

hydrogen support the deformation process locally. This

effect is triggered by the fact that the hydrogen atoms can

be strongly bound in the elastic field around dislocations,

thereby reducing the energy required for the dislocation

movement [15]. Another hydrogen embrittlement mecha-

nism is called hydrogen enhanced decohesion (HEDE).

Here, it is proposed that the strength of the material is

weakened by hydrogen occupying grain boundaries and

particle–matrix interfaces [16, 17]. It is assumed that the

interactions of the two mechanisms, HEDE and HELP,

together lead to the effect of hydrogen embrittlement

[18, 19]. When investigating the fracture surfaces, inter-

granular fracture can be observed. As hydrogen accumu-

lates at the grain boundaries, similar to sulfur and

phosphorus, it is concluded that the cohesion of grain

boundaries is weakened by hydrogen and results in inter-

granular fracture [20]. In high-strength steels, intergranular

fracture due to embrittlement is assumed to be promoted by

the pile-up of dislocations and by hydrogen which was

carried at grain boundary carbides. The locally enhanced

stress leads to the decohesion of the grain boundary and the

carbide–matrix interface. Therefore, the synergistic effects

of HELP and HEDE result in the intergranular fracture

surface [21]. The dislocation movement is enhanced, and

the pile-up at grain boundaries leads to the fracture origi-

nating at these locations, which can be observed as inter-

granular fracture with scanning electron microscope (SEM)

investigations [22]. Besides, microstructure simulations

indicate that the volume in grain boundaries is occupied by

hydrogen atoms that lead to the loss of elasticity [23].

Another very important indicator of hydrogen embrittle-

ment is microductile hairlines on the IG fracture surface, so

called crow’s feet because of their appearance [24, 25]. An

important value for assessing the suitability of a material

for use in a hydrogen atmosphere is the hydrogen embrit-

tlement susceptibility index (HEI). In very ductile materi-

als, the change in the fracture surface is used as a factor for

the evaluation, while for more brittle materials, the elon-

gation at failure is used as a characteristic value [26, 27].

Most past studies on hydrogen embrittlement in high-

strength steels have employed electrochemical charging

[28, 29]. In contrast, gas charging at controlled pressures

allows a broader perspective on embrittlement behavior

under practical operating conditions, while avoiding unfa-

vorable surface alteration due to chemical reactions. Both

techniques lead to sub-surface hydrogen accumulation in

the lattice and reversible trap sites [30]. To gain a better

understanding of the behavior of rolling bearings under a

hydrogen environment and to increase their reliability, it is

therefore crucial to investigate the effect of hydrogen on

the mechanical properties of rolling bearing steel in more

detail. The results of such investigations can help to

improve the development of bearing steels and increase the

reliability of bearings in various applications.

It is known that high-strength steels are strongly influ-

enced by the penetration of hydrogen [31–33]. In the case

of ductile steel, the necking elongation is reduced. With

less ductile steels, however, the strength is even reduced,

and failure often occurs in the elastic range before the

material’s yield strength is reached [33]. In this work, the

influence of hydrogen at different pressures on rolling

bearing steel is investigated to clarify the resulting effects.

2 Materials and methods

2.1 Material

Bearing steel 100Cr6 is a high-carbon chromium alloy

widely used for rolling elements. Similar samples to those

tested in this work were previously analyzed using glow

discharge optical emission spectroscopy (GDOES) [4]. The

elemental composition is given in Table 1.

The samples were subjected to a controlled heat treat-

ment process to achieve the desired mechanical properties.

The tensile samples were austenitized and subsequently

hardened under a protective gas atmosphere to minimize

oxidation and decarburization. The hardening process was

designed to ensure a uniform martensitic microstructure,

yielding a final hardness of approximately 58 HRC

(Rockwell hardness cone). This treatment yields samples

comparable to the through hardened rolling elements. The

microstructure of similar bearing steel was analyzed and

reported in Šmeļova et al. [34]. The material mainly con-

sisted of tempered martensite, in addition to homoge-

neously distributed primary spheroidized carbides (Fe,

Cr)3C and tempered carbides. It also included approxi-

mately 10%–12% retained austenite.

A comparison of the microstructure of the bearing

component and a transverse section of a tensile specimen,

both made of 100Cr6 steel, is shown in Fig. 1. The

microstructure of the bearing element (Fig. 1a) exhibits

slightly finer grain size and higher density of carbides,

distributed both along the grain boundaries and within the

grains, compared to the tensile sample’s microstructure

(Fig. 1b). This is consistently observed in optical micro-

scopy as well as in secondary electrons (SE) and

backscatter electrons (BSE) microscopy images, where
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carbides appear with enhanced contrast in the bearing

element.

The tensile samples were austenitized at 840 �C for 90

min in a neutral atmosphere (carbon potential 0.8 wt.%)

Table 1 Elemental composition of bearing steel 100Cr6 (wt.%) [4]

C Cr Mn Si Mo V Fe

1.08 ± 0.02 1.52 ± 0.03 0.33 ± 0.02 0.26 ± 0.03 \ 0.1 \ 0.1 Balance

Fig. 1 Microstructure of a bearing element (a) and a transverse section of a tensile sample (b) etched under identical conditions: optical

microscopy (OM), SE and BSE images from top to bottom
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and oil quenched. Tempering was then carried out in two

air furnace cycles. The first cycle was performed at 160 �C
for 3 h. The second cycle was performed at 230 �C for 3 h.

In each cycle, the furnace was heated from ambient to the

setpoint and held isothermally for the stated duration. This

customized heat treatment of the tensile samples should

result in a comparable microstructure to that of the bearing

elements. Nonetheless, the grain size of the tensile speci-

men still appears slightly coarser than that of the rolling

element, as shown in Fig. 1.

Figure 2 shows electron backscatter diffraction (EBSD)

results of the investigated 100Cr6 steel tensile samples.

The inverse pole figure (IPF) map (Fig. 2a) reveals a fully

martensitic microstructure with a lath-like subgrain mor-

phology, indicating prior austenite grain fragmentation.

The grain boundary map (Fig. 2b) highlights a high density

of high-angle grain boundaries (HAGBs, blue), which

dominate the structure (96.2% of total boundaries), while

low-angle grain boundaries (LAGBs, red/green) are pre-

sent in minor fractions. This boundary network suggests a

high potential for hydrogen segregation at HAGBs, which

are known to promote intergranular decohesion under

hydrogen charging conditions. Also, primary carbides are

displayed in black, with a diameter of 1–2 lm.

2.2 Hydrogen pressure charging

In addition to more accurate process control in terms of

hydrogen concentration and more uniform hydrogen dis-

tribution within the material, gas pressure charging (unlike

electrochemical charging) does not alter surface structure

and material properties of the samples. Gas pressure

charging was done using a benchtop autoclave (Fig. 3) to

expose different types of samples to a hydrogen

atmosphere. The autoclave allows tempering the samples

during the process to allow hydrogen to diffuse into the

material. The device is capable of reaching pressures up to

30 MPa and temperatures up to 350 �C.

The autoclave is connected to pressurized cylinders

(filled with hydrogen 6.0, up to 20 MPa) using Swagelok

fittings. Two ball valves are installed to ensure that no

residual ambient atmosphere remains in the autoclave. The

pipe section was purged ten times prior to charging to

eliminate residual atmospheric gases. This means that the

charging pressure is applied and released to a pressure

between 1 and 2 MPa via the drain valve. The pressure is

measured and displayed via the pressure gauge. The tem-

perature is measured with a PT100 thermocouple, and the

temperature is controlled using a temperature controller.

Charging was done to create pressure-dependent

charging curves and to pre-charge tensile samples. The

Fig. 2 EBSD-IPF map (a) and corresponding grain boundary map (b) of martensitic microstructure with a high fraction of high-angle grain

boundaries

Fig. 3 Charging chamber for charging samples with pressurized gases
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charging curves were measured on cylindrical rollers of

bearing type 81104 (axial length of 4.5 mm and diameter of

4.5 mm). For charging, the tensile samples were pressure

charged in the same experimental setup, wherein two

samples can be fit in the pressurized tube.

The hydrogen charging time of 150 h was selected based

on a diffusion kinetics estimation using Fick’s second law

of diffusion for a finite cylindrical specimen. This formu-

lation assumes diffusion time sufficient to achieve equi-

librium hydrogen concentration under constant surface

concentration conditions. The effective hydrogen diffusion

coefficient reported by Kürten et al. [35] for martensitic

steel 100Cr6 at 30 �C was adopted.

2.3 Slow strain rate tensile tests

Round tensile samples were used for the slow strain rate

tensile (SSRT) tests, as shown in Fig. 4. The proportional

part of the threaded round tensile sample was manufactured

with a diameter of 3 mm and a length of 15 mm and is

therefore compliant with ISO 6892. The samples were

made of hardened 100Cr6 (760 HV10), which is compa-

rable to the rolling elements. Tensile testing was performed

at a constant strain rate of 1 9 10–5 s-1. The strain rate

was selected to highlight the influence of hydrogen, which

is the most prominent at low-strain rates [36].

To ensure comparability of hydrogen uptake between

the bearing elements and the tensile specimen, the surface

area of the tensile samples was polished to a roughness

with a Ra of 0.01 lm similar to that in the bearing rollers.

The SSRT tests were carried out to quantify the steel’s

susceptibility to hydrogen embrittlement. The following

formula is used for the calculation of the hydrogen

embrittlement susceptibility index [27, 36].

HEI ¼ e0 � eH

e0

ð1Þ

where eH and e0 represent the elongation at break of the

samples with and without hydrogen charging, respectively.

An HEI of 0 means that hydrogen has no influence on the

material property under investigation, and a value of 1

means that the material characteristic value was no longer

measurable [37].

2.4 Thermal desorption mass spectroscopy

For measuring the hydrogen content in the bearing ele-

ments, thermal desorption mass spectroscopy (TDMS) was

conducted by using a Bruker G4 PHOENIX DH in com-

bination with a mass spectrometer (InProcess Instruments).

After hydrogen charging, the samples were stored in liquid

nitrogen to avoid hydrogen effusion during idle time. To

ensure that there is no contamination on the surface of the

sample, the samples were cleaned with acetone in an

ultrasonic bath. The cleaned samples were placed in a

quartz tube, and the external thermocouple is placed

directly on the sample for the most accurate measurement

of its temperature. Hydrogen content measurements were

carried out by TDMS. The samples were heated up to 800

�C, as fast as possible, using the infrared heater. The

effused hydrogen is measured with the mass spectrometer

in the carrier gas. The amount of hydrogen is calculated

from the TDMS signal using a calibration factor, which is

obtained by using 5% hydrogen gas in a calibration routine

before the measurement. The calculated value is divided by

the sample mass to give the hydrogen content in lg/g.

The solubility of hydrogen can be described using

Sievert’s law, as shown in Eq. (2) [38].

cH ¼ k � ffiffiffi

p
p

H2
ð2Þ

where cH describes the hydrogen concentration dissolved in

the material, 10–6; pH2
is the external hydrogen gas partial

pressure, MPa; and k the Sieverts constant, 10–6 MPa-1/2,

which is material and temperature dependent. Hydrogen

concentrations are given in mass fraction (10-6, parts per

million) throughout the manuscript.

TDMS was chosen as the analysis method because it

also provides the opportunity to obtain trapping energies

[39, 40]. To determine trapping energies, multiple mea-

surements with various heating rates must be carried out.

Different heating rates result in a peak shift of the hydrogen

signal, which can be used to determine the energy of

release. The slope of the regression line of these data points

implemented in a regression plot yields the trapping

energy. The following equation was used to determine the

trapping energy:

dlnðu=T2
pÞ

dð1=TpÞ
¼ �EA

R
ð3Þ

where u stands for the heating rate, K/s; Tp is the tem-

perature at which the peak forms; R is the ideal gas con-

stant; and EA is the activation energy of the correspondingFig. 4 Technical drawing of tensile test specimen geometry with M12

thread (Unit: mm)
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trapping site. Hence, multiplying the slope of the regres-

sion line by the ideal gas constant yields the trapping

energy. Through deconvolution of the curve, three different

peaks are identified [40, 41]. The smoothed curve is

approximated with nonlinear curve fitting according to

Gaussian peaks, which was used because they achieved the

best fit to the curve. Obviously, the peak temperature

depends on the applied heating rate. The intensity can be

calculated to a desorption rate through multiplication by

the calibration factor, which was consistent in the different

measurements. The selected heating rates and specimen

dimensions ensure reaction-controlled hydrogen desorp-

tion, thereby fulfilling the applicability conditions of the

Kissinger analysis used to determine trap activation

energies.

3 Results

3.1 Thermal desorption analysis

3.1.1 Hydrogen content

(1) Hydrogen content as function of charging duration

(constant pressure).

To establish a time-dependent charging curve for hydro-

gen, multiple samples were gas pressure charged at a

constant pressure of 13 MPa and 90 �C. The testing tem-

perature was chosen based on preliminary tests [3] that

resulted in saturation at shorter exposure duration. The

hydrogen content was accordingly measured after varying

the charging duration. For each duration, the content of five

samples was measured.

Figure 5 shows that the virgin samples contained

0.4 9 10–6 hydrogen. After charging for 25 h, around

0.75 9 10–6 hydrogen was measured, and after 50 h,

almost 3 9 10–6 was measured. Longer charging durations

did not increase the hydrogen content anymore. Charging

durations of 75 and 300 h resulted in approximately

3 9 10–6 hydrogen, thus indicating saturation in the sam-

ples after approximately 50 h. The following saturation

equation was numerically fitted from the measurements:

C xð Þ ¼ C0 þ Cmax � C0ð Þ � ð1 � e�kxÞ ð4Þ

where C xð Þ denotes the hydrogen concentration as a

function of the independent variable x; C0 represents the

initial hydrogen concentration; and Cmax corresponds to the

saturation concentration reached at large values of x. The

parameter k is a fitting constant describing the rate at which

the concentration approaches the saturation level. The

optimal value of k was determined by minimizing the mean

squared error (MSE) between the experimental concentra-

tion data and the model prediction. In the present study, the

variable x represents either the hydrogen charging pressure

or the charging duration, depending on the respective

evaluation.

(2) Hydrogen content as function of charging pressure

(constant duration).

Furthermore, the hydrogen uptake as a function of

charging pressure was studied. In Fig. 6, the hydrogen

content due to gas pressure charging in a hydrogen atmo-

sphere at different pressures is plotted. For each data point,

five samples were analyzed. As shown in Fig. 5, saturation

pressure may be achieved after approximately 50 h of gas

pressure charging. The samples in these tests were charged

for 150 h to ensure uniform hydrogen distribution within

the samples prior to testing.

Similarly, the hydrogen content of the virgin samples

was found to be approximately 0.4 9 10–6. The tests

resulted in hydrogen contents of 2.5 9 10–6 and

Fig. 5 Accumulated hydrogen content after pressure charging at 90

�C and 13 MPa pressure for various durations

Fig. 6 Pressure-dependent charging curve after enough charging time

to get a steady state, dependent on charging duration
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3.2 9 10–6 at 10 and 17 MPa, respectively. The charging

curve indicates that increasing hydrogen pressure beyond a

certain value results in saturation. Charging pressures of

over 10 MPa showed little to no effect on the content of

hydrogen in the samples.

In addition to the regression (Eq. (4) described above, a

fit according to Sievert (Eq. (2) was also added in Fig. 6,

whereby the Sieverts constant was found to be

k = 0.82 9 10–6 MPa-1/2 (coefficient of determination

r2 = 0.95) to achieve the best fit.

(3) Hydrogen effusion.

In this set of experiments, the rate at which the hydrogen

effuses (i.e., diffuses out) of the samples stored in ambient

laboratory air was investigated. All virgin samples with a

hydrogen content of approximately 0.4 9 10–6 were gas

pressure charged to a saturation content of 3 9 10–6 prior

to testing. Charging was carried out at 17 MPa and 90 �C
for 150 h. The samples were subsequently held at idle in

ambient air for varying durations up to 400 h. A reference

batch of samples was stored in liquid nitrogen. The

hydrogen content decreased in the charged samples as

shown in Fig. 7. After 400 h in laboratory air, the hydrogen

content decreased to approximately 1.8 9 10–6. Samples

stored in liquid nitrogen showed much slower effusion rate,

with approximately 2.6 9 10–6 hydrogen left in the sam-

ples after 400 h.

3.1.2 Trapping energies

Hydrogen-charged samples with 3 9 10–6 hydrogen con-

tent were used to measure trapping energies using TDMS.

The samples were heated at different rates, and hydrogen

desorption rates were obtained from the mass spectrometer

signals. Figure 8a shows the hydrogen desorption rate as

a function of the testing temperature. The peaks in these

figures indicate hydrogen release, and the peak shifts

depend on the heating rate. This peak shift may be used to

calculate the trap activation energies for the hydrogen traps

as detailed in Eq. (3). Besides, Fig. 8b shows the mea-

surement as a function of time; the area under the curve

provides the measured hydrogen content. The selected

heating rates ensured a moderate signal-to-noise ratio and

favorable signal characteristics that permit proper peak

separation. Lower heating rates increased noise, thus

reducing the possibility of peak identification; whereas

higher heating rates resulted in pronounced peak overlap.

Therefore, the applied heating rates allowed reliable dif-

ferentiation of individual desorption peaks.

The linear regression plot from different heating rates

for the measurements is shown in Fig. 9. The plots enable

calculating the trap activation energies (EA, see Eq. (3))

resulting from each peak.

The tests were also conducted on samples charged up to

3 9 10–6 and subsequently stored in laboratory air for 400

h. The desorption rate and the deconvolution can be seen in

Fig. 10.

The measured trapping energies of charged samples and

the ones charged and left at laboratory air for 400 h are

displayed in Table 2. The peak at the lowest temperature

(200–300 �C) is around 30 kJ/mol, the second peak

(370–410 �C) is around 45 kJ/mol, and the peak at the

highest temperature (440–620 �C) is around 41 kJ/mol.

The hydrogen released at each peak was evaluated at a

heating rate of 40 K/min, as shown in Fig. 11. At this

heating rate, the peaks can be easily differentiated from one

another. The measurement was conducted for charged

samples (150 h, 17 MPa) and compared to samples charged

(150 h, 17 MPa) and stored at room temperature for 400 h.

The set of measurements indicated the highest hydrogen

release occurring at peak 3 (440–620 �C) and the largest

difference between charged and charged-and-stored

samples.

3.2 SSRT tests

The tensile tests with uncharged samples (reference sam-

ples) showed a tensile strength of about 2422 ± 42 MPa at

a strain of 0.026 ± 0.004 (Fig. 12a). The stress–strain

diagrams of the hydrogen-charged samples at 10 and

15 MPa are shown in Fig. 12b; failure of the charged

samples does not indicate any appreciable plastic defor-

mation. Moreover, a significant reduction in strength was

recorded. The samples charged with hydrogen fail at a

mean stress of 1042 ± 25 MPa. The reduction in tensile

strength due to hydrogen charging is about 60%. Fig-

ure 12a also shows that samples charged at 15 MPa and

subsequently idly stored for 400 h in ambient air prior to

Fig. 7 Effusion curve after charging samples with 17 MPa for 150 h

and leaving samples at laboratory air with comparison to samples

kept in liquid nitrogen for same time
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conducting the tensile tests (to permit effusion) showed

similar ductility and only a slight reduction in tensile

strength compared to reference samples.

Furthermore, tensile tests were carried out with different

charging pressures, as shown in Fig. 13. Even at lower

charging pressures (3 MPa), the behavior is identical to the

samples charged with 10 and 15 MPa. The failure occurs

prior to any visible plastic strain and at stresses below 1000

MPa. When looking at the tensile samples, the failure

occurred at 90� to the direction of loading, which also

indicates brittle fracture.

In Fig. 14, the stress at fracture is plotted against the

hydrogen content in parts per million (10–6) in the tensile

samples.

The mean HEI of 0.82 was determined according to

Eq. (1). Figure 15 shows the HEI determined from tensile

strain measurements after hydrogen charging at different

gas pressures. The HEI increases from low to intermediate

pressures and approaches a plateau above 5 MPa, while the

error bars reflect the propagated experimental uncertainty

of the strain data.

The failure of the hydrogen-charged samples appears

within the elastic limit at stresses below 1000 MPa. Failure

occurred at 90� to the direction of loading, which indicates

brittle fracture (Fig. 15).
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3.3 Examination of fracture surfaces
with a scanning electron microscope

A fracture surface of a sample charged at 10 MPa for 150 h

is shown in Fig. 16. The SEM images were taken at an

accelerating voltage of 10 keV. The fracture pattern reveals

the fracture origin, which is marked with a circle. Visible

fracture lines extend from the marked area to the edge of

the sample. Fracture clearly appears to propagate

throughout the surface of the sample from the fracture

origin.

A closer inspection (5009 magnification) of the fracture

origin of the 10 MPa sample indicates different structures

(Fig. 17). The fracture appears to be mainly intergranular

with an adjacent area of ductile fracture with ductile

dimples. Also areas of quasi-cleavage fracture can be

observed, which are highlighted in the image. The fracture

surface appears rather flat and, in both cases, the fracture

origin can be identified.

Detailed inspection (magnification of 5,0009) in the

hydrogen-charged samples reveals cleaved grain bound-

aries in the intergranular fracture regions. Furthermore,

microductile hairlines, known as crow’s feet [25], are

visible. The crow’s feet are highlighted by the red arrows.

The honeycomb structure (lower right corner) indicates

residual ductile behavior. In these honeycomb structures,

carbides can be found with a diameter of around 300–500

nm (Fig. 18).

The fracture surface of a tensile sample charged with

hydrogen at 3 MPa for 150 h is shown in Fig. 19. The

Table 2 Measured trapping energies in samples

Process Peak 1

(200–300 �C)

Peak 2

(370–410 �C)

Peak 3

(440–620 �C)

kJ mol-1 r2 kJ mol-1 r2 kJ mol-1 r2

17 MPa charging -30.5 0.95 -47.7 0.96 -42.0 0.92

17 MPa charging ? effusion for 400 h -32.4 0.95 -42.6 0.92 -40.0 0.84

Fig. 11 Evaluation of individual peaks at a heating rate of 40 K/min

for charged samples and samples charged and left idle at room

temperature for 400 h after charging, accomplished at 17 MPa
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Fig. 12 Stress–strain diagrams of reference samples (a) and charged samples at 10 and 15 MPa hydrogen pressure (b)
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fracture pattern appears similar to the samples charged at

10 MPa. The fracture in both cases exhibits identical pat-

terns with an intergranular fracture origin.

The transition from intergranular fracture to ductile

fracture was in the specimen charged with hydrogen at 3

MPa for 150 h and is shown in Fig. 20.

Higher magnification (50009) image of the grains in the

specimen charged with hydrogen at 3 MPa is shown in

Fig. 21.

The fracture pattern is similar to that in 10-MPa sam-

ples; the fracture is mainly intergranular, and crow’s feet

identified on the intergranular fracture surface regions and

regions of ductile fracture were also visible.

Figure 22 presents an SEM image of the fracture surface

showing bright particles within quasi-cleavage facets of a

6 MPa charged sample. Local energy-dispersive spec-

trometry (EDS) point analyses were performed at two

representative locations. At Position 1, the chromium

content is approximately 1.5 wt.%, corresponding to the

nominal chromium level of 100Cr6 and thus representative

of the martensitic matrix. In contrast, Position 2 revealed

increased chromium content of approximately 3.2 wt.%,

accompanied by a reduced iron fraction. This chromium

enrichment is characteristic of (Fe,Cr)-carbides typically

present in 100Cr6 bearing steel. Although carbon cannot be

reliably quantified by EDS, the compositional contrast

confirms that the bright particles correspond to carbide

phases. Their frequent occurrence within the quasi-cleav-

age regions suggests that carbide-related microstructural

heterogeneities may contribute to preferred crack initiation

sites under hydrogen charging conditions.

The fracture surfaces of uncharged reference samples

were also examined (Fig. 23). Fractographic analysis

indicated that the fracture originated at a surface-initiated

crack (marked with a red circle). The fracture surface is

rough, indicating ductile fracture.

The fracture surface of the reference sample, in Fig. 23,

reveals rough morphology, indicative of significant ductile

fracture. 100Cr6 shows ductile fracture behavior exempli-

fied by void formation and coalescence on the microscopic

level. The ridges and valleys in the fracture pattern

emphasize the material’s ability to undergo plastic yielding

prior to fracture.

A closer look at the fracture origin, Fig. 24, shows grain

boundaries and ductile dimples. This grain boundary and

the pit next to it are located at the center of the crack

propagation and could be the origin of the fracture. Overall,

the fracture pattern is typical of a high-strength steel, where

rough regions and dimples indicate ductile fracture in the

matrix and brittle cleavage (flat grain surface) is apparent

in the martensitic grain.

A detailed view of the grain surface appearing in Fig. 24

can be seen in Fig. 25. No crow’s feet were observed in the

uncharged samples even in regions showing intergranular

crack growth.

4 Discussion

Gas pressure charging of 100Cr6 samples was conducted to

construct charging and discharging curves. After 50 h of

exposure to hydrogen at 13 MPa, hydrogen content of

3 9 10–6 was measured; longer charging durations did not

lead to higher hydrogen content, indicating saturation. A

Fig. 13 Maximum stress at rupture of sample related to hydrogen

charging pressure

Fig. 14 Maximum stress at rupture of sample related to hydrogen

content
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pressure-dependent charging curve was thus derived by

charging cylindrical bearing components at different
charging pressures. The results revealed a maximum

hydrogen content of around 3.2 9 10–6 at 17 MPa.

Fig. 15 Reference tensile sample after testing (left) and HEI as a function of hydrogen gas pressure (right)

Fig. 16 SEM image of fracture surface of hydrogen-charged speci-

men and fracture origin indicated by a circle

Fig. 17 SEM image of fracture origin of hydrogen-charged specimen

Fig. 18 SEM image of intergranular fracture region of hydrogen-

charged specimen

Fig. 19 SEM image of fracture surface of hydrogen-charged speci-

men with fracture origin indicated by a circle
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The effusion experiments were conducted on charged

samples containing approximately 3 9 10–6. Storing the

samples in laboratory air for 400 h resulted in a decrease in

hydrogen content to approximately 1.8 9 10–6. Samples

stored in liquid nitrogen at 77 K retained approximately

2.6 9 10–6 of hydrogen for the same duration. This con-

firms that a major portion of absorbed hydrogen will leave

the steel if stored at room temperature, indicating weakly

trapped hydrogen (i.e., loosely bound in reversible traps

Fig. 20 SEM image of transition zone from intergranular to ductile

fracture of hydrogen-charged specimen

Fig. 21 SEM image of intergranular fracture region of hydrogen-

charged specimen

Fig. 22 SEM image of intergranular fracture region of hydrogen-

charged sample

Fig. 23 SEM image of fracture surface of uncharged reference

sample with fracture origin indicated by a circle

Fig. 24 SEM image of fracture origin of reference sample

Fig. 25 SEM image of intergranular fracture region of reference

sample
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such as dislocations and grain boundaries), which is typi-

cally released from steel at room temperature [42].

Compared with the values given in the literature, the

value of the Sieverts factor, at 0.82 9 10–6 MPa–1/2, is

significantly higher than the range specified by Sieverts.

The upper limit of the range for ferritic steels is just under

0.0316 9 10–6 MPa–1/2 (or 0.01 9 10–6 bar–1/2, 1 bar =

100,000 Pa) at a temperature of 90 �C [38]. From this, it

can be concluded that hydrogen in the samples is mostly

bound in traps, and the trapping model of Oriani [43] or

McNabb and Forster [44] applies.

To ensure the transferability of the results from rolling

bearing components and tensile samples, a comparable heat

treatment process was carried out. The fracture patterns of

hydrogen-charged samples tested under tension showed

several distinct features. While the fracture surface of the

reference (uncharged) samples showed rough morphology,

hydrogen-charged samples showed flat smooth fracture

surfaces. Although the material is considered brittle

(martensitic 100C6), the fracture pattern of the reference

samples indicated ductile yielding in Fig. 24. Low ductility

can be seen in the stress–strain diagrams, where strain at

fracture was less than 0.03 in Fig. 12a. This is in line with

the findings of Syniuta and Corrow [45]. Besides, hydro-

gen-charged samples failed at only 40% of the tensile stress

reached by the reference samples. Based on elongation at

fracture, the HEI was found to be 0.82, which indicates

high susceptibility to hydrogen embrittlement. This is in

line with literature findings on hydrogen embrittlement of

high-strength steels. Values between 0.70 and 0.85 were

reported for concentrations as low as 0.5 9 10–6 to

1.0 9 10–6 [46–48]. In agreement with the present results,

Yanachkov et al. [49] reported for martensitic

microstructures a transition from transgranular to inter-

granular fracture already at hydrogen contents as low as

about 0.44 9 10–6, indicating that only small amounts of

absorbed hydrogen are sufficient to activate grain bound-

ary-controlled failure mechanisms. Hydrogen-charged

samples showed dominant intergranular fracture behavior.

The reference (uncharged) samples showed small propor-

tion of intergranular fracture regions. These findings sug-

gest that the significant reduction in strength is primarily

due to hydrogen-induced grain boundary weakening. This

is in line with findings of Okuno and Takai [50] where it

was argued that intergranular fracture observed in loading

at room temperature was mainly promoted by the rever-

sible stress-assisted accumulation of hydrogen at prior

austenite grain boundaries (PAGBs). The high fraction of

HAGBs (Fig. 2) in the tensile samples underlined the

weakening of grain boundary cohesion, which is in line

with findings of Lan et al. [51], where it was shown that

HAGBs are more prone to hydrogen embrittlement than

LAGBs.

The effusion tests indicated recoverable strength and

ductility in charged samples stored idly in ambient air.

Tensile strength and strain at fracture had almost been fully

restored to a status comparable to that in reference samples.

This indicates that reversible trapped, at room temperature

diffusible, hydrogen is mostly responsible for the degra-

dation of material properties. In line with analysis carried

out by Depover et al. [52], our results indicate that failure

in 100Cr6 is governed by martensite-dominated crack ini-

tiation, which is exacerbated by diffusible hydrogen. The

slight reduction in tensile strength observed in the samples

after charging and storing in ambient air is presumably due

to the temperature exposure during hydrogen charging (90

�C for 150 h), possibly also caused by the remaining

hydrogen content. The reduction in the strength of 100Cr6

bearing steel induced by the hydrogen also explains pre-

mature failures that can be observed in rolling bearings in a

hydrogen atmosphere and due to hydrogen absorbed

through lubricant degradation [3, 4, 53].

The rather low trapping energies (30–48 kJ/mol) mea-

sured in the charged samples indicate that mostly reversible

traps were filled [54]. The decrease in the hydrogen content

of these trapping sites (Fig. 11) indicates that hydrogen can

escape again when exposed to laboratory air. The trapping

energies measured at 200–300 �C (approximately 30

kJ/mol, peak 1 in Fig. 8 and Table 2) correspond to dis-

locations [40, 55]. At around 370–400 �C (approximately

45 kJ/mol, peak 2) and 440–650 �C (approximately 41

kJ/mol, peak 3) could either correspond to carbides (most

likely chromium carbides) or retained austenite [56];

retained austenite is known to considerably increase the

solubility of hydrogen [57]. Literature findings also indi-

cate trapping energies between 43.7 and 49.2 kJ/mol for

grain boundaries [58, 59]. Peaks 2 and 3 can therefore be

associated with the trapping energy of grain boundaries.

This would also account for the intergranular crack growth

observed on the fracture surface. Similar results were found

in different high-strength martensitic steels under hydrogen

influence [50, 51].

The experimental results demonstrate clear correlation

between the hydrogen content and mechanical property

degradation; even limited hydrogen uptake, achieved

through low-pressure charging for short durations (Figs. 5

and 6), results in a pronounced degradation in strength

(Fig. 14). The observed mechanical recovery following

ambient air storage is attributed to the effusion of mobile

(diffusible and weakly trapped) hydrogen, thereby identi-

fying it as the principal cause of strength degradation.

TDMS measurement data further highlight the role of

hydrogen trapping, showing that strongly trapped hydrogen

(corresponding to high-temperature effusion peaks, Fig. 8)

exert only a minor influence on strength.

Hydrogen uptake of 100Cr6 bearing steel in gaseous pressurized hydrogen and resulting tensile strength Page 13 of 15   184 

123



That the third peak at approximately 440–650 �C has a

lower activation energy than the second peak (at lower

temperature) could be due to more complicated processes

that cannot be explained by the method used [60, 61].

The amount of hydrogen at each of these traps is

reduced by idle storing in ambient air. The overall reduc-

tion in hydrogen content makes it difficult to draw con-

clusions regarding the nature of traps that mostly influence

the tensile strength of steel.

Hydrogen embrittlement is driven by synergistic effects

of HEDE and HELP. Diffusible hydrogen is known to be

present in high concentrations at grain boundaries, thus

leading to HEDE through weakened cohesion of grain

boundaries and resulting in intergranular fracture. Addi-

tionally, enhanced dislocation mobility due to the HELP

causes dislocations to pile-up at the grain boundaries

[22, 62, 63].

5 Summary

1. The hydrogen content recorded by gas charging of

cylindrical roller bearing elements no longer shows

any major change above 10 MPa, allowing a steady

state to be measured just over 3 9 10–6.

2. The tensile tests of the hydrogen-charged samples have

shown that even a charging of only 3 MPa leads to a

drastic reduction in strength.

3. Regardless of the charging pressure, a tensile strength

of around 40% of the strength in the unloaded state

was measured.

a. The HEI considering the strain at rupture was

determined to 0.82. Therefore, the hardened

100Cr6 steel is very susceptible to hydrogen

embrittlement.

b. This demonstrates that even low concentrations of

hydrogen can have a critical impact on the

material’s strength and may account for premature

bearing failures.

4. Fractographic analysis confirmed characteristic fea-

tures of hydrogen embrittlement, including intergran-

ular fracture and ‘‘crow’s feet’’ patterns.

5. Charging the tensile sample with 15 MPa hydrogen gas

and leaving them at laboratory air for 400 h reverse the

reduction in tensile strength, and the behavior of the

sample is again the same as the uncharged condition.

6. The measurement of the trapping energies showed that

the trapping energies are around 30 kJ/mol which are

assumed to correspond to dislocations and at 40–47.7

kJ/mol corresponding to the (high-angle) grain bound-

aries, but could also correspond to the chromium

carbides or retained austenite.

7. The correlation of the elevated hydrogen content and the

drastic reduction in the tensile strength of the bearing steel

could be demonstrated. The reduction in strength is

reversed by the effusion of diffusible hydrogen.

Acknowledgements The authors gratefully acknowledge the financial

support of the German Research Foundation (DFG) within the project

CoLifeHy (Grant No. 450828000).

Funding Open Access funding enabled and organized by Projekt

DEAL.

Data availability Due to privacy restrictions, the data underlying this

study can be obtained from the corresponding author upon request.

Declarations

Conflict of interest All authors declare that there is no conflict of

interest.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

[1] M. Alexander Stopher, P.E.J. Rivera-Diaz-del-Castillo, Mater.

Sci. Technol. 32 (2016) 1184–1193.

[2] N. Kino, JSAE Rev. 24 (2003) 289–294.
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R. Spallek, M. Scherge, Eng. Fail. Anal. 99 (2019) 330–342.

[5] M. Kohara, T. Kawamura, M. Egami, Tribol. Trans. 49 (2006)

53–60.

[6] M.H. Evans, A.D. Richardson, L. Wang, R.J.K. Wood, Wear

306 (2013) 226–241.

[7] Y. Sun, Y.F. Cheng, Int. J. Hydrogen Energy 46 (2021)

34469–34486.

[8] A. Trautmann, G. Mori, B. Loder, BHM Berg Und
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