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HIGHLIGHTS

¢ Unified mechanics theory is used to model the fatigue life of hydrogen embrittled low carbon steel.

e The HELP + HEDE model for hydrogen embrittlement is thoroughly reviewed, discussed and applied.
e The entropy generation equations for the multiple hydrogen embrittlement mechanisms are derived.
e Simulated stress vs. the number of cycles to failure curve (S—N) is constructed without curve fitting.

e The effects of hydrogen concentration are explained based on entropy production mechanisms.
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Steel Modeling is based on the unified mechanics theory (UMT), which does not need any

empirical dissipation/degradation potential function or an empirical void evolution func-
tion. However, the UMT does require analytical derivation of the thermodynamic funda-
mental equation of the material, which is used to calculate the thermodynamic state index
(TSI) of the material. The UMT is ab-initio unification of the second law of thermodynamics
and the universal laws of motion of Newton [1]. Dissipation/degradation evolution is
governed by Boltzmann's second law of thermodynamics entropy formulation. The original
contribution of this paper is the derivation of the thermodynamic fundamental equation of
pre-hydrogen embrittled bcc steel subjected to ultrasonic very high cycle fatigue and the
numerical simulations of fatigue life estimation using the proposed novel model. The
synergetic interaction of hydrogen embrittlement mechanisms in steel and other metallic
materials, i.e., HELP and HEDE at different hydrogen concentrations (HELP + HEDE model)
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is also studied, reviewed, and applied. The synergetic effects between ultrasonic vibration

fatigue life and synergistically active hydrogen embrittlement mechanisms in low carbon
bcc steel (S355J2+N, equivalent to ASTM A656), according to the HELP + HEDE model for HE,
is modeled for the first time using UMT and also thoroughly discussed.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Fatigue failure of components is very common in all engi-
neering applications. Often, fatigue of the material is accel-
erated by other environment-assisted cracking (EAC)
mechanisms [2], such as (i) corrosion (corrosion-fatigue), (ii)
stress corrosion fatigue cracking, and (iii) hydrogen embrit-
tlement - HE (including hydrogen-enhanced fatigue especially
hydrogen-enhanced fatigue crack growth rate). The influence
of gaseous hydrogen on fatigue life, particularly on fatigue
crack growth rate (FCGR), and on fracture of hydrogen trans-
portation steel pipelines is a very active research topic [2—6].
The reasons for intense research activity on this topic are (i) a
recent trend of repurposing existing gas pipeline infrastruc-
ture that allows the injection (blending) of certain amounts of
gaseous hydrogen (H,) into a natural gas stream, and (ii)
repurposing - converting existing natural gas pipelines into
100% H, transportation pipelines [7,8]. Unfortunately,
hydrogen degrades steel with synergistically active hydrogen
embrittlement mechanisms, i.e., HELP + HEDE model of HE
[9—11]. Aliterature survey on hydrogen's detrimental effect on
the fatigue life of steel is summarized in the following sub-
section Hydrogen embrittlement (HE) effects on fatigue for
metal alloys with different microstructures. The next sub-
section hydrogen concentration, hydrogen-
dislocation interactions, and synergy of HE mechanisms,
provides a review of the critical hydrogen concentration,
hydrogen-dislocation interactions, and synergy of HE mech-
anisms. Finally, subsection The unified mechanics theory
(UMT), gives a short overview of unified mechanics theory
(UMT).

The studies published in the literature are mainly experi-
mental, and the models are mainly based on Newtonian me-
chanics. Therefore, degradation evolution is modeled by
empirical models based on curve fitting functions obtained
from test data, not from the thermodynamic fundamental
equation of the material. We were unable to find any physical
chemistry-based fatigue life models that quantify the contri-
bution of damage from each hydrogen embrittlement entropy
generation micro-mechanism using thermodynamics. We
were also unable to find any published experimental or
computational study on the hydrogen embrittlement effect on
ultrasonic vibration fatigue life (very high cycle fatigue life at
20 kHz). The concept of using Boltzmann's thermodynamic
entropy as a degradation metric is extensively documented in
Ref. [1]. Previously, it has been used extensively and success-
fully for thermal, electrical, chemical, or mechanical loadings
but never for ultrasonic vibration fatigue of steel samples
subjected to hydrogen embrittlement.

Critical

The primary aim of this study is to derive the thermody-
namic fundamental equation of bcc steel with a ferrite-
pearlite  microstructure pre-charged with hydrogen
(hydrogen embrittled) through the electrochemical method,
subjected to ultrasonic vibrations. It is assumed that the fa-
tigue test is conducted in a hydrogen-rich environment to
prevent out-gassing. In UMT, degradation at a material point
is quantified by the total specific entropy production rate.
Because entropy is an additive property, the contributions to
the total entropy production (AS) from all sources that operate
in different stages can be added together AS =
AScorr + ASmec + ASpe. The AScorr is the entropy production due
to corrosion during the hydrogen charging, ASy.. is the en-
tropy production due to mechanical loading (ultrasonic vi-
bration), and ASp, is the entropy production due to the
hydrogen embrittlement mechanisms, such as HELP and
HEDE, and their synergistic activities (HELP + HEDE model of
HE) [9—11].

Section Thermodynamic fundamental equation presents
the derivation of the thermodynamic fundamental equation.
In section Entropy generation order of magnitude comparison,
the order of magnitude of all the entropy generation mecha-
nisms is discussed and compared at different ultrasonic vi-
bration stress amplitudes. The dominant entropy generation
mechanisms are determined. In section Thermodynamic
state index (TSI) evolution and simulated fatigue S-N curves
for the hydrogen pre-charged steel, the evolution of the TSI
for hydrogen pre-charged S355J2+N steel samples subjected
to ultrasonic vibration is computed at different stress ampli-
tudes and hydrogen concentration levels. The simulated
stress versus the number of cycles to failure (S—N) curves, for
the hydrogen pre-charged steel (HELP + HEDE model for the
synergistic action of HE mechanisms) at different hydrogen
concentration levels, are plotted.

Hydrogen embrittlement (HE) effects on fatigue for metal
alloys with different microstructures

Hydrogen embrittlement (HE) represents the deterioration of
the mechanical properties of metals or alloys due to the
presence of dissolved hydrogen in the lattice [9]. The HE
usually results in the loss of ductility, the decrease of fracture
toughness, the increase in fatigue fracture growth rate (FCGR),
and brittle fracture failure in steel at low or subcritical stress
levels [4—11]. The fatigue behavior of hydrogen embrittled
steel, including the fracture toughness, fatigue crack growth
rate, fatigue life, and fracture surface or crack morphology,
has been studied extensively in the literature [4—8]. The
external source of the hydrogen considered in these studies is
mainly hydrogen that could enter the steel by either exposure
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to a high-pressure gaseous hydrogen-rich environment or due
to the cathodic charging during electrochemical corrosion.

Despite a substantial research effort dedicated to under-
standing the hydrogen embrittlement (HE) mechanisms in
steel and various mechanisms (such as HELP and HEDE) that
have been proposed, there is currently no consensus in the
scientific community on the exact reason that causes the
hydrogen embrittlement effect. Conflicting opinions still exist
among researchers [4—11]. The specific active hydrogen
embrittlement mechanism is most likely dependent on ma-
terial, environmental conditions, and loading type including
cyclic loading (fatigue). For hydrogen embrittlement-
enhanced fatigue in steel, the HELP and HEDE mechanisms
and their synergistic action according to the HELP + HEDE
model proposed by Djukic et al. [9—11], and the hydrogen-
induced phase transformation (HIPT) model proposed by
Murakami et al. [12], especially for fcc materials, are the more
widely accepted theories.

More details about the HELP + HEDE model for the syner-
gistic action of HE mechanisms in steel depending on
hydrogen concentration are given in subsection Critical
hydrogen concentration, hydrogen-dislocation interactions,
and synergy of HE mechanisms and subsection Synergy of
different hydrogen embrittlement mechanisms. The entropy
production modeled by UMT due to HE mechanisms activity,
hydrogen-enhanced mechanisms HELP and HEDE, and their
synergistic actions (HELP + HEDE model) in hydrogen pre-
charged S355J2+N steel, is presented and analyzed in sub-
section Entropy production due to hydrogen-enhanced
mechanisms, ASh, particularly in Entropy generation due to
hydrogen-enhanced decohesion, AShede. Furthermore, a
novel two-stage model for synergistic action of multiple active
HE mechanisms (HELP + HEDE model) and microplasticity
during very high cycle fatigue is established in subsection
Entropy generation due to hydrogen-enhanced decohesion,
AShede (see Fig. 4) and applied in this work.

Murakami et al. [12] have shown that fcc alloys such as
austenitic stainless steel when subjected to hydrogen
charging undergo significant microstructural changes called
hydrogen-induced phase transformation (HIPT) during
fracture-fatigue at the macrocrack tip in the presence of su-
persaturation with the hydrogen. Kishi and Takano [13]
studied the effect of hydrogen cathodic charging on fatigue
fracture of 310S-type austenite stainless steel. They concluded
that a high concentration of dissolved hydrogen in the lattice
may promote crack initiation in slip bands and decrease fa-
tigue life. The HE mechanism during fatigue of austenitic and
martensitic stainless steels was investigated by Briick et al.
[14]. They proposed an empirical model that can predict the
experimentally observed crack morphology and crack growth
in metastable austenitic stainless steel. Their observations in
samples pre-charged with hydrogen supported the theory of
the HELP mechanism during short crack growth. Nahm et al.
[15] investigated the very high cycle fatigue life and surface
crack growth mechanism of hydrogen-embrittled AISI 304
austenitic chromium-nickel stainless steel. They concluded
that the sensitivity of AISI 304 stainless steel to hydrogen gas
is relatively low. They proposed an empirical surface crack
initiation, growth, coalescence, and micro-ridge model.
Twinning induced plasticity (TWIP) steel is austenitic steel

with high content of Mn and small additions of elements such
as C. Bal et al. [16] investigated the effects of hydrogen on the
mechanical response and fracture locus of Fe—16Mn-0.6C-
2.15A1 TWIP steel at room temperature and quasi-static
regime. They also observed that hydrogen enhanced the
microstructural activities and changed the fracture mode
from a ductile failure to brittle transgranular fracture with
clear deep cracks, for TWIP steel.

For fcc alloys other than austenitic steel, Baltacioglu et al.
[17] investigated the hydrogen embrittlement susceptibility of
aluminum 7075 at different strain rate ranges. As opposed to
their previous study in TWIP steel and austenitic stainless
steel, they concluded that hydrogen embrittlement (HE) was
more pronounced at high strain rate cases in aluminum 7075.
They also observed that at slower strain rate hydrogen
enhanced localized plasticity (HELP) was the more dominant
hydrogen embrittlement mechanism. At a medium strain
rate, the coexistence of HELP and HEDE mechanisms of HE
was detected. A medium strain rate impact loading has also
been performed on Al 7075 alloy [18]. HE was observed under
impact loading. In particular, the coexistence of HE mecha-
nisms according to the HELP + HEDE model for HE [9—11] was
observed depending on the testing temperature.

Fassina et al. [19] investigated the fatigue behavior of
pipeline steel at low temperatures, which has banded ferrite-
pearlite microstructure and is pre-charged with hydrogen
using an electrochemical method. They concluded that the
hydrogen effect is influenced by load frequency and temper-
ature. Low frequencies allow the hydrogen to migrate into the
lattice at the crack tip, and consequently, the HE effects on the
crack growth rate are enhanced. They also proposed that low
temperature (—30 °C in their study) reduces hydrogen mobility
(i.e., reduces lattice diffusion coefficient) in the lattice, hence
reducing the embrittlement effect. Similar studies related to
the effect of hydrogen charging on the fatigue crack growth
rate during low cycle fatigue are reported by Lee and Kim [20]
in SA508 Cl.3 steel with a tempered upper bainitic micro-
structure, and by Tsuchida et al. [21] in S45C steel with ferrite-
pearlite microstructure. Rajabipour and Melchers [22] pro-
posed an empirical model to estimate the rate of cracking of
pipeline steels under hydrogen-enhanced fatigue based on the
general form of Paris’ law.

An et al. [23] investigated the influence of hydrogen pres-
sure on the fatigue properties of X80 pipeline steel with ferrite
and bainite microstructure, especially the fatigue crack
growth rate. They concluded that hydrogen-accelerated crack
initiation plays a more critical role than fatigue crack growth
in reducing fatigue life with increasing hydrogen pressure.
Yamabe et al. [24] investigated the effects of the hydrogen
pressure, test frequency, and test temperature on the fatigue
crack growth properties of annealed low-carbon steel with
ferrite-pearlite microstructure. They showed that the
hydrogen-enhanced fatigue crack growth acceleration always
accompanied localized plastic deformations near the crack
tip, and the steep gradient of the hydrogen concentration is
considered to have caused localizations of the plastic de-
formations. Dmytrakh et al. [25] experimentally observed the
effect of hydrogen concentration on fatigue crack growth in
ferrite-pearlitic low-alloyed steel. It was shown that there is a
characteristic value of hydrogen concentration below which
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the FCGR reduce with increasing hydrogen concentration (an
increase of crack growth resistance) and above which the
FCGR increases with increasing hydrogen concentration, at a
constant stress intensity factor. They proposed that such
tendency results from the hydrogen-dislocation interaction: a
competition between promoting dislocation pinning (or
dragging) or enhancing their mobility, namely, embrittlement
or enhanced plasticity. This finding correlates well with the
HELP + HEDE model for HE proposed by Djukic et al. [9-11,26]
which states that the transition from the HELP to HEDE
mechanism dominance appears at the critical value of the
hydrogen concentration. Zhao et al. [27] studied the relation-
ship between hydrogen, peak stress of cyclic loading, and fa-
tigue damage mechanisms on E690 high-strength, low-alloy
steel with a bainitic microstructure. The electrochemical re-
action is performed concurrently with cyclic loading with a 0.1
stress ratio and 0.5Hz frequency. It is shown that electro-
chemical hydrogen charging mainly increases the non-
diffusional hydrogen concentration. This concentration is
also higher at higher peak stresses due to the increasing
number of hydrogen trapping sites. Because hydrogen traps
are usually microscopic defects like dislocations and cavities,
which can increase with higher peak cyclic stress. Different
hydrogen-enhanced fatigue failure mechanisms, such as
HEDE and HELP, were reported at different peak stress values
and hydrogen charging current densities used during elec-
trochemical hydrogen charging.

For steel with martensite microstructure and Ni-alloys,
Balitskii et al. [28] experimentally obtained the high- and
low-cycle fatigue life in high-pressure hydrogen. The
hydrogen decreases the high-cycle fatigue life of martensitic
steels and Ni-base alloys. Nygren et al. [29] and Oliveira et al.
[30] also reported a fatigue life reduction due to hydrogen in
316L austenitic stainless steel. Vergani et al. [31] and Colombo
et al. [32] investigated the hydrogen effect on the fracture
toughness and fatigue behavior of AISI 4130 steel with
martensite microstructure. The fatigue life curves are shifted
to the left (an increase in fatigue crack growth rate - FCGR),
and the fracture toughness values are reduced. The fracture
surface of fatigued samples pre-charged with hydrogen is
brittle and more fragmented than the specimens without
hydrogen; no striations and secondary cracks are detected; in
the second stage of propagation, the fracture becomes
partially intergranular with secondary cracks. A comprehen-
sive review of the impact of hydrogen embrittlement on the
fatigue life of high-strength steel was published by Pradhan
etal. [33]. Factors affecting hydrogen embrittlement, including
the environment, applied loads, and material HE susceptibil-
ity, are thoroughly discussed. However, it should be noted that
the above discussions are not general but are microstructure
dependent.

The studies mentioned above explored the effect of various
HE mechanisms on the fatigue life of low-carbon structural
steel and other metal alloys. It is shown that the HELP
mechanism leads to ductile fracture at the crack tip in almost
all cases and the hydrogen-induced martensite phase trans-
formation (HIPT) leads to brittle fracture for austenite steel.
The synergistic action of (HELP + HEDE) mechanisms [9—11]
and transition from the dominance of the HELP mechanism
(ductile fracture) to the HEDE mechanism (brittle fracture) [26]

during hydrogen-enhanced fatigue is also reported, based on
critical hydrogen concentration. There are also some pub-
lished experimental studies about the HE effects on ultrasonic
vibration fatigue of Inconel nickel-based superalloy and
50CrV4 spring steel [34,35]. The results show increasing
hydrogen concentration reduces their fatigue life signifi-
cantly. Still, there are no published studies on the synergy
between ultrasonic vibration fatigue and HE in low-carbon
structural steel, which is the main topic of this study.

Several other researchers proposed explanations for the
wildly accepted hydrogen embrittlement mechanisms (HELP
and HEDE) in a thermodynamic framework. For example,
Kirchheim [36—38] proposed the defactant concept to explain
the influence of hydrogen on dislocations, the discontinuities
(fracture surfaces, voids, dislocations) generated during
hydrogen embrittlement, and the transition from ductile to
brittle behavior. Kirchheim concluded that all HE models
based on local plasticity caused by enhanced defects are
special cases of defactant problems. Defactants segregate into
defects, such as vacancies, dislocations, kinks in dislocations
lines, and void or crack surfaces, and lower the critical defect
formation energy in the lattice according to the generalized
Gibbs relation.

Critical hydrogen concentration, hydrogen-dislocation
interactions, and synergy of HE mechanisms

The stress-driven H diffusion to stress localization areas in the
material and the local accumulation at key microstructural
features and hydrogen trapping sites, as potential crack
initiation sites are connected with the reaching so-called
“critical hydrogen concentration”. In HE studies of steels, the
term “critical hydrogen concentration”, Cycitical), iS typically
connected with the sharp ductile to brittle failure transition
process [9—11,26,39]. Failure mode transitions from predomi-
nantly plasticity-mediated fracture mode at lower hydrogen
concentrations to the brittle fully decohesion-controlled
mode typically appear upon reaching Cyriticaly [9,11,26].
However, in different published research, “critical hydrogen
concentration” has been used with different physical mean-
ings [9—11], such as:

1. A global (total) or average hydrogen concentration in the
specimen.

2. Local hydrogen concentration at the trap site that causes
cracking.

3. Local hydrogen concentration at a crack tip or a notch root.

Typically, in various HE studies, Cy(critical) is related to the
lattice (global) hydrogen concentration or the calculated (local)
hydrogen content at the particular hydrogen trap site since the
measurements of the local critical hydrogen at a crack tip is
challenging to conduct [40]. The critical local hydrogen concept
was proved and used in numerous HE studies
[9-11,26,39,41-53], while the Cyitcay values at different
length scales, local and global, depends strongly on the mate-
rial, different hydrogen charging and experimental conditions,
and stress/strain level. In this study, “critical hydrogen con-
centration” Cy(critical) defines the hydrogen content at which a
ductile to brittle fracture (DBT) transition appears in the
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presence of hydrogen in steel [9-11,26,39]. Such an interpre-
tation is following the established and experimentally
confirmed model for the simultaneous action of both the HELP
and HEDE mechanisms of HE, the so-called HELP + HEDE model
[9—-11,26,39], depending on the hydrogen content. More details
on various detected phenomena upon reaching Cycritical), and
the transition from ductile to brittle fracture mode in steels
resulting from the synergistic activity of HELP + HEDE mecha-
nisms and the predominance of one of them depending on H
concentration, was summarized in the recent comprehensive
review papers [9,26].

Both HELP and HEDE mechanism can also be explained on
the atomistic scale, in terms of hydrogen-dislocation in-
teractions and hydrogen shielding effect. Murakami et al. [54]
pointed out that hydrogen can have opposite effects on dislo-
cation mobility in steel: pinning (or dragging) and enhancement
of mobility depending on the hydrogen content and reaching of
CH(critical)- The enhanced dislocation mobility, i.e., HELP mech-
anism activity was detected over a wide range of hydrogen
concentrations [40]. It provokes dislocation slip behavior
around a crack tip, which leads to material softening and yield
stress decreases [55—57]. Hydrogen interstitials shield (or
weaken) the stress field of dislocations and effectively reduces
their interactions with barriers (e.g., impurities, solute atoms,
and dislocations), which is the physical basis for the plastic
deformation process caused by hydrogen (HELP mechanism)
[58—61]. Katzarov et al. [62] and Taketomi et al. [63] have
detected both hydrogen enhancements of dislocation mobility
and opposite pinning (reduction of dislocation mobility)
through the atomistic modeling approach, depending on the
boundary of environmental/mechanical conditions. Other
important factors influencing opposite possible hydrogen-
dislocation interactions are primarily local hydrogen concen-
tration, but also applied stress/strain rate, and temperature.

On the other hand, the HEDE mechanism of HE assumes
thatinterstitial hydrogen or hydrogen at various trapping sites
(interface boundaries, grain boundaries, etc.) lowers the
cohesive strength by dilatation of the atomic lattice. Its acti-
vation is based on the prerequisite that a metal's high “critical
hydrogen concentration” [9-11,26,39,64] is locally reached.
Wang [65] reported that the crack tip emitting dislocations, in
the case of low mobility of dislocations, may behave in a
brittle manner. If the motion of dislocations is impeded by
hydrogen, then the shielding effects are reduced. Based on the
proposed thermodynamic-kinetic model for the change in
cohesion induced by hydrogen segregation, Wang [65] further
indicates that activation and predominance of the HEDE
mechanism may cause the ductile to brittle fracture transition
in steel, which is also recently experimentally confirmed in
low carbon steel [9-11,26,39]. The decohesion (HEDE) process
can occur even in presence of a large amount of plastic
deformation, which appeared at the crack tip fracture process
zone (FPZ). In that case, the degree of the hydrogen-induced
reduction in cohesion depends strongly on hydrogen
mobility [65]. These observations further pointed to the
importance of different hydrogen-deformation interactions,
depending on the hydrogen content in metals, as well as the
interconnectedness between different plasticity-mediated HE
mechanisms (HELP and others) and the seemingly opposite
HEDE mechanism [9].

The HELP mediated HEDE concept for the synergy of HE
mechanisms introduces the significance of hydrogen-
enhanced mobility/localized plasticity (HELP) as the possible
previous process responsible for HEDE activation [40,58—61].
Therefore, the kinetics of transient hydrogen diffusion can be
intensified due to the enhanced movements of dislocations
carrying hydrogen, provoking additional hydrogen accumu-
lation at the crack tip according to HELP and other proposed
plasticity-mediated HE models. Contrary, the hydrogen-
impeded mobility of dislocations, also accompanied by
hydrogen-impeded localized plasticity, as a result of the
opposite hydrogen-dislocation interaction upon reaching
local Cycritical) OT €ven higher H content at the crack FPZ, could
lead to the HEDE mechanism initiation and its complete pre-
dominance (“non- HELP mediated HEDE”) [9]. In such a case,
according to the HELP + HEDE model for the synergistic action
of the HE mechanisms in steel by Djukic et al. [9-11,26,39,64],
the HEDE can be treated as a predominant HE mechanism
(HELP + HEDE, HEDE >> HELP). The activity of plasticity-
mediated HE mechanisms (HELP and others) on the macro-
scopic level can become minor, or even negligible (HEDE
dominance), particularly with the increase of hydrogen con-
tent in the steel, which becomes locally much higher than
CH(critical)- The established and experimentally confirmed
HELP + HEDE model for the synergy of HE mechanisms used in
the study is illustrated and further elaborated in subsection
Entropy generation due to hydrogen-enhanced decohesion,
AShede.

The unified mechanics theory (UMT)

UMT has been published extensively [1,66,70-76]. In this
section, we provide a summary. In Newtonian mechanics,
degradation and dissipation evolution functions rely on
empirical models obtained by curve fitting a function to
degradation test data. Because the Newtonian space-time
coordinate system does not include a linearly independent
TSI axis to account for dissipation. As a result, all Newtonian
mechanics-based fatigue life models are established using
empirical degradation functions obtained from test data that
utilize a variable such as stress, strain, or dissipated hysteresis
strain energy. An extensive literature review of the most
recent fatigue life prediction models was published by Lee and
Basaran [66].

In the UMT [1], Newton's universal laws of motion and the
second law of thermodynamics are unified at the ab-initio
level. Dissipation and degradation evolve along the TSI axis
between coordinates of zero and one, which is a linearly in-
dependent fifth axis, in the manner of Boltzmann (1877). It is
based on Boltzmann's formulation of the second law of ther-
modynamics [67], in which entropy is stated to have a loga-
rithmic connection with the disorder and was put into the
final form by Planck (1901),

S=kslnW )

where S is the entropy, k; is the Boltzmann constant, and W is
the disorder parameter (probability of a microstate) [67,68].
The TSI @ is a unitless quantity describing the difference in
disorder between the original “ordered” state (or any reference
state) and the current “disordered” state
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S= EkB Inw 2
W-Ww, o
o= =1 ®

In simulations, the fatigue life is reached when

o= [1_9 - (4)

Equation (4) is an exponential function; it reaches 1 only
when the power is infinite. Therefore, a critical value of the
TSI near 1is usually chosen. However, the definition of failure
is application specific. Thus, the value of &, needs to be
defined according to the problem at hand.

In equations (2)—(4), s is the entropy per unit mass (specific
entropy), Na is Avogadro's number, m; is the molar mass, R is
the universal gas constant, As is the change in specific en-
tropy, @ is the user-defined critical value of the TSI, and Asgrg
is the cumulative specific entropy at failure (also known as
fatigue fracture entropy) [69]. The degradation is mapped be-
tween 0 and 1 along the TSI axis according to the cumulative
specific entropy production rate of the system. The thermo-
dynamic lifespan of any system can only be between 0 when
the entropy generation rate is maximum (entropy is mini-
mum), and near 1, when the entropy generation rate is zero
(entropy is maximum), along the TSI axis. Mathematical de-
tails of the UMT are presented extensively in Ref. [1] and other
publications [70—76]. Hence, the mathematical derivation of
the UMT is not repeated.

Thermodynamic fundamental equation

Based on the UMT, the degradation in hydrogen pre-charged
steel during ultrasonic vibration is quantified by the specific
entropy production rate. Entropy is an additive property.
Hence, we can add the contributions of entropy generation
from all mechanisms operating in different stages together.
The entropy production mechanisms can be classified into
three distinct categories.

1) AScorr, is the entropy production due to corrosion during the
hydrogen charging,

2) ASpec, is the entropy production due to mechanical loading
(ultrasonic vibration),

3) ASp, is the entropy production due to the hydrogen-
enhanced mechanisms, such as the HELP and HEDE mech-
anisms of hydrogen embrittlement (HE), which are activated
during ultrasonic vibration fatigue. The entropy production
due to the work of hydrogen-induced dilatation, hydrogen
transport, and the coupling of plastic strain with transient
hydrogen concentrations are all included in this category.

The total entropy generation is the summation of these

three main categories as follows

AS= ASconr + ASmec + Ashe (5)

In the following subsections ((Entropy production due to
corrosion, AScorr)-(Entropy production due to hydrogen-

enhanced mechanisms, AShe)), the entropy production
equations for each of the three main categories are derived.
Fig. 1 shows the flowchart for numerical simulations. The
definition of all variables used in the model is presented in the
nomenclature.

Entropy production due to corrosion, AScy,

There are many methods for charging steel samples with
hydrogen. The most common two techniques are 1) exposure
to high-pressure hydrogen gas and 2) cathodic charging from
an aqueous acid solution (cathodic H charging) [77,78].
The release of hydrogen during the corrosion process is
described by the following chemical reactions, [79—81].
Anodic reaction:

Fe — Fe*" + 2e”(Acid solution) (6)
Cathodic reaction:

0, +4H" +4e~ —2H,0(Acid solution with sufficient oxygen)

2H* 4 2e~ —H?(Hydrogen evolution) )

The entropy production during electrochemical corrosion
(referred to as the hydrogen-charging process in this study)
has been studied extensively based on the theory of chem-
ical kinetics and fundamentals of irreversible thermody-
namics in the literature [76,81—84]. The studies show that
corrosion has four primary entropy generation mecha-
nisms. However, activation overpotential dominates the
corrosion entropy production mechanisms for corrosion
that happens in a well-mixed and good conductivity elec-
trolyte [76].

Using the multiplication of thermodynamic force (electro-
chemical affinity) and thermodynamic flux (corrosion current
densities), we can formulate the corrosion entropy production
due to corrosion activation overpotential in the form of Ons-
ager reciprocal relation [83],

1
AScorr = /f UM.aaMZMFn +}MC(1 - aM)ZMFn +}O‘aaoZOFn (8)

+JO,C(1 - Olo)ZoF??) dtcurr

where T is the absolute temperature, dt.,., is the corrosion time
(the time spend in hydrogen charging through the electro-
chemical method), Ju, and Ju. are the irreversible anodic and
cathodic activation fluxes (thermodynamic fluxes) for the Fe
oxidation reaction, respectively, Jo, and Jo . are the irreversible
anodic and cathodic activation fluxes for hydrogen evolution
reactions, respectively. ay is the charge transfer coefficient for
the Fe oxidation reaction, «o is the charge transfer coefficient
for hydrogen evolution reaction. zy, and zo are the number of
valence electrons involved in reactions for the Fe and H,
respectively. 5 is the overpotential equivalent to the difference
between the applied electrode potential E and the corrosion
potential Ec,r, n = E — Econr. F is Faraday's constant. Ay = zuFy
and Ao = zoFy are defined as the electrochemical affinity
(thermodynamic force) for Fe oxidation and hydrogen evolu-
tion induced by electrochemical overpotential, respectively.
The illustration shown in Fig. 2 [85] explains the four different
fluxes in equation (8).
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Fig. 1 — Flowchart to simulate the ultrasonic vibration fatigue life of hydrogen pre-charged steel samples.

Following the Butler-Volmer equation [80,86,87], the acti-
vation fluxes can be expressed in the following form,

Jv=Ima +Ime ©)
IMa :jo,M {eXP <aM;;\M) - 1} 3 IMe = _jO‘M {EXP (7_‘11;;/-\1\/[) - 1}
(10)
}O :]O‘a +]0‘c (11)
. WA . —ap A
Joa=Jor {EXP (aORT O) - 1} Joe = ~Jox {EXP< s o) - 1}
(12)

Where ]y and Jo are the total fluxes for metal oxidation and
hydrogen evolution, respectively. jom and jor are their

exchange fluxes, respectively. The exchange fluxes can be
expressed in the following forms: jou = j2,, jor = jf;, according
to the chemical reactions, given by equations (6) and (7).

To utilize equation (8) and calculate the corrosion entropy
production, the exchange fluxes j%, and j , the applied over-
potential 7, the Tafel constants ay and «ap, and the number of
valence electrons zy and zp are needed. The data for these
variables is available in the literature on the corrosion of steel in
sulfuric acid (H,S0,) solutions [88—92]. However, it is important
to point out that NH4SCN (Ammonium Thiocyanate) is also
widely used as a corrosion solution for electrochemical
hydrogen charging because SCN— accelerates hydrogen entry
into steel [93-96]. In acidic conditions with the addition of
acetic buffer solution, the cathodic reaction follows reaction (7)
[93,94]. In contrast, in neutral conditions, and with sufficient
oxygen the cathodic reaction follows 2H,0 + O, + 4e- -»40H~

Please cite this article as: Lee HW et al., Modeling fatigue life and hydrogen embrittlement of bce steel with unified mechanics theory,
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.02.110



https://doi.org/10.1016/j.ijhydene.2023.02.110

01T°20°520g 2uapAylr (/9101 01 /310°10p//:sdNY ‘AS19ug usS0IpAH JO [RUINO[ [EUOTIBUISIU]

‘A109Y3 SOIUBYDSW PaYIUN YIM [931S D2q JO JUSWS[HLIqu ua80ipAY pue a1 andne; SUISPOIN “Te 38 MH 997 :Sk S[DIHe SIY3} 931D 3Se3[d

Nomenclature

Thermodynamic state index parameters

]

Na
ms

kg
ASprg

Thermodynamic state index

Avogadro's number

Molar mass

Boltzmann constant

Fatigue fracture entropy in the specific form

Parameters for computation of corrosion entropy

AScorr
TMa
}O.a
oM
ZMm

F

E

A
Ao
Jom
JPe

Icorr

Total entropy generation due to corrosion

The irreversible flux of anodic half-reaction of an oxidation process
The irreversible flux of anodic half-reaction of the reduction process
Charge transfer coefficient for an anodic metal oxidation reaction
Effective charge number for oxidation

Faraday's constant

Potential at the working electrode

Electrochemical affinity

Electrochemical affinity for reduction

Exchange flux of oxidation process

Exchange flux of metal dissolution

Corrosion current density

Parameters for computation of mechanical loading entropy

ASmEC
AS,
kn

P

4
Bdrag
G

aH

Total entropy generation due to mechanical loading
Entropy generation due to internal friction during loading
Thermal conductivity

Mass density

Total dislocation density

Drag coefficient

Shear modulus (2°¢ Lame’ constant)

Taylor's constant

Parameters for computation of HE entropy

ASpe
Ashede
ot

’

ot

y

g
fo
2'Yint
Ag;
2y,
r
Aq
ha/u
Vu
Jn
D

Total entropy generation due to HE mechanisms
Entropy generation due to hydrogen-enhanced decohesion

Entropy generation due to the irreversible part of hydrogen-induced lattice dilatation

Microscopic stress tensor

Deviatoric micro-stress tensor

Micro-yield stress of the material (fatigue limit)
The activation energy required for dislocation motion
The volume fraction of activated micro- defects
Ideal work to fracture for the HEDE process
Gibbs's free energy parameter

Free surface energy in the absence of H
Interface coverage by H for decohesion
Parameters relating 2y, to v,

Surface area to volume ratio

Partial molar volume of hydrogen

Hydrogen flux

Hydrogen lattice diffusion coefficient

ASﬂCt
} M,c
Joc
ao

20

ECOYT
Aum
Jo
Jor

0
Jn,

ASmp(n)
ASp;
AScoup

Critical thermodynamic state index
Disorder parameter

Universal gas constant

Change of total specific entropy

Entropy generation due to corrosion activation overpotential

An irreversible flux of cathodic half-reaction of the oxidation process
An irreversible flux of cathodic half-reaction of the reduction process
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[95,96]. In this study, we focused the corrosion entropy pro-
duction in H,SO, solution because we do not find suitable
electrochemical data for low carbon steel in NH4SCN solution.

Entropy production due to mechanical loading (ultrasonic
vibration), ASmec

The entropy generation during ultrasonic vibration has been
studied extensively [75]. It was shown that the mechanisms of
thermal conduction, internal friction, and microplasticity are
the main contributors to total entropy production,

ASpec = AS; + AS, + ASyp (13)

where AS; is the entropy generation due to thermal conduc-
tion, AS, is entropy production due to internal friction, and
ASy, is entropy production due to microplasticity. This section
focuses only on the entropy generation due to thermal con-
duction ASr and internal friction AS,. The microplastic strain
and the entropy generation due to microplasticity ASn, are
enhanced when hydrogen in trapping sites is considered, ac-
cording to the HELP mechanism of hydrogen embrittlement
[9—11]. Therefore, the microplasticity entropy generation ASy,
will be discussed in a later subsection Entropy production due
to hydrogen-enhanced mechanisms, AShe, where entropy
production due to the hydrogen embrittlement mechanisms
ASp, (hydrogen-enhanced mechanisms) are discussed.

Hydrogen concentration in normal interstitial lattice sites (NILS)
Hydrogen occupancy in NILS
Partial molar volume of hydrogen in solids solution

Number of lattice sites per solvent atom

Trapping binding energy
Dimensionless material constant
The external scalar body force

Density of the host metal lattice
Molar volume of the host lattice

CL
oL
Np
g
W;s
VM
\%
K,
7,

Entropy generation due to thermal conduction, AS;

During ultrasonic vibration fatigue, the surface temperature
at the sample's gage section increases from 300K to 400K
before the initiation of macro cracks [75]. The surface tem-
perature gradient on the sample results in an irreversible heat
flow that contributes to entropy production. The entropy
production equation of this source is expressed by:

t
AS, = / %(VTVT)dt (14)
to
where ky, is the coefficient of heat conduction, and VT is the
gradient of the sample's surface temperature from the gage
section to the grip section. Equation (14) is essentially the
product of temperature gradient (thermodynamic force) VT
and heat flux (thermodynamic flux) g = — k,VT.

Entropy generation due to internal friction, AS,
The strain rate during ultrasonic vibration fatigue (20 kHz) is

Hydrogen concentration in NILS at a stress-free state

1]
]
=
[
b0 =
S %
Ao &
Qo =
@ = +
*2 % @ ?g three orders of magnitude larger than typical high-cycle fa-
= *2 'fﬂ @ tigue testing using the servo-hydraulic machine. The strain
% 'S .g 'Eo rate strongly affects entropy production due to internal fric-
o 9 . . . .
E i E .é i 3 % tion [75], which is driven by.
O 3 O 5 =
sgeg @ o
g 8 f Jé E o g 1) The fast-moving dislocations during the high strain rate
[SI= w @ . . . . .
g9 > 5 28 =3 loading. It is derived from the rate-dependent dislocation
=] s 8 . . . .
)g )E @ @ 5 ,g & plasticity, which postulates that driving stress for disloca-
FE8ZERERE tion motion is the effective shear stress, against the resis-
tance of dislocation slip shear stress [97—100].
2) The drag (friction due to scattering) process involves
phonon, electron, and radiation drag [101]. At high strain
2 el en@ [ rates, in addition to dislocation-dislocation interactions, the
OUsZ 30U & >

mechanism of viscous drag due to interactions with
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Fig. 2 — Evans diagram based on the mixed potential theory showing the iron corrosion reaction in an acid solution, adapted
from Ref. [85]. The red dashed line in the middle constructs the Tafel plot, which is crucial for the determination of
electrochemical properties. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

phonons comes into play. In the field of quantum me-
chanics, phonons are quantitative descriptions of lattice
vibrations. Gliding dislocations scatter the thermal phonons
in a crystal, resulting in a drag force on the dislocations
[101].

Therefore, the entropy production equation for internal
friction is expressed by:

dt (15)

Cor /t (eBe9v? + 3Gb% — aGb 7 )
to T

where p is the mass density, r is the density of internal heat
generation, B and v represent the effective drag coefficient
and velocity of dislocation, respectively. The variables G, b, o,
and oy are the shear modulus, the magnitude of Burger's
vector, total dislocation density, and Taylor's hardening
parameter, respectively. In equation (15), the velocity of
dislocation is related to the applied shear strain rate, ¥ as
follows, equation (16):

v=-—" (16)

where o,, is the density of mobile dislocations. It can be
observed that the dislocation drag force per unit length is F =
B9y, Therefore, the term oFu = ¢B¥%9y? represents the energy
dissipation per unit of time.

Entropy production due to hydrogen-enhanced mechanisms,
ASp,

Synergy of different hydrogen embrittlement mechanisms

When metal is exposed to a hydrogen-rich environment dur-
ing forming, coating, plating, and cleaning in the
manufacturing stage (source of internal hydrogen) or sub-
jected to long-term gaseous hydrogen pressure during the
exploitation (source of external hydrogen), such as hydrogen
gas pipelines, the material degradation resulting from the
trapping or diffusion of hydrogen into the metal is widely
known as hydrogen embrittlement [9-11,26,77,78,102—106].
There have been extensive studies in the past 40 years on
proposing mechanisms to explain hydrogen embrittlement,
including the hydrogen pressure theory [107,108], hydrogen-

induced phase transformation (HIPT) [109,110], HEDE
[8-10,26,78,111-114], HELP [9-11,26,106,115-119], and
hydrogen-enhanced strain-induced vacancies (HESIV)

[120—122]. Despite various proposed HE mechanisms, there is
currently no consensus in the literature on the inherent na-
ture of the HE mechanism and a general HE model [9—-11,26].
In this study, the emphasis is given to the HELP and HEDE
mechanisms of hydrogen embrittlement and their synergistic
action in a cooperating manner (HELP + HEDE model)
[9-11,26,39,104,128]. Because these mechanisms are widely
accepted as viable hydrogen embrittlement mechanisms that
affect the fatigue life of ferrite-pearlite steel [123—125].
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The HELP mechanism is proposed based on the in-situ
observation by transmission electron microscopy (TEM)
about the enhanced dislocation movement by hydrogen
(HELP) [9,106,126—128]. According to the HELP mechanism,
dislocation mobility (generation and motion) and dislocation
slip behavior are facilitated by the hydrogen solute atoms,
leading to the increase in dislocation velocity for a given
applied shear stress or lower the critical shear stress required
to initiate the slip of dislocations [106,118,126—128]. Eventu-
ally, it causes local dislocation pileups at defects with pre-
mature failure of the material [106,118]. The plasticity of the
metal plays a significant role in the hydrogen-assisted fracture
according to the HELP mechanism.

On the other hand, the HEDE mechanism is mainly based
on the observed brittle intergranular fracture surfaces of
metallic materials and also theoretical calculations [9—11,26].
The high accumulation of hydrogen atoms at regions such as
interstitials, various hydrogen traps, dislocation shielding re-
gion at the crack tip, maximum hydrostatic stress sites, grain
boundaries, phase boundaries, precipitates, etc, locally reduce
the cohesive strength of metal and thus the necessary energy
to fracture [9-11,26,78,105,111-114,128,129]. The HEDE
mechanism has been used to develop predictive cohesive
models that simulate material's cohesive strength in front of a
propagating crack [9-11,103,106,112,113].

The synergistic action of HELP and HEDE mechanisms of
hydrogen embrittlement in metallic materials have been
studied extensively in the literature [9-11,26,39,102—104,128].
In a recent critical review paper by Djukic et al. [9] about the
synergistic action and interplay of HE mechanisms in steel
and iron, various HE models are classified into four categories:
1) hydrogen-enhanced plasticity models (i.e., HELP, HESIV,
and others), 2) hydrogen-enhanced decohesion model (HEDE),
3) HELP mediated HEDE model [40], which assumed that these
mechanisms work in collaboration, HELP provokes HEDE
mechanism, and 4) A HELP + HEDE model [11,26,39,64,104,128]
assuming that HELP and HEDE mechanisms are working
synergistically but one of them predominates depending on
the global/local hydrogen concentration and other factors.

This study uses the third and fourth hydrogen embrittle-
ment models to simulate the interaction of HELP and HEDE
mechanisms. It was recently shown through experimental
studies that the HELP mechanism is not always a prerequisite
for eventual HEDE activation for many metals [9], particularly at
high global/local hydrogen concentrations in metallic mate-
rials. Instead, they can coexist and have synergistic interactions
depending on the hydrogen concentration, for materials such as
ferrite-based low carbon steel with bcc microstructure and
other steel grades [9—-11,26,39,78,104,128]. SEM micrographs of
fractured surfaces show that there is a transition of the fracture
mode from the ductile micro void coalescence (MVC) mode
[with reduced dimple size due to the dominance of HELP] to
brittle “quasi-cleavage” (CQ), transgranular (TG), and inter-
granular (IG) fracture mode due to dominance of HEDE mech-
anism [9,11,26,78,104,128]. This transition is assumed to occur
upon the hydrogen concentration level reaching a critical value
(called  critical  hydrogen  concentration, Chi(critical))
[9,10,26,39,104,130,131]. Below the Cy(citical), the HELP mecha-
nism is dominant. Above the Cy(critical), the HEDE mechanism
becomes dominant [9-11,26,78,104,128].

The entropy production due to hydrogen-enhanced
mechanisms, the synergistic action, and the interplay of HE
mechanisms (HELP + HEDE) during fatigue is discussed in the
next subsection Entropy production due to the synergistic
action of HE mechanisms.

Entropy production due to the synergistic action of HE
mechanisms

Novak et al. [132,133] proposed a dislocation-based rate-
dependent plasticity model within the framework of the
synergistic action of HELP and HEDE mechanisms (HELP
mediated HEDE model [106,118]), which incorporated the
effect of hydrogen on dislocation generation, motion, and
annihilation for structural steel. Utilizing the mass balance
of hydrogen, the force equilibrium equation, the first and
second laws of thermodynamics, the Clausius-Duhem
inequality, and the Coleman-Noll procedure, they derived
the constitutive equations and the dissipation in the equality
equation. The dissipation inequality equation is given as
follows [132,133]:

. 1 ONT.
— Késg —Tq-VT—] * Vu+ (7p +uh)al9r?gep >0
(17)

c:é&f+[o: éh]m

In which ¢ is the stress tensor, € the plastic strain tensor,
eh is the hydrogen-induced strain tensor, « is the flow stress
of the material, & is the lattice strain due to statistically
stored dislocations (SSD), T is the absolute temperature, q is
the heat flux, J is the flux of hydrogen transport (i.e., atoms
passing through per unit area per unit time through the
surface), and u;, is the chemical potential of the hydrogen
solute atoms. Further, v, is an external scalar body force, « is
the number of available lattice trapping sites per trap, 6r is
the occupancy rate of hydrogen atoms in the trapping sites,
and Nr is the density of traps measured in traps per unit
volume.

Equation (17) provides the basis for the entropy calcula-
tion due to the HELP mechanism. The focus of this study is
the very high cycle fatigue behavior of hydrogen pre-charged
steel. The stress amplitude is well below the material's
nominal yield stress. Therefore, the irreversible dissipation
from lattice strain «és due to SSD can be ignored. The dissi-
pation from macro-plastic work ¢ : & should be modified to
account for micro-plastic work that happens at defect sites
locally.

The entropy generation due to the HEDE mechanism must
be included when considering the synergistic activity of the
HELP and HEDE mechanisms [9]. As a result, in the case of
ultrasonic vibration fatigue, the entropy production due to
hydrogen-enhanced mechanisms AS;, can be written as the
summation of five entropy generation sources,

ASpe = Asmp + ASpege + ASq + ASy: + ASCOMP (18)

where AS,, is the entropy generation due to hydrogen-
enhanced micro-plasticity (HEL(M)P), ASpq. is the entropy
generation due to the HE process of HEDE, ASy is the entropy
generation due to the work of hydrogen-induced dilatation, A
St is the entropy generation due to hydrogen transport, and A
Scoup is the entropy generation due to the coupling of plastic
strain with transient hydrogen concentrations.
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Entropy generation due to hydrogen-enhanced micro-plasticity,
ASpmp. The microplasticity model used here is a two-scale
model that considers a global elastic matrix and localized
plastic inclusions at lattice defect sites due to stress concen-
tration [75]. The microplastic mechanism is activated when
the applied stress amplitude is above the fatigue limit
(microscopic yield stress) but below the nominal yield stress.
The entropy generation equation of this mechanism is given
by Ref. [75]:

t Lt
ASpp = / w;(asfu"“T'eP)dt (19)
to

where ¥ is a loading frequency coefficient, ¢ is the TSI to
account for the evolution of activated microdefects during the
loading and f, is the volume fraction of activated microdefects
experiencing microplasticity, which is represented by the
relative surface ratio covered by activated micro slip bands at
the center of the samples' gauge part. o* and ¢, are the micro-
stress and microplastic strain at lattice defect sites, and T is
the absolute temperature on the gage surface of the sample.
Generally speaking, this hydrogen-enhanced microplasticity
belongs in the category of HELP. However, since this study
focused especially on the elastic fatigue regime which does
not generate global plastic strain, we use HEL(M)P to account
for the term hydrogen-enhanced “microplasticity”.

Fig. 3 shows the illustration of microplasticity. Inside the
hexagon region, micro-stress and microplastic strain at each
inclusion are computed under the same laws of localization
and homogenization. Typically, the activated lattice defect
sites during ultrasonic vibration are inclusions, vacancies, and
dislocations. In the presence of hydrogen, the term “defect”
also includes the interstitial and trapped hydrogen atoms. Our
previous studies show that the volume fraction of activated
microdefects experiencing microplasticity f, is around 20% for
uncorroded samples. It can rise above 25% for corroded sam-
ples [76].

The micro-stresses ¢* can be calculated by using the law of
localization and homogenization based on the two-scale
model [75],

o {%} (1—f,)e (20)
where ¢ is the macroscopic stress tensor, v is Poisson's ratio, E
is Young's modulus.

For the HELP mechanism, the increasing concentration of
hydrogen at trapping sites specifically in the Cottrell field of
the dislocation decreases the activation energy for dislocation
motion, increasing the deformation in localized regions near
the fracture surface [106,118]. The hydrogen-enhanced plastic
strain rate éP is expressed by the following relation [132,133]:
. L. -/ 0, n g’

&P = ¢, sinh {IF({H_Kfl) } o (22)

where &, is a reference strain rate, ¢’ is the deviatoric stress, o,
is the von Mises stress, and ¥ is a positive dimensionless
activation energy parameter as a decreasing function of
hydrogen concentration, which is used to account for the ef-
fect of the activation energy required for dislocation motion. Y
is the initial yield stress of the material, as a function of

hydrogen concentration. « is the flow stress over and above
the initial yield stress, and n is the hardening exponent.
Assuming the microplastic strain is enhanced by the
hydrogen concentration through the same function, as shown
in equation (21), we can write the hydrogen-enhanced
microplastic strain rate, as follows:

¢h — & sinh [m( % 1) } il (22)

Ve o

Where ¢* is the deviatoric micro-stress tensor, ¢* is the von
Mises effective micro-stress, and y is the initial micro-yield
stress of the material, as a function of hydrogen concentra-
tion. «* is the micro flow stress over and above the initial
micro-yield stress. The evolution of the flow stress is given by

“=[H-R- K"]éy (23)

where H is the hardening coefficient and R is the dynamic
recovery coefficient, both are functions of hydrogen
concentration.

The material parameters as a function of hydrogen con-
centration in trapping sites, Cr in equations (22) and (23) are
expressed by the following relations [132,133],

W(C)=w, (1 + w%) (24)
¥(C)=Yo <1 +yc%> (25)
H(C)=H, (1 +H€—Z) (26)

where Cr/C, is the normalized hydrogen concentration in
trapping lattice sites, C, is the possible range of Cr. ¥, y., and
H. are positive dimensionless constants representing the
hydrogen-induced plastic softening, the blocking of Frank-
Read dislocation sources by hydrogen, and the hydrogen-
assisted hardening, respectively [132]. They can be experi-
mentally measured by pre-charging a test sample to Cr =C,
level, then obtaining H, = (H—H,)/H, when Cr = C,. The
required material constants mentioned above for the calcu-
lation of HEL(M)P entropy production in S355]2+N steel are
presented in Table 2, Hydrogen enhanced microplastic strain
rate function parameters.

Entropy generation due to hydrogen-enhanced decohesion,
AShpede- A physics-based statistical micro-mechanical model
of the hydrogen-induced intergranular fracture in steel was
introduced by Novak et al. [132,133]. It is assumed that the
hydrogen trapped at dislocation sites reduces the local stress
that impedes dislocation motion and also lowers the
reversible work of decohesion (ideal work to fracture) at the
tip of dislocation pile-up at the carbide/matrix interface. The
HEDE mechanism is modeled as being initiated by a dislo-
cation pile-up against a grain-boundary carbide particle,
leading to interface decohesion and intergranular fracture.
This assumption is according to the HELP mediated HEDE
model for HE [9,106,118]. The model advocates the syner-
gistic action of the HELP and HEDE mechanisms during the
intergranular fracture of structural steel. However, our focus
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Vibration
direction

Microdefects appears all over the
sample. Our analysis focuses only
on the gage section. —_—

: ot et
Sup =f Wr ¢fv—T dt
to

f» 1s approximated by:

Zone 1, elastic matrix,

I Zone 2, microplasticity
sites, oH, e*

(red lines are slip bands)

slip bands area
observed surface area

o, €h in each site follows the same laws
of localization and incremental scheme

Fig. 3 — Illustration of microplasticity.

is computing the entropy generation due to the activity of the
HEDE mechanism rather than predicting cohesive strength
decline at the carbide/matrix interface and other hydrogen
trapping lattice sites as in the model proposed by Novak et al.
[132,133].

The critical strain energy release for decohesion 4. consists
of the ideal work of fracture (energy consumed for fracture/
decohesion in the absence of inelastic modes) v, and the
attendant plastic work vy, accompanying the decohesion
event such that y, = 2vi, + v,. In Hirt and Rice's [134] model,
hydrogen is assumed to affect the reversible work of deco-
hesion 2y, (also called the ideal work to fracture), as
described by Hirth and Rice's [134] thermodynamic theory of
decohesion. For the case of fast decohesion [135—-138] (i.e.,
constant hydrogen concentration), the reversible work of
decohesion 2v;,, is expressed by Ref. [134]:

2Yint = (2Yint)o — (Agi - Ags)F: 2vs—mi — (Agi - Ags)r (27)

where (2vi,,), is the ideal work of fracture (decohesion) in the
absence of hydrogen, 2y, and v; are, the free surface and
carbide/matrix interface energies in the absence of hydrogen,
respectively and Ag; and Ags are the Gibbs free energy excesses
when hydrogen is absorbed into the particle/matrix interface
and the free surface created upon separation, respectively. I' is
the interface coverage by hydrogen measured in hydrogen
solute atoms per unit area, expressed as I' = X&}”qux, in
which y is the ratio of impinging dislocation pileup that par-
ticipates in fracture, B(Td) is the hydrogen occupancy rate in
dislocation trapping sites, and I'ye is the maximum number
of surface trapping sites, measured in trapping sites per unit
area of the carbide/matrix interface.

From equation (27), hydrogen absorption at carbide/ma-
trix interfaces reduces the ideal work of decohesion. In
studies of intergranular fracture energy and brittle crack
propagation, McMahon and Vitek [139] concluded that the vy,
is proportional to the 2y;,,, Jokl et al. [140] established a non-
linear relation between v, and 2v;,; based on the concurrent

process of atomic bond stretching and breaking during the
brittle crack propagation and the dislocation emission from
the crack tip. To simplify the relation, Novak et al. [133,134]
proposed the following relation of v, = A(2v,)?, and per-
formed a parametric study to obtain the fitting constants A
and q for medium carbon steel. In the study of the effects of
hydrogen on fracture, Birnbaum [141] revealed that the en-
ergy to form the new surfaces 2y, is only about 10% of the
total fracture energy ,., with the remainder being the plastic
work done during fracture v,. This ratio matches the nu-
merical results from Refs. [133,139,140]. Based on these
findings in the literature, we use the following relation for
the quantitative estimation of v,

Yp =A(27ine) =9(27in)" = 0.9, (28)

It should be emphasized that 2y, and y, are material
properties independent of crack geometry, loading configu-
ration, etc., as pointed out in Ref. [140]. The decohesion pa-
rameters are presented in Table 2, Hydrogen enhanced
decohesion model parameters. Based on the data in Table 2, y,
can be determined to be 28 J/m? as the initial value.

It is shown in equation (28) that the irreversible work
responsible for the decohesion can be deduced from the
reversible work expressed in equation (27). In the condition
that the hydrogen concentration in the sample is above the
critical value, such that the HEDE mechanism takes place and
becomes prevalent, we assume that the HELP and HEDE
mechanisms happen simultaneously (HELP + HEDE) at the
same defect sites [137]. It should be emphasized that in this
study, the microplastic region is around defect sites (i.e., va-
cancies, inclusions, dislocations cross-slips, or hydrogen so-
lute atoms) instead of an existing notch because there is no
initial notch in our specimen (smooth specimen), see Fig. 3.
Also, the stress in the microplastic region is below the
macroscopic yield stress. Fig. 4 shows the illustration for the
formation of the microplasticity region (stage I) and hydrogen-
enhanced microplasticity [74-76] and hydrogen-enhanced
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decohesion - HELP + HEDE model [9,11,26,39,78,104,128] (stage
1) during very high cycle fatigue.

For the computation of HEDE entropy production ASpeg., we
assume the decohesion happens at defect sites [132,133],
Fig. 5. According to HELP mediated HEDE model for HE
[106,118], hydrogen facilitates dislocation movements due to
the HELP mechanism and leads to high-density dislocation
pile-up [132,133,135]. As a result of hydrogen-enhanced
dislocation movement, the hydrogen trapped and trans-
ported by dislocations increases hydrogen concentration at

the carbide [132,133], as shown in Fig. 5, grain boundary [135]
and other defect sites acting as dislocation barriers, leading to
the interface decohesion due to HEDE activation [9—11,26,104],
see Figs. 4 and 5. Therefore, the synergistic effect of HELP and
HEDE mechanisms leads to the brittle hydrogen-assisted
fracture and microstructural evolution under intergranular
fracture [9-11,26,39,104,106,118,132,133,135]. If the plastic
work v, included in the decohesion process is calculated, then
the decohesion entropy generation ASp. is given by the
following relation,

Stage 1: Formation of microplastic region

Elastic matrix -

Sample's gage
section element

Micro-plastic region:

*

lllustrated by microplastic
“bubble” inside elastic matrix

"

o Defec;t sute; - *  Localized micro-plasticity
] Incluglons, Dislocations, +  Hydrogen accumulation
Carbides, Hydrogens «  TIELP Zone

Stage 2: HELP+HEDE model

& @

*  Vacancy accumulation .
* Dislocation pile up at carbides or other

defects

Vacancy induced void
nucleation and growth
*  Decohesion

* Hydrogen carried by dislocation
* Trapping hydrogen lowers the necessary
work for interface decohesion

Fig. 4 — Illustration of the HEL(M)P and HEDE model during very high cycle fatigue.

- --Carbide inclusion
1

Grain boundary --..

Dislocations -------

- -Hydrogen trapped at carbide/
matrix interface

- - Hydrogen carried by dislocation

. Initiated by a dislocation pile-up against a grain-boundary carbide
. Leads to interface decohesion and intergranular fracture

Fig. 5 — Illustration of the HEDE interaction between hydrogen and dislocation, adapted from Refs. [132,133,137].
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ot 7
AShede — / of a2 dt (29)
Jto

where ¢ is the TSI, f, is the volume fraction of activated
microdefects, v, is the plastic work of the decohesion process
per unit of time, T is the absolute temperature, and h,, is the
surface area to volume ratio, used to convert the entropy unit
from J/(K-m?) to J/(K-m?). Assuming the carbide particles that
result in decohesion at a carbide/matrix interface are all
spherical, hy, = 4.84.

Based on equations (27) and (28), the entropy generation due
to HEDE in equation (29) is a function of the hydrogen occupancy

rate, 0(Td>, in dislocation trapping sites (equation (29a)), because

q
1o =A[27, — 7 - (Ag — 8g,) 1 0 T (292)

All the other parameters are constants. 6, and hydrogen
occupancy at dislocations is related to the trapped-hydrogen

concentration, C}d), at dislocations by the relation

¥ — 0(TdJa<d)N(Td), which will be discussed later in subsection,
Entropy generation due to hydrogen transport, ASht. There-
fore, the HEDE hydrogen entropy generation rate grows when
trapped hydrogen concentration Cr increases.

Entropy generation due to hydrogen-induced dilatation, ASy. A
portion of the work of the hydrogen-induced dilatation is irre-
versible. Because the dilatation caused by the interstitial atom
is reversed when the hydrogen atom diffuses out and the lattice
returns to its original structure. The entropy production due to
this source is calculated based on the product of the stress
tensor and the dilatation strain tensor, as follows,

t . sh
ASq— [ / L dt} (30)
LT

irr

where &" is the rate of hydrogen concentration-induced lattice
dilation strain.

The dilatational distortion (lattice distortion) resulting
from the hydrogen solute atoms is the source of dilatation
strain in the host lattice. The dilatation strain is assumed to be
isotropic in bulk, positively related to the change of hydrogen
concentration in trapping sites multiplied by the atomic vol-
ume of the host lattice. The hydrogen-induced dilatation rate
" is given by Refs. [132,133,142]:

0

e'“:%%id(th CL)&:%%(Q—CE’)@ (31)
where 1 is the dilatation induced by a hydrogen solute in the
host lattice, p is the density, C; is the hydrogen concentration
in the lattice site, C? is the initial lattice concentration of
hydrogen in a stress-free lattice, é is an identity tensor, Vy is
the partial molar volume of hydrogen, and N, is Avogadro's
number.

Entropy generation due to hydrogen transport, ASp;. The en-
tropy generation due to hydrogen transport ASy is given by:

t .
ASp = — / }"#dt (32)
Jto

Where J;, is the hydrogen flux, and Vu, is the gradient of the
chemical potential of the hydrogen solute atoms.

The diffusion of the hydrogen atoms is driven by the
chemical potential gradient Vy;. Utilizing the Onsager rela-
tion, based on Einstein's equation of diffusion, the flux of
hydrogen mass transport is given by Refs. [132,133,142,143]:

DC,

A

Vi (33)
The chemical potential u, of the hydrogen solute atoms is

derived from the constitutive equations based on the
Coleman-Noll procedure,

vt [t () ] o

ac,

Where D is the diffusion coefficient for hydrogen transport in
steel lattice, kg the Boltzmann constant, E Young's modulus, v
Poisson's ratio, and ¢, the occupancy rate of normal interstitial
lattice sites (NILS). The chemical potential w, of hydrogen,
solute atoms can also be written in the standard form as
follows

Mh:ph°+RTln<1 ‘9L0 > — Vyoy (35)

— UL
where w,° denotes the chemical potential in the ground state, oy
is the hydrostatic stress, and Vy the partial molar volume of
hydrogen in a solid solution (Vi = 2000 mm?/mol for iron-based
materials [144]). In equations (34) and (35), it is evident that
where the rate of the trapped hydrogen concentration to the
lattice hydrogen concentration is significant (i.e., 3Cr/9C; is
large) or where the lattice hydrogen concentration differs
significantly from its initial value (i.e., C;>C?), the chemical
potential will have a large gradient. It was pointed out that such
conditions are likely to exist ahead of a crack tip or a notch
[132,133]. Based on the modeling results provided in Ref. [132]
where the hydrogen diffusion and hydrogen concentration are
computed, for a specimen without a notch, as 8Cr/dC, ~ 107>
and C, is very close to C?. Therefore, we use equation (35)
because there is noinitial notch or crack tip in our study sample.
Combining equations (33) and (35), the flux of hydrogen
diffusion through normal interstitial lattice sites (NILS), due to
the chemical potential gradient, is given by:

Jo=-D (VCL + C};\{,HVUH) (36)

In equations 3336, C; is the hydrogen concentration in
normal interstitial lattice sites (NILS), and Cr is the hydrogen
concentration in trapping sites. They are related to their
corresponding occupancies through the following relations
C. = 0,8N; and Cr = 6:PaON;D, where 6, denotes the occu-
pancy rate of NILS, 6r is the occupancy rate of the trapping
sites, 8 is the number of lattice sites per solvent atom, and «
is the number of trapping sites per trap. The superscript (i)
can be (d), (c), and (gb), which represent dislocations, car-
bides, and grain boundaries, respectively. For bcc metals
usually « =1 and g =6 [145]. N; is the density ofthe host
metal lattice measured in solvent atoms per unit volume, Nr
is the density of traps measured in traps per unit volume
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[132,133,142,143]. Typical lattice and trapping sites for
hydrogen in steel are a) NILS (for lattice diffusion); b) surface
traps; c) subsurface traps; d) grain and interphase bound-
aries; e) dislocations traps; and f) vacancies [146,147]. The
trapping site and lattice hydrogen populations can be related
through Oriani's theory of assuming the fast trapping and
un-trapping kinetics, such that the trapped hydrogen con-
centration is always in equilibrium with the lattice concen-
tration [132,133,142—144],

0T(i> o, WB(U
_— ZE 7
1-6,0 1-0, P\ RT 57
From equation (37), one can derive the following relation:
CT(i) CL WB(U
- —= — 38
WINg© — G0 BN, — G P\ "RT (38)

where W;" is the trapping binding energy associated with the
trap type (dislocation trap, carbides trap, grain boundary
traps, etc), and R is the gas constant. Equation (38) is used to
relate the hydrogen concentration in trapping sites Cr to the
hydrogen concentration in lattice sites C;. In the absence of
loading (stress-free state), the hydrogen concentration is
uniform through NILS. The initial NILS hydrogen concentra-
tion is given by Refs. [148—150]:

(39)

CO =Ny exp (7TASH - AHH)

RT

where AHy and ASy are the partial formation enthalpy and
partial molar excess entropy (formation entropy) of the
interstitially dissolved hydrogen. The density of the host
metal lattice N; is a constant number given by N, = N,/ Vi,
with N, being Avogadro's number, and Vy is the molar volume
of the host lattice. The hydrogen trapping density Nr is related
to the dislocation density using the flow stress. Nr is given by
Refs. [132,133]:

2 2 2

Nr=N2+ (K—KG> %: (;—‘(’3> b—13+ <é) b—13 (40)
Where Y, is the initial yield stress, G is the shear modulus, b is
the dislocation burger's vector, K, is a dimensionless material
constant (Taylor's hardening parameter), and « is the flow stress.

On the other hand, Ferndndez-Sousa et al. [143] proposed
that the hydrogen-trapping density Nr is related to the contri-
bution of dislocations, carbides, and martensite interfaces,

given by a summation as Ny = N<Td> + N(TC) + N("‘), in which:

N = =N, (43)

Where a is the lattice parameter, p is a function of plastic
strain and plastic strain gradient, d is the carbide particle
diameter, L is the average distance between the carbide par-
ticles, and f is the loading frequency. Based on equations

(41-43), it is shown that the hydrogen trapping density at
carbides N{, NI™ are constants based on the geometry of the
trapping sites, whereas hydrogen trapping density at dislo-
cations N\ increases with plastic strain. However, it is
important to point out ultrasonic vibration operates in a linear
elastic range. Hence, we may assume N{¥ as constant, and we
can obtain its initial value from equation (40).

Using equations (39—43), the initial NILS hydrogen con-
centration C? (atoms per unit volume) and the initial trapping
density N9 (traps per unit volume) can be estimated. Then, the
corresponding C% can be obtained from equation (38). During
the loading, the change in C; and Cr with time is calculated
through the hydrogen mass transport equation, given by:

% + aa—CtT =DV?C 4+ V <i—%vHVJH> (44)

Combining equation (44) with Oriani's equilibrium theory,
a transient hydrogen transport model that was first derived by
Sofronis and McMeeking [151] and later modified by Krom
et al. [152] is given in the following form:
CL+Cr(1—67) 8C,

DC.—
CL WZDVQCL +V<R7TLVHVUH> - od?T

dNy de,

@ a *

Equation (45) accounts for hydrogen trapping by disloca-
tions and hydrostatic drift. The last term is the plastic strain
rate factor, accounting for the effect of the plastic strain rate
on the transient hydrogen concentrations. The last term dis-
appears in the absence of macroscopic plastic strain.

Equations (32) and (33) show the entropy generation due to
lattice hydrogen transportation that promotes hydrogen
embrittlement, while equations (44) and (45) govern the trans-
portation. However, it is well understood that in principle,
quantum tunneling [153—156] can also contribute to H's high
diffusivity in bcc Fe besides classical diffusion [153—155].
Quantum tunneling allows the hydrogen atoms to move
through barriers they could not move through in classical me-
chanics, which can be the dominant mechanism for H diffusion
in metals at low temperatures (e.g., T < 10K for V, Nb, and Ta)
[155]. Nevertheless, we do not consider quantum tunneling
diffusion in our model because 1) ultrasonic vibration fatigue
generates high temperature (up to 440K at failure), and 2) we aim
to establish our model in classical continuum mechanics which
satisfies equilibrium thermodynamics. For quantum me-
chanics, we may have to apply statistical thermodynamics,
which is out beyond the scope of the current work.

Entropy generation due to coupling source, AScoyp. The entropy
generation due to the coupling of plastic strain with transient
hydrogen concentrations is given by the following relation
[132,133]:

't f1 ON
Asmp:/ w%gdt (46)
! T Oe

0

where v, is the microforce resulting from the lattice dilation
due to hydrogen solute atoms, u, is the chemical potential, « is
the number of trapping sites per trap, 6r is the occupancy rate
of the hydrogen trapping sites, and Nr is the density of traps
measured in traps per unit volume.
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it
AScoup = / {RT In < : b 0L> —VHaH} “TﬂT %épdt (47)
Jto -

Using the transient hydrogen transport equation, the
afrEeP is equivalent to:

ANy dey _
e, dt

—v-(h)—{ug—g}q (48)

Finally, we have:

1 0 - 0Cr] -
AScoup = /t T |:RT1H<1 _L9L> 7VHO'H:| {7V «(Jn)— [1+67(C:Z:|CL:|dt

(49)

It should be noted that equations (46) and (49) compute
entropy generation due to coupling between hydrogen trap-
pingsites and macroscopic plastic strain. This coupling source
can be ignored in the case of ultrasonic vibration fatigue
where macroscopic plastic strain is zero.

Thermodynamic fundamental equation for steel pre-charged
with H and then subjected to ultrasonic vibration fatigue,
AS

Combining all entropy production mechanisms, the total

specific entropy production can be expressed by the following
relation:

t

1

As = / T UmaomzZmFn +JIme(1 — am)zmFn +Jo.aceZoFn +Joc(1
Jto

t
— €0)Z0Fn ) dteory + / k—hQ(VTVT)dt
to PT

¢ (oB®0v? +1Gb% — aGhy/2 7
+ / dt
to pT
t ot el t ¥ ta:éh
vl P)dt Ofyhg -2 dt dt
+/t0 f< fv pT ) +/t fv a/upT Jr/t pT

0 0

t t
_/ Jn* Vi dt+/ (v + pn)abr 6_Nprépdt
w PT to pT 0¢

(50)

By calculating the cumulative specific entropy production
using equation (50) and inserting it into the TSI (equation (3)),
the TSI coordinate which can be between 0 and near 1 (or &),
can be computed. Table 1 summarizes the entropy equations
derived in this section and the assumptions used to compute
them in the following sections.

It is shown in Table 1 that to compute each entropy gen-
eration term, many intrinsic parameters need to be deter-
mined. However, many of them do not affect the sensitivity
of the total entropy production because, through the order of
magnitude analysis, some entropy generation terms are
negligible compared to others. It will be shown at the end of
section Entropy generation order of magnitude comparison
that only AScorr, ASt, ASy, ASmp, and ASy.q4. affects the final re-
sults. The preciseness of these five terms is determined by
the results of the Tafel test electrochemical parameters, the
temperature measured on the sample, the dislocation pa-
rameters related to phonon dragging, the hydrogen-
dependent parameters in the microplasticity model, and

the trapping hydrogen concentration in the decohesion
model, respectively. Among them, the Tafel constants and
temperature can be most straightforwardly measured from
the test. The hydrogen-dependent parameters can also be
calibrated through simple mechanical testing on hydrogen-
charged samples. Whereas the dislocation parameters and
trapping hydrogen concentration are strongly affected by the
microstructure of the material.

The model parameters used in this study are collected and
listed in Table 2.

Entropy generation order of magnitude
comparison

In this section, several numerical simulations were performed
to compare the order of magnitude of the entropy generation
mechanisms presented and discussed in section
Thermodynamic fundamental equation.

Calculation of entropy production due to corrosion in the
H,S0, solution

The calculation of entropy production due to corrosion using
equation (8) requires the determination of electrochemical
parameters (such as Ecrr, leorr, aa, and ac) based on Tafel plots.
Our recent study about corrosion fatigue [76] validated the
corrosion entropy production for 40 days of immersion time in
5 wt% NaCl solution to be around 0.2 on the TSI axis. The Tafel
test was not repeated in this study because the variation of
electrochemical parameters obtained from Tafel tests at
different stages of corrosion has a negligible contribution to
the overall TSI evolution.

The electrochemical polarization parameters required for
calculating corrosion entropy production are presented in Table
2, Electrochemical parameters, for low carbon steelin 1 M H,SO,
solution, based on the data from Ref. [90], which has a similar
chemical composition to the sample used in our study and an
identical corrosion media concentration. When hydrogen
charging is conducted by immersing samples in an H,S0,4 so-
lution without applying a constant electrode overpotential, the
anodic flux for metal dissolution i, and the cathodic flux for
the evolution of hydrogen Jo . should be both equivalent to the
corrosion current Iy, according to the mixed potential theory
[85]. In this special case, the driving force is the potential dif-
ference AE between the oxidized (or reduced) species. There-
fore, the entropy generation ASg: is merely due to AE and I,

t t

1
(}M,aAE +}O.CAE)dtcorr =T

ASact = T Ju

[Icorr (Egz - Egeu )} dteorr

(51)

1
TJ

0

where E9, is the standard hydrogen electrode potential, which is
set to OV. The standard cell overpotential for the dissolution of
iron Fe<«> Fe®* + 2e~ and the evolution is ES,,, = — 0.440 V [157].
The simulated cumulative entropy production versus
corrosion time based on equation (51) is shown in Fig. 6. It shows
a linear relation between corrosion entropy production and
corrosion time for samples in 1 M H,SO, solution because we
assume that the electrochemical material properties are
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Table 1 — Summarization of thermodynamic fundamental equations.

Entropy equation

Important Parameters

Assumptions

1
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Use jou, jor Value from references.
AM.ay OM.c, AMc, X0 Can be measured from tests or use
data from reference as a first approximation.

Assume a one-dimensional conduction path from
the gauge to the grip section.

The parameters may be obtained from discrete
dislocation dynamic (DDD) simulations. We use the
data from reference [75].
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linear elastic range.
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Table 2 — Model parameters.

Electrochemical parameters for low carbon steel in 1M H,SO, solution [91]. For corrosion entropy computation

Ba (mV/dec) Qe o
76.7 0.607 0.39

Material parameters of steel sample (S355]J2 + N, equivalent to ASTM A656) [75]. For heat conduction and microplasticity

Ecorr (mv) leam (M Ncm2) 6C (mV/dec)
—441 342.22 99
computation

Young's modulus, E 197265 MPa
Hardening coefficient, Hy 879 MPa
Poisson's ratio, v 0.27
Density, p 7820 kg m 3
The volume fraction of activated defect sites, f, 20%

Critical thermodynamic index, @ 0.97

Macroscopic yield stress, gy 400 MPa
Microscopic yield stress, o} 368 + 3.3 MPa
Thermal expansion coefficient, a 12.6:10 °K !
Specific heat capacity, cy 4707 kg 'K *
Thermal conductivity, ky, 50 WK 'm?!
Frequency coefficient, ¥ 5.103

Hydrogen enhanced microplastic strain rate function parameters for equations (24—26). For HEL(M)P entropy computation

W, Ve Hc

879 MPa 10.5 0.1 0

n Yo Yo

2 0.105 368 MPa
Cr = 0 (reference)

Cr =0.25C

Cr =0.5Co

¥ = 0.105, H = 879 MPa, j = 3 54 MPa
¥ = 0.328, H = 879 MPa, j = 362 MPa
0.551, H = 879 MPa, j = 371 MPa

Hydrogen-enhanced decohesion model parameters [133,140]. For HEDE entropy computation

vs (/m?) ¥i (/m?)
1.95 0.78

Ag; (kJ/mol)
—100

Ags (kJ/mol) T'iax X
—25.5 6.17 x 10%* 0.01

Hydrogen concentration and diffusion coefficients [132,133,144,148—-150,159]. For other hydrogen term computation

Avogadro's number N, 6 x 10> mol*

Diffusion coefficient, D 3.53 x 10 %exp(

The molar volume of the host lattice, Vy

Partial molar enthalpy for the 57.9 kJ/mol
formation of interstitially dissolved
hydrogen, AHy

Dislocation trap binding energy, Wz@ 25 kJ/mol

—12600,

6.98 x 10~ m3mol*

Gas constant R 8.31J-mol K !

Boltzmann's constant, kg 1.38-10-23J.K !

) m?%/s
Partial molar volume of 2000 mm?/mol
hydrogen in solid solution,
Vu
Partial molar entropy for the
formation of interstitially
dissolved hydrogen, ASy
Dislocation burgers vector,
b

— 4157 Jemol 'K !

0.258 nm

constant throughout the process. In comparison, the results of
samples corroded in 5 wt% NaCl solution, based on [76], shows a
nonlinear relation. The difference between the two relations is
because electrochemical material properties used for the
calculation of NaCl corrosion entropy production were
measured at different stages during corrosion experiments,
which vary depending on immersion/corrosion time. However,
our assumption for H,SO, corrosion entropy production is still
valid and sufficient for all parametric study purposes because
we are overestimating the entropy generation by using a linear
function. The actual value will be lower if the actual electro-
chemical material properties are measured during the H,SO,
corrosion experiment. For a 4-week hydrogen charging (corro-
sion) in 1 M H,SO, solution, the entropy generation is around
0.25 MJK 'm~3.

Calculation of entropy production due to mechanical loading

The entropy generation due to mechanical loading consists of
thermal conduction, internal friction, and microplasticity. In
detail, the dislocation parameters for internal friction entropy
production are discussed in Ref. [75]. Computation of thermal
conduction and microplasticity entropy production requires

basic material constants. They are presented in Table 2, Ma-
terial parameters of steel sample. The entropy generation due
to mechanical loading is shown in Fig. 9.

Calculation of entropy production due to hydrogen-enhanced
mechanisms

The entropy generations due to HEDE, and hydrogen lattice
dilatation can be directly computed utilizing the data in Table
2. Therefore, the focus of this section is HEL(M)P and hydrogen
transport.

Hydrogen-enhanced microplasticity entropy production

In the presence of hydrogen, the microplastic strain incre-
ment in the microplastic model is enhanced based on equa-
tion (22). The parameters for modeling hydrogen
concentration-dependent functions are given in Table 2,
Hydrogen enhanced microplastic strain rate function param-
eters. In Table 2, Hydrogen enhanced microplastic strain rate
function parameters, the material parameters n and ¥, were
calculated by fitting the microplastic stress-strain curve from
equation (19) to equation (22) without hydrogen participation.
The yo and Hy are simply the microscopic yield stress (fatigue
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Fig. 6 — Corrosion entropy production versus corrosion
time for samples corroded in a different solution.

limit) and hardening modulus of the sample measured before
the hydrogen test. ¥, y., H. are positive dimensionless pa-
rameters discussed in the following section:

a. Novak et al. [132] experimentally studied four different
types of steel and concluded that hydrogen concentration
has a negligible effect on the hardening modulus. There-
fore, H. = 0.

b. For a hydrogen pre-charged low carbon ferrite steel, the
yield stress increases slightly depending on the hydrogen
charging time and the resulting hydrogen concentration
but eventually reaches a steady state [158]. Based on the
literature, we assume a 10% increase in yield stress after
sufficient hydrogen charging. Then, we obtain y.= 0.1
based on equation (25).

c. According to equations (22) and (24), the hydrogen-induced
softening parameter, ¥., determines the micro-plastic
strain enhancement due to hydrogen concentration. ¥,
can be determined utilizing the stress-strain curve of the
hydrogen-charged sample. A value of 10.5 was obtained
from the stress-strain curve.

Fig. 7 shows the hydrogen-enhanced microplastic hyster-
esis loop based on equation (22) for different values of dislo-
cation motion activation energy parameter ¥, under the
ultrasonic vibration at 400 MPa stress amplitude. The entropy
production for HEL(M)P is estimated by the amount of energy
dissipated by hysteresis loops.

Hydrogen transport entropy production

The calculation of this term requires parameters related to the
hydrogen concentration and diffusion, as well as proper
boundary conditions. They are given in Table 2, Hydrogen
concentration and diffusion coefficients, and Fig. 8.

As shown in Fig. 8, the sample is subjected to ultrasonic
vibration resulting in a 400 MPa normal stress at the gage
center. The measured temperature at the gage section of the
steel sample rises from 300K to 400K before the initiation of

macrocracks [73]. In contrast, the measured temperature at
the grip section remains relatively steady. The temperature
varies parabolically along the sample's centerline [along the
height] from gage to grip, a simple one-dimensional thermal
gradient VT that increases as the temperature at the gage
center rises. This temperature gradient VT is also used for the
thermal conduction entropy production in subsection Entropy
generation due to thermal conduction, ASt.

No hydrogen gas pressure was applied during the vibration
test. Therefore, the hydrogen in the lattice sites (diffusible
hydrogen) will outgas to the atmosphere as the temperature
increases. For the calculation of hydrogen flux J, in equation
(36) the diffusion coefficient D, the gradient of the concen-
tration of the hydrogen solute atoms residing in normal
interstitial lattice sites (NILS) VCy, the partial molar volume of
hydrogen in a solid solution Vy, and the gradient of the hy-
drostatic stress Voy are required.

For simplicity and the purpose of numerical comparison,
we made several simple assumptions (as shown in Fig. 8).

a. A one-dimensional diffusion path from the center of the
gage to the atmosphere (d = 4 mm).

b. C; at the surface is 0.

c. The elevated temperature is constant at 400K.

d. The vibration stress amplitude is 400 MPa.

Therefore, we can estimate the entropy production as
follows:

The hydrogen transport in this study is controlled by lattice
diffusion, as suggested in Refs. [132,133,155,160]. The lattice
hydrogen diffusion coefficient D for low carbon steel is given
by Ref. [160]:

—12600

_ -3 i
D=3.53x10 exp( RT

) =~ 8:10°m?*s! (52)

at elevated temperature, T = 400K during ultrasonic
fatigue.

500 _
Microplasticity
Enhanced (#=0.125)

400 Enhanced (#=0.250)

300
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100
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-100
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Fig. 7 — Hydrogen-enhanced microplastic hysteresis loops
for different values of dislocation motion activation energy
78
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The initial concentration of the hydrogen solute atoms
residing in NILS, C?, can be calculated using equation (39),
where the partial molar enthalpy for the interstitial lattice site
formation AH, the partial molar entropy of solution AS, and
the gas constant R are presented in Table 2, Hydrogen con-
centration and diffusion coefficients. N; is the density of the
host metal lattice measured in solvent atoms per unit volume,
which is a constant given by:

N, =N, /Vy = 8.6 x 10%®atoms-m 3 (53)

Hence, the initial uniform hydrogen concentration in NILS
at a stress-free state C? is

TASy — AH
C? =N, exp (M> =6.685 x 10°H atoms-m >

RT (54)

The corresponding initial hydrogen concentration in trap-
ping sites C% can be obtained by using the following relation:

(55)

Cy Wpg _
Cl =aNo = —>)=3.7x10Y H at m3
=« 3N, 7CLexp (RT) X atoms-m

The total initial hydrogen concentration C, is given by:
Co=C)+C =6.72 x 10 Hatoms-m™> (56)
Hence, the hydrogen flux J, can be calculated by the
following relation:
_ CLVu _ 18 261
Jn=-D| VC, +ﬁVaH = —2.665-10°H atoms-m™“s
(57)

Finally, the entropy production of the hydrogen transport A
Sur can be obtained by equation (58):

Vibration horn
Vibration direction

Irreversible
heat flow

Tgage=400K

<]
~
AII

Tgrip=300K
(RT)

21

it it
_ [ Tn Vi _/ keT (Jn*Jn _ ]
ASy = /to Hptde= [ g (M) dr=00188

(58)
For a test duration of 1 hour, the entropy production of the

hydrogen transport is:

J

Kem3

ASp = 66.24 (59)

This magnitude of entropy is very small compared to the

entropy production due to microplasticity, which is usually in

M)
K-m3*

We should emphasize that hydrogen concentration used in
calculations should be a function of temperature. The trapped
hydrogen concentration will be re-distributed due to the me-
chanical energy input to the sample through ultrasonic vi-
bration. However, the purpose of this study is the derivation of
the thermodynamic fundamental equations and to compare
the order of magnitude of different entropy generation
mechanisms.

the order of Therefore, it will have a trivial effect.

Summary: order of magnitude comparison

The entropy generation due to mechanical loading and
hydrogen-enhanced mechanisms is calculated. Fig. 9 (a) and
(b), and Table 3 compare their order of magnitude. Fig. 9 (c)
gives the percentage of the entropy contribution from each
mechanism for different vibration stress amplitudes.

It is shown that the hydrogen transport and lattice dilata-
tion entropy generations are negligible compared to the other
mechanisms. The HEL(M)P dominates the entropy generation

The study of entropy production
focuses on gage section

P Hydrogen outgassing during
<~ o : :
L | > Ultrasonic vibration, with flux
----- e Jn
HH ] atmosphere:
_____ —— h .
H-H H, concentration
T HHETTT is negligible
i B
H—HH.H t>0&r =2,
B 2
C,=0
Att=0&
0<r< E,
2
Cr= CTO
CL = CE

Fig. 8 — Schematic illustration of the hydrogen outgassing from the sample to the atmosphere during the ultrasonic

vibration fatigue test.
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Fig. 9 — Comparison of entropy production due to different entropy generation sources during fatigue loading and hydrogen
embrittlement. The number of cycles was increased until total entropy production reaches fatigue fracture entropy (FFE): (a)
Stress amplitude is at 400 MPa, and the hydrogen-enhanced parameter ¥ = 0.551 is used considering Cr = 0.5Cy, (b) Stress
amplitude is at 375 MPa, and the hydrogen-enhanced parameter ¥ = 0.551 is used considering Cr = 0.5Cy, (c) Entropy
contribution percentage of each mechanism under different vibration stress amplitudes, considering Cr = 0.5C,.
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Table 3 — Comparison of the order of magnitude of entropy generation due to corrosion, mechanical loading, and

hydrogen-enhanced mechanisms during ultrasonic fatigue loading.

Source® Entropy generation mechanism The magnitude of entropy generation
C Corrosion activation overpotential ~MJ-K '-m-3

M Thermal conduction ~MJ-K'-m-3

M Internal friction ~MJ-K '-m-3

M&H Hydrogen-enhanced micro-plasticity (HEL(M)P) ~MJ-K1-m3

M&H Hydrogen-enhanced decohesion (HEDE) ~MJ-K'-m-3

H Hydrogen transport ~J-K 1.m3

H Hydrogen dilatation ~KJ-K1-m3

& C: corrosion; M: mechanical loading; H: hydrogen-enhanced mechanism.

mechanisms at higher stress amplitude (e.g., 400 MPa), which
canresultin a ductile fracture when the fatigue life is reached.
However, at lower stress amplitude (especially when stress
amplitude is near the fatigue limit. e.g., 375 MPa), the contri-
bution of internal friction greatly increases and becomes
dominant. At the same time, the HELP and HEDE mechanisms
of HE have a similar order of magnitude entropy contribu-
tions. We can expect to have a brittle fracture at 375 MPa
stress amplitude. This simulation result matches well with
the experimental evidence in the literature reviewed in the
Introduction section and subsection Synergy of different
hydrogen embrittlement mechanisms of this manuscript.

Fig. 9 shows a comparison of entropy generation for each
micro mechanism of hydrogen embrittlement, including
HEL(M)P, and HEDE. Entropy generation due to mechanical
loading, internal friction, and thermal conduction must be
considered in the thermodynamic fundamental equation. In
comparison, the remaining entropy generation mechanisms,
such as hydrogen transport and hydrogen-induced dilatation,
are negligible and can be ignored. Because the corrosion for
hydrogen pre-charging is not performed concurrently with
the fatigue loading, the corrosion entropy production due to
activation overpotential is not shown in Fig. 9. However, based
on Fig. 6, it has the same order of magnitude as thermal
conduction, which should also be considered in the thermo-
dynamic fundamental equation if the ultrasonic vibration is
conducted in a hydrogen-rich environment.

The effect of fatigue stress amplitude on fracture surface is
explained and validated by identifying dominant entropy
generation mechanisms at different stress levels. More
sweeping Cr values must be tried in the parametric study to
explore the effect of trapping hydrogen concentration on a
material's fatigue behavior based on entropy production.

Thermodynamic state index (TSI) evolution and
simulated fatigue S—N curves for the hydrogen
pre-charged steel

The thermodynamic lifespan travels between 0 and near 1
along this axis. Based on the cumulative specific entropy
production given by equation (50), the fatigue life of the
hydrogen pre-charged structural steel can be estimated.
However, it should be emphasized that before the fatigue test,
the corrosion during hydrogen charging causes initial entropy

production. Therefore, the TSI at the beginning of ultrasonic
vibrations does not start from zero.

In this section, we make several assumptions about the
material properties to be able to perform the parametric
study. This section aims to show the effect of the increasing
hydrogen concentration on fatigue life.

1. The steel samples were pre-charged with hydrogen
through electrochemical corrosion in a 1IMH,SO, solution.
Assuming the corrosion takes 4 weeks, and the electro-
chemical parameters are constant throughout the process
(Table 2, Electrochemical parameters).

2. The total hydrogen concentration is equivalent to the
summation of concentration in trapping sites Cr (trapped
hydrogen) and the concentration in lattice sites Cp
(diffusible hydrogen), C = Cr + C..The diffusible hydrogen
concentration C;, outgasses during the fatigue loading due
to mechanical energy input and rising temperature, and
the trapping concentration Cr changes due to plastic strain.
They are related to each other by Oriani's theory (equation
(38)). Here, a constant Cr is assumed for simplification.
Because there is no loading during hydrogen pre-charging
and fatigue load is in the elastic regime.

0.3 T T T
el TS|

— — — TSl value after 4 weeks (28 days)

0.25
0.2
»n
e 0.15

0.1

0 . . . . . . .
0 5 10 15 20 25 30 35 40

days

Fig. 10 — TSI evolution of the S355J2+N steel samples
during the hydrogen charging process, based on the
electrochemical constants given in Table 2.
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Fig. 11 — Cumulative entropy production of the hydrogen pre-charged S355J2+N steel samples subjected to ultrasonic
vibration fatigue at various stress amplitudes, with a trapping hydrogen concentration of (a) Cr = 0.25C, and (b) Cr = 0.5C,.
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Fig. 12 — TSI evolution of the hydrogen pre-charged S355J2+N steel samples subjected to ultrasonic vibration fatigue at
various stress amplitudes, with a trapping hydrogen concentration of (a) Cr = 0.25C, and (b) Cr = 0.5C,.

3. It has been shown that hydrogen can induce enhanced
plastic behavior or decohesion behavior depending on the
concentration. Therefore, three sets of hydrogen
concentration-dependent material constants in Table 2,
Hydrogen enhanced microplastic strain rate function pa-
rameters for equations, were calculated based on equa-
tions (24—26) assuming Cr = 0, Cr = 0.25Cy, and Cr =
0.5Co, respectively.

The reference microscopic yield stress parameter y was
chosen to be 354 MPa instead of 368 MPa as given in Table 2,
Material parameters of steel sample. Because the corrosion

causes degradation of the material; therefore, the fatigue limit
is reduced. The fatigue limit, 354 MPa, is obtained from the
experimental S—N curve of the sample corroded in NacCl
solution [76]. We use this value for the parametric study.

Fig. 10 gives the TSI evolution during the hydrogen
charging process, based on the entropy generation depicted in
Fig. 6. It is observed that after 4-weeks of corrosion (in 1 M
H,S0,) before fatigue testing, results in 0.18 coordinate on the
TSI axis. For simplicity in the parametric study, we will use 0.2
TSI value as the starting value in Fig. 12. The duration of
hydrogen charging is determined based on previous studies in
the literature. Fig. 11 shows the entropy production of the
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Fig. 13 — UMT-based simulated ultrasonic vibration fatigue S—N curves for the hydrogen pre-charged S355J2+N steel
samples (HELP + HEDE model) at different hydrogen trapping concentration levels Cr compared to reference sample.

hydrogen pre-charged sample during ultrasonic vibration fa-
tigue with a constant Cr = 0.25C, and Cr = 0.5Co, respectively.
Similarly, they start with the initial cumulative entropy value
of 0.25 kJ/m? according to Fig. 6, instead of zero.

Fig. 12 shows the TSI evolution for both cases, respectively.
It can be observed that the number of cycles to reach fatigue
fracture entropy (FFE) or critical TSI is less in the case of Cr =
0.5Cy (the fatigue life is reduced). Fig. 13 shows the simulated
stress vs. number of cycles to failure (S—N) curve for the
hydrogen pre-charged S355J2+N steel samples, at different
trapped hydrogen concentrations.

In Fig. 11, the cumulative entropy production at failure
(fatigue fracture entropy [71]) is a constant value regardless of
stress amplitude, specimen dimension and geometry, and
loading frequency. This constant value is called fatigue frac-
ture entropy (FFE), which is well established in the literature
[70-76,161]. In the simulation, the FFE is obtained upon the
evolution of the TSI reaching the critical value. Based on
equations (3) and (4), if a critical TSI @, = 0.97 is chosen and
the molar mass is given by ms = 55.7388 g/mol, then the FFE
can be easily calculated as follows,

Asge = —In(1— @) miz 0.523]+mol'.g? (60)
S

If we multiply the result from equation (60) by the density
of the material p = 7.82 g-cm™3, the FFE is found to be 4.089 J-
mol™-cm~3 or 4.089 MJ-mol *-m~3, which is the result shown
in Fig. 11 when fatigue life is reached. As a reference, the
measured FFE for S355]2 + N steel (ASTM A656) is 4.1 MJ-
mole~*-m~3 [75]. In equation (60), the molar mass m; = 55.7388
g/mol is used, which is obtained from equation (61):

My = (0.12 » Mc +0.19 » Mg; +1.29 * My, +0.004 + Mp +0.015 « mg
+0.2 - Mg, +98.181 « mz,) / 100
(62)

where mc, mg, My, Mp, Mg, Mg, and mg, are the molar
mass of each main chemical component. They are given
by m¢ = 12.011, mg; = 28.0855, my, = 54.9380, mp = 30.9738,
ms = 32.065, mc, = 63.546, and mg, = 55.845, all in units of
g/mol.

In Fig. 12, there are seven branches each representing the
TSI evolution for a sample under a specific linear elastic fa-
tigue. The TSI evolution is an exponential equation shown in
equation (3). The evolution of TSI is governed by the entropy
production, Fig. 11. Once the TSI value reaches critical value
TSI @, = 0.97, the simulation stops; see equation (4). Then the
number of cycles to reach ¢, = 0.97 is the fatigue life of the
sample under its corresponding linear elastic fatigue stress
amplitude. Therefore, Fig. 12 shows the relation between the
fatigue life and stress amplitude, which allows the establish-
ment of a UMT-based stress-number of cycles to failure curve,
as shown in Fig. 13.

From Fig. 13, it is clear that the fatigue life of hydrogen pre-
charged steel will be reduced compared to the reference sample
(no pre-corrosion or pre-HE). The fatigue life reduction from the
reference sample to Cr = 0.05C; sample mainly results from
the decrease of microscopic yield stress due to corrosion
damage during hydrogen pre-charging. As for the comparison
between three hydrogen-charged samples at different H trap-
ping concentrations (Cr = 0.05,0.25,and 0.5 Cy), the reason for
fatigue reduction is because of the increasing trapped hydrogen
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concentration Cr induces greater hydrogen-enhanced micro-
plastic strain (HEL(M)P), according to equations (22) and (24).
However, meanwhile, the hardening modulus H and yield
stress y are slightly increased due to higher Cr that cause the
material to become more brittle and less ductile. Therefore,
higher trapped hydrogen concentration does not lead to fatigue
life reduction, particularly at fatigue stress amplitudes below
395 MPa, see S—N curves for higher Cr = 0.5C, vs Cr = 0.25Co
shown in Fig. 13. It should also be emphasized that this result
only applies to ultrasonic vibration fatigue, which operates at
20 KHz cyclic loadings within the material's linear elastic range.
Because according to our model, the density of H trapping sites
at dislocations Nr® remains constant (equation (40) and (41),
see Table 1) at various fatigue stress amplitudes. In compari-
son, Nt@ in a low cycle fatigue will be affected by the stress
level due to the different amounts of plastic strain that elevate
N:@ value during the fatigue process. However, the constant

N:@ value, in very high cycle fatigue, lowers the contribution
from the HEDE mechanism of HE, see Fig. 9 (c).

Conclusions

The thermodynamic fundamental equation of low-carbon
ferrite-pearlite structural steel (S355J2+N) subjected to
hydrogen embrittlement (HE) effects before ultrasonic vibra-
tion fatigue testing is derived.

The entropy generation mechanisms due to mechanical
loading are mainly composed of temperature gradient-
induced thermal conduction, fast-moving dislocation
motion-induced internal friction, and stress concentration-
induced micro-plasticity. Also, the entropy generation mech-
anisms due to electrochemical corrosion resulting from the
activation overpotential are briefly introduced.

The entropy generation mechanisms due to hydrogen-
enhanced mechanisms that include the sources from the
synergistic action of HELP and HEDE mechanisms of hydrogen
embrittlement (HELP + HEDE model) are explored and modi-
fied for the case of ultrasonic vibration fatigue that operates at
a stress amplitude well below the yield stress. Also, a novel
two-stage model for synergistic action of multiple active HE
mechanisms (HELP + HEDE model) and microplasticity,
including the effects of both hydrogen-enhanced micro-
plasticity (HEL(M)P) and hydrogen-enhanced decohesion,
during very high cycle fatigue, was proposed and applied.
Using the model, stress versus the number of cycles to failure
S—N curves are generated for parametric study. The fatigue
life of hydrogen pre-charged steel will be reduced compared to
the reference sample due to the synergistic action of HELP and
HEDE mechanisms of HE depending on the hydrogen trapping
concentration levels Cr and applied stress amplitudes.

It is observed that at higher stress amplitudes, micro-
plasticity entropy production is the most dominant entropy
generation mechanism. However, at lower stress amplitude
the contribution of microplasticity and hydrogen-enhanced
microplasticity (HEL(M)P) is reduced. Instead, the contribu-
tion from internal friction and the HEDE mechanism of
hydrogen embrittlement increases. These results match well
with the SEM studies of the fracture surfaces published in the

literature. At a median to high-stress level during ultrasonic
vibration fatigue, such as 400 MPa, a micro void coalescence-
induced ductile fracture is expected, which can be attributed
to microplasticity. Whereas at low-stress levels, such as
375 MPa, cracks initiate at surface defects, causing the fracture
to be brittle. The role of hydrogen here is to increase the
microplastic entropy production at the median to high-stress
level by enhancing the microplastic strain, causing a faster
ductile failure (HEL(M)P), or increasing the HEDE entropy at a
low-stress level, causing a brittle failure.

However, the effect of critical hydrogen concentration on
fracture behavior at low or high-stress amplitudes and the
exact degree of activity of both HELP and HEDE mechanisms of
hydrogen embrittlement, cannot be interpreted directly from
the current model. Because, unlike low cycle fatigue, ultra-
sonic vibration fatigue is in an elastic regime and does not
generate macroscopic plastic strain that increases the trap-
ping of hydrogen during fatigue loading, which leads to the
increase of decohesion entropy (HEDE) and brittle failure at
high hydrogen concentrations.

This UMT modeling study provides for the first-time results
for entropy production due to the synergistic action of
hydrogen embrittlement mechanisms (HELP + HEDE model)
in hydrogen pre-charged steel. It mainly focuses on theoret-
ical modeling and parametric study. The discussion of the
experimental data and comparison with the UMT model pre-
sented in this paper is envisaged in our next publication.
Finally, we should emphasize that this work is for the general
discussion of the ultrasonic vibration fatigue behavior of low
carbon bee steel S355J2-+N, equivalent to ASTM A656 when itis
pre-charged with hydrogen (hydrogen embrittled).
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