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Abstract

Small amount of hydrogen concentration impact appears signi�cantly in
material fatigue and cracks propagation. Resonant e�ect is observed at fa-
tigue. This e�ect was described by a model of bicontinuous medium containing
hydrogen [1], [2] and was detected experimentally later [3].

Signi�cant impact of small di�usion - mobile hydrogen concentration to
metal fatigue was observed in non-cyclic static and dynamic loading. Hydro-
gen embrittlement areas were localized. Hydrogen embrittlement sites were
formed during metal fracture. Model HELP (Hydrogen-enhanced localized
plasticity) is generally used to describe the observed phenomena [4]. The base
physical mechanism couldn't be represented in the critical hydrogen concen-
tration, which could be observed experimentally. This and calculation com-
plication are major weak points of the model.

During the testing it had been found that hydrogen was concentrated in a
thin boundary layer at the surface of a metal specimen [8]. The result makes
it possible to describe new models of hydrogen e�ect to material mechanical
properties.

A boundary layer mechanical properties degradation e�ect due to accumu-
lation of di�usion - mobile hydrogen was modeled by �nite element method.

The cylindrical corset samples with the annular crack were examined be-
cause extensive experimental data exist for such cases.

The results of hydrogen concentration from [8] were applied in the model.
The bicontinuous model of a boundary layer was chosen as a base model for
material properties examination.

A boundary layer thickness and mechanical properties degradation e�ect on
tensile strength, which mostly used in previous studies, was analyzed. Tensile
strength dependence on deteriorated layer thickness and level of the properties
degradation was plotted.

Degradation of mechanical properties at a depth of the grain size of poly-
crystalline metal doesn't lead to signi�cant tensile strength change. Only a
model of bicontinuous material for the entire specimen could explain experi-
mentally observed e�ects.
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1 Introduction

Hydrogen e�ect on high strength steel is well known problem due to the degradation
of mechanical properties caused by hydrogen accumulation. Moreover, small amount
of hydrogen concentration impact appears signi�cantly in material fatigue and cracks
propagation.
Resonant e�ect is observed at fatigue. This e�ect was described by a model of
bicontinuous medium containing hydrogen [1], [2] and was detected experimentally
later [3].
Signi�cant in�uence of small di�usion � mobile hydrogen concentration was ob-
served during the non-cyclic static and dynamic loading. Hydrogen embrittlement
areas were localized. Hydrogen embrittlement sites were formed during metal frac-
ture. Model HELP (Hydrogen-enhanced localized plasticity) is generally used for
description of the observed phenomena [4]. But the base HELP physical mechanism
couldn't be represented, because it is possible only with the hydrogen concentration,
which couldn't be observed experimentally. This and calculation complication are
major weak points of the model. Model HEDE (hydrogen-enhanced decohesion) [5]
doesn't correlate with experimental data about the critical concentrations of hydro-
gen too. As a result, last articles [6] propose to synergy between HELP and HEDE
models. This approach looks universal. However both models consider nonlinear
equations and simple linear combination is impossible. Model HELP proposed for
description of cracks propagation and it's localized model. HEDE describes grains
cohesion and shift. Most likely, they are couldn't be combined in one material
without prior linearizing of de�ning equations [7].
During the testing it had been found that hydrogen was concentrated in a thin
boundary layer at the surface of a metal specimen [8]. Testing was performed to
observe di�erent specimens fracture under various mechanical loadings. There are a
number of studies to describe hydrogen e�ect in various materials consider condition
with or without concentrator, as example [9].
New models are required to describe hydrogen e�ect to material mechanical proper-
ties. And existing independent experimental data create base for models veri�cation.

2 Material and methods

2.1 Hydrogen distribution

The plane corset samples of steel 14HGNDC were examined. Sample size is
900 × 120 × 17 mm3. Width of the working portion of the sample was 70 mm.
Series of tests were performed to study tensile strength, low-cycle and multicycle
fatigue. Samples were cutting on pieces with size 6 × 6 × 17 mm3 after failure for
measurement of the hydrogen concentration. Hydrogen analyzer AV-1 was used for
measurements.
The half of specimens analyzed without additional polishing. The another half was
polished manually in the depth of 0.1 mm layer. Upper and lower specimen edge's
had been polished only. Therefore, rolled boundary layer was deleted, which contacts
with the environment air during mechanical testing. Specimens were cut also from
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unloaded part of sample, as well as from loaded.
Average hydrogen concentration in specimens with removed boundary layer is 0.25
ppm. Unloaded part of corset samples with boundary layer consider 0.42 ppm
hydrogen concentration.
Loaded part of samples with boundary layer consider hydrogen concentration in
range of 0.42 ppm to 0.95 ppm. Maximum values observed in the main crack, which
lead to samples fracture.
Hydrogen concentration could be calculated by subtraction method, considering
thickness of boundary layer. Initially boundary layer accumulates approximately 10
ppm hydrogen during rolling stage. Hydrogen are redistributed and accumulated
additionally, during tensile phase. Boundary layer around main crack consider up
to 60 ppm hydrogen. This means that there is the hydrogen induced fracture during
mechanical testing under normal environment conditions.
Nonetheless, this phenomenon should be further analyzed. It would be feasible to
use the model for this purpose.

2.2 Hydrogen-induced fracture model

The purpose of this study is the modeling of fracture in cylindrical steel samples,
caused by mechanical properties degradation created by di�usion � mobile hydrogen
accumulation in the boundary layer.
The simple model of material heterogeneity examined to study impact of mechanical
properties degradation. Plasticity is simulated by bilinear material model.
The cylindrical corset samples with the annular crack examined because extensive
experimental data exist for such cases (see Fig. 1). ANSYS/LS-DYNA is used for
fracture simulation.
The explicit dynamic structural analysis method used for modelling. Axisymmetric
2D model used assumes that a 3D model and its loading can be generated by re-
volving a 2D section 360◦ about the y-axis. It reduces number of elements in the
model, increases solving time and allows to plot section strain-stress result without
additional tools. The geometry has to lie on the positive x-axis of the x-y plane due
to symmetry with dimensions shown in the �gure 1. Boundary layer thickness is in
range of 0..50 Âµm.
2D model are meshed by 2D Solid 162 axisymmetric elements. The Fig. 2 are show
3D revolving a section in 270◦ with speci�c mesh in stress concentrations area.
Boundary conditions (loads and constraints) are:

y = 0 : uy = 0,

y = L : uy = vy · t,

x = R : n · σ = 0.

The lowest edge of section is �xed. The upper edge is moved with constant velocity
vy = 3 mm/c. Material properties are based on data from cf. [8] about hydrogen
concentration and from cf. [10] about high strength steel AISI 4135 (see table 9).
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Figure 1: Cylindrical model with
concentrator

Figure 2: Finite element model
revolved in 3/4

Table 9: Material properties

Steel AISI 4135

E 200 GPa
ν 0.32
σy 1 350 MPa
ET 763 MPa
ρ 7 865 kg/m3

εfailure 0.003

Boundary layer

σy H concentration I 500 MPa
εfailure H concentration I 0.00065
σy H concentration II 400 MPa

εfailure H concentration II 0.0005

3 Results and discussion

Boundary layer thickness and mechanical properties degradation e�ects on the max-
imum of the �rst principal stress were analyzed. The maximum of the �rst principal
stress measured in the point, shown in the Fig. 3. Relation between the maximum
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stress and boundary layer thickness is plotted in the Fig. 4.

Figure 3: The �rst principal
stress point

Figure 4: Maximum stress vs
boundary layer thickness depen-
dence

The maximum stress decrease is 19 MPa as shown in the graph and it is not more
than 4% from decreasing of the initial value. Consequently, degradation of mechan-
ical properties at a depth of the grain size of polycrystalline metal does not lead to
signi�cant tensile strength change.
However, e�ect of the hydrogen accumulation into the boundary layer and hydrogen-
induced fracture, which we detected in case of mechanical fracture, was explained
in the research [11] for other cases. It may be assumed that surface sorption of
hydrogen from environmental is one of the main fracture mechanisms. The model
of bicontinuous material, which was developed in [12], has not consider this e�ect
of boundary layer.

4 Conclusions

Experimental data is collected for single-axis tensile loading of corset samples. It
shows that leading mechanisms of fracture is hydrogen accumulation in the thin
boundary layer with further creation and propagation of cracks.
Hydrogen-induced mechanical properties degradation analyzed on cylindrical corset
samples from high strength steel. Degradation of mechanical properties at a depth
of the grain size of polycrystalline metal does not lead to signi�cant tensile strength
change.
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Only a model of bicontinuous material for the entire specimen could explain exper-
imentally observed e�ects.
This phenomenon should be further analyzed by the model, which explain degrada-
tion of boundary layer with high hydrogen concentration during fracture.
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